


PREFACE 

The papers reprinted in this volume were accepted for  presenta"con 
a t  the Second Summer Conference organised by the AISB (The %eiety 
for  the study of Artificial htelligence and Simulation of Behaviourf, 
Roughly spe&ing, AISB is the European coun teqar t  of the American 
XICART study group s f  the ACM, More details of AISB activities e m  
be found in i ts  newsletter, which i s  circulated to members four times 
amually , 

The coderenee  is scheduled to be held in Edinburgh from July 12th 
to 14th, 1976,  and follows the highly successful f i r s t  surnzner eonfer- 
eprce held in Sussex in July 1974, A provisional timetable for  the 
coderence  follows this Preface, 

The Sussex conference consisted of twenty-one presented papers, 
and three invited tutorial lectures, The rapid growth of Artificial 
htelligence in Europe, and throughout the world, is reflected in the 
fact that thirty Ave papers have been accepted for  presentation at 
this yearss  coderence,  
In all,  sixty six papers were submitted for  presentation and each 

was refereed by two independent active workers in related fields in 
Artificial Intelligence, E would like to take this opw&unity of tharrk- 
ing all the referees for their  conscientious efforts,  particularly those 
who accepted papers from m e  after frantic telephone cal ls  with dead- 
lines s f  yesterday, I have tried to ensure that the presented papers 
a r e  of the standard normally required for  publication in the field, I 
believe that, by and large, this has been achieved, despite the lirnl- 
tation that papers should n ~ t  exceed ten typed pages, Certainly, the 
papers In "this volume represent an accurate indication of the state 
of A, I, in Europe in 1976, 

One of the more  pleasant aspects of writing a Preface is the 
o p p r t m i t y  it affords fo r  publicly thaniking people who have made 
one's work eas ier ,  It is the simple truth that this v o l m e  would not 
have h e n  produced, and the coderence  would not have been csrgzni- 
sed, without the heroic e f f ~ r t s  of Janet Lee and Lesley Daniels, 

Mike Brady, 
P r o g r m  Chairman, 
Essex University, April 1976 
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R E C W N I T I W  OF T E N T S  CmWaqS 

The a i m  of our  r e sea rch  is t o  i n t e r p r e t  ca r toons  which a r e  
two-dimensional r e p r e s e n t a t i o n s  of even t s  which happen i n  t h e  
three-diaensdo3al  world W e  d i s c u s s  t h e  d i f f i c u l t i e s  p e c u l i a r  
to thda domain of i r x e g u l a r  curw?d l i n e  drawings,  The s t r a t e g y  
w e  adopt  is  t o  reduce the importance of p r e c i s e  shape 
d e s c r i p t i o n  by e x p l o i t i n g  con tex t  in format ion  provided by t h e  
d8e 0f models m e  methad i s  desc r ibed  and t h e  a c t i o n  of the 
2 r ~ g r a ~  i s  o a t l i n e d  f o r  i t s  a n a i y s i s  of a p a r t i c u l a r  scene ,  

Key words : Computer Vision,  Curved t i n e  Drawings, 
Occlusion Analys i s ,  Seene Descr ip t ion .  

Previous r e sea rch  work on machine r e c o g n i t i o n  has  been 
eoncen t r a t ed  on t h e  a n a l y e l s  of r e g u l a ~  p l a n e r  o b j e c t s  
(Winston, 1975; an3 more r e c e n t l y  very r e g u l a r  curved 
surfaces, (Twwer,  1974) Qur r e s e a r c h  e n t e r s  a q u i t e  
d i f f e r e n t  un iverse :  curved l i n e  drawings i n  t h e  form of 
PEmTS ca r toons ,  This domain has  i t s  o m  set of problems very 
d i f f e r e n t  f r o a  e a r l i e r  machfne r e c o g n i t i o n  work, The main 
problems stem from the  d i f f i c u l t y  i n  desc r ib ing  very curved 
l i n e s  : 

1 ,  Shape r P e 3 6 ~ ~ i p t i s n ~  Curvsd 6b$3@28 a r e  nopa d i f f i c u l t  t o  
d e s c r i b e  than  p lane  polyhedra,  The d i f f i c u l t y  is 
compsunded when tbe curved o b j e c t s  a r e  also i r r e g u l a r ,  and 
""" ,*- ao,f e a c h - i m e  they a r e  hzad drawn 

2 ,  Occlusion An o b j e c t  ( o r  its two-dimensional 
zepresenta%Fon) f a  s a i d  %c be ozcluded i f  i t  is p a r t i a l l y  
hidden f ~ o m  view sy anotha. o b j e c t  o r  obJec%s, For reguLas 
o b j e c t s  t h i s  has  o a in ima l  e f f e c t  s i n c e  % w e  pa th  of r e g u l a ~ %  
l i n e s  can  a f t e n  be p red i c t ed  when they d isappear  behind 
8nkother o b j e c t ,  Conto-= ex t emt l sa  canriot be dona f a r  t he  
L ~ ~ e g u l a x  zxrves 5 3  c a r t o e a s ,  

In p a f t i c u l a r ,  t h e  k E m T S  c h a r a c t e r s  a r e  many-jointed, and so 



the most usual occlusions which occur are self-occlusions such 
as a hand in front of a face, In such situations the shape 
characteristics of that part of the obJect that remains visible 
are often dramatically altered, so the recognition process can 
become very difficult, 

The strategy we adopt is to reduce the importance of precise 
shape description by exploiting context information provided by 
the use of models, Guzman (1971) outlines a procedure for the 
analysis of curved line drawings; m&ny of our ideas are 
founded on his original concepts, He pointed out the context 
effect: v i a  ~o~ponents of a 8cene are locally ambiguous 
becauee each shape caw have several possible values, For 
example, a circle can be the sun, a ball, an eye, stc, He 
propsed a system of models to provide context i&ormation to 
determine a sensible value for each object, Models are 
proposed on rather gross features and once invoked determine 
the interpretation, 

II, SCOPE OF TEE SYSTEM 

We shall aot attempt to analyse all possible PEANUTS scenes, 
but a restricted subset of them, The program is designed to 
handle typical snapshots of scenes in which one or two P E m T G  
characters are engaged in some activity, Included in these 
scenes will be objects such as baseball equipment, a table top, 
a brick wall, ete, 

The nuber of characters and objects that the system is 
capable of recognising is limited by the models available, Pn 
principle, by adding more modelo, the sys%em@s scope may be 
extended, An example of the type of scenes we deal wfth and 
the deeeription that will be produced can be seen in figures 1 
and 2 ,  

IPI, MQliBELS 

The region is the baaic primitive used in our analysis, 1% is 
particularly well-suited for the PEAWTS world since the scenes 
are composed of ~losed areas into which they are easily 
divided, Unlike $he BmCKS world, lines by themselves convey 
very little information since they are not always edges; 
regions, however, are always representations of surfaces, 

We use a hierarchy of models to guide us, These fall into 
four categories: SmUCWRE models, CQMmNmT models , 
DEGGWIPTIm model@ and COHmSITIQN models, They have two main 
purposes : 



f, To provide informtion, That is, a description of 
the regions which occur in the scene at a local level, i,e, 
the appearance of the region, 

2, To provide information about relationships between regions. 
This is a more global view, It explains how small regions 
join together to form larger, more meaningful structures, 

I I I ,1  How Models are Used 

The analysis is guided step by step by the relation models of 
objects in the P E m T G  world, By applying igLformation about 
how regions may be connected to represent people and objects, 
the analysis system can focus on one region after another, En 
this way o full description can be constructed, matching each 
region in the scene to each part of the corresponding model, 
In principle, once the correct model is invoked, it should be 
relatively simple to identify the regions, *In praetice, it is 
mare difficult because of complications, suck as occlusion and 
variations in orientation, 

Just as the relation aodels guide us globally in terms of 
where eo find the next region, the shape models guide us in the 
local analysis of matching regions to shape descriptions, Each 
shape description has an associated series of tests which are 
applied to the data defining the region, The nmker and type 
of tests varies with the complexity of the shape, A SOCK is 
easily tested sinee it is usually reetaaagular, but a more 
complex shape such as LUCY@~ MIW requires m r e  tests, The 
purpose of these tests is no& to decide if the region iw 
question matches the model; rather it is to decide if there is 
sufficient evidence to give such a possibility the benefit of 
the doubt, h e  expectation of what the region should be, 
provided by the relational model, allows us to accept a result 
on rather flimsy evidence, 

The obvious advantage of this technique is that there are 
fewer checks or teats required before assigning (at least 
temporarily) a label to a region, This fs a short cut, The 
human visual system might take a similar short cut, that is, 
rscognising an ob ject on the basis of a fleeting impression 
rather than performfng o detailed analysis, Only if an 
inconsistency is discovered is the detailed analysis necessary 
$0 correct a misperceptiow, The disadvantage i s  that choosing 
the wrong model often allowe the analysis to proceed much 
further than is desfrable before an inconsistency is noticed, 
A table of model similarities is used at such points to help 
locate the correct model, 



I I I , 2  What the  Models Are 

Flexible  j o i n t s ,  se l f -occlus ion and the  va r i e ty  of poss ib le  
pos i t ions  suggest t h a t  a  conp%ex model is  needed, The 
discussion which follows w i l l  c en te r  on the  PERSON m d e l ,  s ince  
i t  i s  bokh the  most f requent ly  used a s  w e l l  a s  the most 
complex, Within the PERSON model, the re  is no d i s t i n c t i o n  
between what a  person is wearing and h i s  ac tua l  body, The 
ana lys i s  is region-dependent; i t  a s s m e s  t h a t  bodies a r e  
divided into regions,  mainly by d i f f e r e n t  a r t i c l e s  of c lo th ing ,  
A model f o r  Pm60N must deal  with: 

1, A v a r i e t y  of cha rac te r s ,  These a r e  d is t inguished by 
various d e t a i l s  t h a t  cha rac te r i ee  each individual ,  

2 ,  A v a r i e t y  of o r i e n t a t i o n s ,  Dif ferent  @frames@ (Minsky, 
1995) a r e  used f o r  d i f f e r e n t  o r i e n t a t i o n s ,  The nmber  and 
scope of these d i f f e r e n t  frames is l imi ted  by the  
simplfcaty of the P %6 environmnt  , 

3, A v a r i e t y  of body pos i t ions ,  The f l e x i b i l i t y  t h a t  allows 
se l f -occlus ion and can a l t e r  the  arrangement and shape of 
the  various body components is a l s o  handled by ~ i n s k y @ s  
frame idea ,  

B r i e f l y ,  the  hierarchy of models for PERSQH a re :  

1, STWUCWRE mdeH-- This is  b a s i c a l l y  a coarse r e l a t i o n a l  
model, ( see  f i g u r e  3)  

2, CWEJe)NaT ~ o d e l  -- There is only one s t r u c t u r e  model. f o r  
PmSOK, but seve ra l  C D m N m T  m d e l s  f o r  each subpart  of 
the  SmUCmRE model, ( s e e  f i g w e  4) These too  a r e  
r e l a t i o n a l  ~ o d e l s ,  but  t h e i r  scope is  more l o c a l ,  

3, DESCRIPTION model -- Each terminal  i n  a  CBMmNEMT model has 
a BESCRIPTION mdel t h a t  descr ibes  i ts  ehape, Usually t h i s  
is  a  s e r i e s  of t e s t s  t o  be performed on a  s i n g l e  region,  
however some elements a r e  formed of separa te  regions (e ,g ,  
a s t r i p e d  s h i r t )  and these  must f i r s t  be gathered together  
by  the  

4, COMmGITIm ~ o d e l  -- T h i s  aodel  assembles regions i n t o  one 
recognisable region t h a t  w i l l  match the  shape requirements 
of a  DESCRIPTIQN mcdel, 



Pt is important to be able to discover which objects are 
occluded since this alters their perceived shape, In simple 
geometric worlds straight lines or even elementary curves can 
usually be extended to fill the gaps in a contour produced by 
occluding objects, Cartoon shapes are ikregular and the 
direction the hidden lines take cannot be so predicted, 
Furthermore, all lines are not true edges since there are 
curved surfaces, The T-joint is a powerful tool in the study 
of secluded objects, It is formed by two lines which meet with 
one line ~ontinuing through the vertex, while the other is 
teminated (figure 53, They occur in two situations: 

1, Occlusion -- In this situation, a T-joint implies that the 
boundary of one object has gone under another object, or 
else that a boundary that wae "under" has reappeared, 
Thue, T-joints typically occur in pairs, The simple idea 
that finding the correct pair of T-joints provides 
informa%ion about region occlusion is used as the basis for 
a powerful pairing heuristic, 

2, Abuttal -- contact with no overlapping, 
Because of this second possibility, it would be too expensive 
to apply the pairing heuristic to a l l  the T-joints in the 
eeene, So it is only used when a region cannot match a SmPE 
description and occlusion i the suspected cause of this 
failure, It is not always easy to decide which T-joints to 
pair on the baeis of local clues, furthermore, the orientation 
0% the T-joints (i,e, which line is the stem) is not always 
obvious in a curved line world, 

We have devised heuristics for the proper pairing of 
T-joints to any depth of occlusion, These heuristics involve 
following both the stem@ and bars of the' storting T-joint to 
the finishing T-joint according ts certain rules, (Adler, 
1975 

The system in block diagram form can bs eesn in figure 6, It 
has been written in the programing language COMNIVm 
(kfe&rmott & Sussman, 1974), as i~pleaented in M e L I S P  (Moon, 
1974) ,  



V,1 Input Data Processing 

The process begins with a hand drawn frame of a  cartoon ( f i g u r e  
I), This drawing passes through severa l  s t ages  of processing 
before it f a  presented t o  SCm: 

1, B i g i t i s a t i o n  -- The f i g u r e  2 s  t r aced  by hand and the  
ordered %-Y coordinates %of each Pine a r e  recorded by the  
d i g i t i s e r ,  

2 ,  Computer I n t e r p r e t a t i o n  of Coordinates -- The data  is  
catalogued: l i n e s  a r e  given names, junctions a r e  found and 
l abe l l ed ,  l i n e s  a r e  ordered around each june&ion, 

3, Region F o r m t i o n  -- Regions a r e  formed by t r a c i n g  l i n e s  t o  
junceions and forming c losed a reas  (Roberts, 19659. Lines 
$ha$ do not  form regions a r e  l ~ b e l l e d  a s  surface-mykings,  
The region t h a t  is forned by the  o u t l i n e  of the  whole group 
of regions is l abe l l ed  a s  the  ou te r  c losure ,  

The outer  c losure  is  used t o  i s o l a t e  each f i g u r e  i n  a scene 
with more than one charac ter  o r  o b j e c t ,  This does not always 
work, Luckily, i n  P E m T S  cartoons,  mADs a r e  usually e a s i l y  
i s o l a t e d  and t h i s  gives us an a l t e r n a t i v e  method of s e l e c t i n g  a 
s t a r t i n g  po in t ,  

V,2 Ident i f  i e a t i a n  

SCm takes con t ro l  of the  analyefs ,  I t s  job i s  t o  pos tu la te  
the  i d e n t i t y  of the  regions i n  terms sf the  ava i l ab le  models, 
For each region-to-model m ~ t c h  an i$em i e  added t o  the  da ta  
base of PmTIU RESULTS, These items can t r i g g e r  an 
i d e n t i f i c a t i o n  of another region no% being i m e d i a t e l y  
considered s ince  the da ta  bass is constant ly  monitored, 

V,3 Hodel Implementation 

The SmOCWRE model of PERGaE, being Invar i an t ,  is handled 
simply, using a WCLISP funct ion ,  the o the r  models a r e  a l l  
f ~ p l e ~ e n t e d  a s  CONNIVER IF-HEEDED methods, Each mode% uses 
t h i o  technique $o c a l l  the  next model type i n  the  hierarchy,  
The p a t t e r n  reduces the  many poss ib le  models t o  a  small group 
of e l i g i b l e  ones, 

But a l l  t h i s  i s  only part of the  problem, Occlusion is a 
maJor source of d i f f i c u l t i e s ,  Again &ecis ions  a u s t  be made, 
but these  a r e  less straight-forward and a s r e  con t ro l  is 
requi red  a f t e r  each deeis ion  node, 



The eomunieation between models is straight-forward and is 
easily handled by CBMNHVER~~ s tandard control primitives, The 
TROUBLE-SH8QTm must have more lntrieate control capabilities 
than the modela because it musk examine past decisions to find 
%hers a mistake has been made, and re-start SCm at that point, 
The m m L E - S H W E R  mechanism i s  based on ~ahlman~s (1973) 
approach to a scrnilaz ?robfen 

The mQUBEE-SHOOT= is not limited to retracing through bad 
decieione, It ~"Pso has three other important functions: 

1, maling wi th  wissing model parts -- When aa entire 
substructure af a model is completely occluded or occluded 
to the extent of being uarecognisable, the TRWBLE-SMOmER 
ehacks tte partial eolut4on to choose the next move, 

2, maling with 3-D occlusion -- Some very curvy abject8 
exhibit special characteristics since there is no junction 
evident whew the Z2ae changes planes (Tu~ner, 1974), Tkls  
case cannot be handled by the simple T-heuristics and is 
throm to the mOUBLE-SmTER, 

3, Mode; suggesting - Regione which are nct  part of the 
eurssnt model, or are in an unexpected position must still 
be recognised. The maUBLE-SMmTm suggests the 
a22roprio 5s model 

This section outlines the analysis of one particular scene 
(figure 11, The system has analysed this scene although several 
procedures must Se made more gewaral 3efore frrther seenea ore 
wand142 Work 2s pr~eeading a m  the system s?&sald co~plets :zs 
second sceae shortly, 

Ak a firs: 3':ep a,- 21 regions* surf aes-m~klngs, 61 
lines axa 4% juncSc%3ns G Z ~  zatahsgaed and sz~tersc! 5nto t n s  
data base, This figure is already isolated and the 
height/width ratio as well as area and orientation conform 
ts zce P E R S 3 P  mo&zz 

2, A very good way to recagnise a person is to study his/her 
face and this is the approaeh taken by the sysgem, The 
ST*UCmRE z@deP sbggests dXAD 8% a s t a r z i n g  point aid 
iadicates ;hat 5.: i e  2aobatL-r the uppermas: regLs3 
(relative to the orientation), 



3, SCAN passes control to tke HEAD COrgmKmT modai which tries 
to interpret the uppsrmose region (R0203) as an instance of 
soreonea@s FEEAD, There are several possible cases for 
P E m T S  mms dependTkng on orientation and who the PmSm 
i8* al l  HEAD c odels are placed on the 
PQSSIBILIn-LIST b 

ENT MAD ll who R8203 ":view ?%score-head ) 

e We now sZe2 zhrough " 2 s  ordered WSGIBPLP%%I-LIST $rying 
each CSW%CNEfT mode: 5: tarn, The usual case f o ~  a HEAD is 
WIR-above-FACE, This CO-NENT model initiates o search 
for i t s  first component, v i z ,  M I R  with the Fetch 
argment : 

CSE6CRIPTION F&XX IpRo R0203 ."pvisw 1% score-half) 
All XA.:R xodels are asikeeted here, under the constraints: 

who excludes C M L I E  BRBVm (he has no hair) 
view excludes BACK (no face region) 

5 ,  We apply each MIR  DESCRIPTION*^ tesL to region R0203 until 
the model for LUCY facing towards the mmTT-RIGHT matches, 
and adds r 

(DESCRPPTIOBI -WiR LUCY R0203 FRmT-RIGHT 85 ) 
to the data base. The score is determined an the basis of 
teat results and is in the range 0-100, A demon nethod is 
also added to ntonitor the data base and locate the 
remaining m I R  aegioas 

6 ,  Contra: retvzns to t ra s  :EEAD CBMWNENT mdel, The model 
~ O W S  "ha% FACE is be2ov HAIR, Finding the correct FACE 
nodel is easie~ because the pattern has now been filled in: 
(DESCRIPTION FACE LUCY W0189 FRWT-RIGW&)ecore-f%8.ce) 

4: The DEECRIPTEDN model fop FACE fails since the lower part 
of $he FA-CX is h$&-Jec by her h~n&s fesulSking In a low 
score, 

8, The mWBLE-GBGMTER. looks for an oeclu~ion to account for 
thfs failure, Xt selects TO225 and M235 as pair 
candidates, but the heuristic fails at r"0227, an%y TO228 
can be paix*ed witk T022*d, so its zx~:aatation z s  chosen to 
allow 7-e pcf-ring, 

9, The sub-pfoblem sf pairing TO228 and TO227 is 
straight-forward, The item: (XCLBDED-BY R0200 R0205) is 
added to the data base and a super-region SO308 is formed 
from the tvc region9 



18, Mow the pairing of TO225 and TO235 is restarted. The bar 
trace is successful but now the stem trace is thwarted, 
The traee from. TO235 stalls at TO232 and the trace from 
m 2 2 6  etalls on TQ229, 

21. The WUBLE-SWOTER cannot find o pair for TO229, This 
junction is re-oriented to allow $he trace to continue 
until it stalls on T32231, Now TO231 and TO232 can be 
paired; The trace has ehown that R0200 and R0205 together 
occlv~de the proposed PACE R0189, 

U The FACE returns successfully, adding TE-B ITEX: 
(DESGRIPTIm FACE LUCY R0189 FRaT-RIGHT 5 5 )  

This triggers t he  demons looking for more E A I R ,  The 
regions R8204, R0202, and R0201 are located, adding to the 
W i I R  score, 

13, me H.UB C@&mNENT has found all its subparte, It gakhers 
them into one super-region 68301, and e x i t s  adding: 

( C m m N m T  mm LUCY 80301 FRB%aT-RIGm 78) 

14. Wext 6 C m  is guided by the GmUC$$JRE model to find WRSO 
below the HEAD, This fails because R 0 2 0 5  and R 0 2 0 0  are in 
tke wag, 

15, The TRmLE-SHWTER must now suggest o ~odel for R02QO and 
R8205 knowing their size and the fact that they occlude 
the FACE, An ordered POSSIBILIW-LIST ia formed and the 
k&M@ 8P8 re~~gni~@d, 

16, Now with AEF&s out of the way, TY3RSO can be applied, We 
nov know that the character is LUCY so we search fop 
BLDUSE and SKIRT instead of SHIRT and SNORTS. The 
occlusion of %he top of' B m G E  is handled by the 
mWBLE-SHmTm.4 The skirt is easily reeognised, and the 
B W  fs handled by demons 

Since  b"9$a%s have already been found, the 6mUCW-RE model 
suggeets the ffm1 part: LEGS, m e  S K I N  and SOCK parts 
are e a s i l y  reeognised, The 6WES cause two problems, 
F i r ~ t ,  aach BB3E ie composed of three regions, This is 
soze~ed *;y $he SRSE CDFWJSETICB model that builds the three 
f e g i a ~ b  %CEO m e  recognisable one, Second, the 6EElE on 
the rigdz f e  also occluded, This i s  handled again by the 
rnrnB%E- S r n T E R .  

18, Finally all the CaHm%mTa have been found and a13 the 
r e g $ s n ~  have besa identified, The analysis i s  complete, 



f n  our cartoon world of animate objects, we have to contend 
with ahapes which are irregular, flexible, and partially 
aeeluded O w  analysis exploits the fact t hac  e h i s  aesne was 
% m w a  by s caftsoniet who has csakaiz conventions for reccrding 
a~gnif ieaa*; events in afi action seqaence, ;n a sense, the 
cartoonist has pre-processed the neene, transforming it into a 
si~tpler line drawirng, Our program begins by finding the outer 
elosuse whlch usuaEly earresponds to a single person, This is 
ws aceittea? - the caz%ocnist has s ~ ~ ~ a n g e d  1% for us, Simple 
%eats fa? gksbal shw2a '3farmotio- zsn be applied at tRls early 
aLage to prowace evidence for msdel selection, 

The model hierarchy allows us to structure the knowledge of 
%-,he syatea 13t0 p w p e  c f  ewer".,ethods, each with a epeeific 
4+ ,ask <- to pezfarm at a g;vsn Zeve: of the analysis, ZGENPVER 

offers a back-<crackxng iacskity wit2 examination and 
ordering ac aecision nodes with the standard POSSEBSEIW-LIST 
feature, ae well as providing a more sophisticated control 
structure for re-examining past decisians, One drav;ba@k to o m  
system 5% ahe numBa: sf difZexa~t msdei METF3Da tha:; Bag be 
~ e q u i r e d  f sx aaeh ne*)- %Bject zc sa  rseogllsed, Foi rbgid 
~Sjects, t te  nubel;' OZ modeaa 5s sma1L- 4s%t by appiying 
different ~odels for different orientations sf each sub-park of 
a flexible object one builds up the size 09 the data base 
quickly, 

I should like to tkad I%, Jirn Howe, Dr, S y l v i a  Weir and my 
eslleagueo at the Department of Artificial InteXligenee for 
their canetructive eritisism, T h i s  swork was supported in aart 
2-y the 5 6 ~ 5 5 :  Science Reesarch C: :Yr~- l ,  
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Bruce Mderson 

A BRIEF CRITIQUE OF LISP 

LISP is cu r~en t ly  the default language for A% p r ~ r m i n g  (and 
is often used for other non.-.aumerieal work) and it is also 
used i n  Computer Science teachiq to i l lus t ra te  various 
"c iqs,  e s p c i a l l y  f mctional programming and heap storage 
allmation, Pdagq ica l  use sems to be on the increase, w i th  
r new t e x ~ m k s  publish& or in press (Fridman 1974, 
Siklossy J-975, Mlen l936), Wi l e  LISP sptems may well be 
e best currently available for such tasks (I 'rn not sure) , I 
think the lawuage has serious def iciencies &ich t h i s  paper 
a"remp$s to discuss, 1 do assme however that an incremental, 
interactive language is b e s t f o r  the e x p r b e n t a l  type of 
p r o g r m i q  done in AP, mus I think LISP is the right KINE) 
of laquage, and w i l l  make criticisms from "Chis p i n t  of view, 
ra&er than from the antiminteractive "Pascal is best" 
p s i t i o n ,  Howver one of the most exeitirmg fields for 
research in p r ~ r a m m i q  a t  the moment is i n  the area between 
these views, the develowent of prqrmincg systems which are 
interac"i$ve y e t  can use knowldge a b u t  programs (e,g, type 
information) to do s t a t i c  checking and produce eompet code, 

I do not mention conhol-strme tures beyonadl rwursion or 
their inflwnce on hplementations, ~ o u g h  t h i s  is of course a 
v i ta l  current topic in AH, 

1 feel that  I have to rneneion khis, though the topic is 
essen t i a l l y  or thwonal &o khe la te r  discussion, 

1, LISP's s p t a x ,  This i s  probably the aspect of EISP 
most disliked by now-users, and is the b u t t  of many anti-LISP 
jokes, b u t  doesn" seem to worry EISP users, and indeed i n  an 
interactive syskem for p r q r m  preparation wi th  the El 
featwe,  a s i q$e<ha rac t e~  quote, and a p re t twr in t ,  the 
problem goes away, These f e a t a e s  are crucial : ye$ oddly 
enough they are  made p s s i b l e  by $he very fact  which makes 
them essendcial , the s h p l i c i t y  of the syntax, There is no 
widely-used formatter for BCPL or mP-2, Of eowse one can 
provide a pret t ier  s p t a x  for LISP, a s  PILISP does, but the 
effor t  of r e p r o g r m i q  the debwgiw and editing systems to 
reflect  t h i s  has not been made, and MLISP is n o w p u l a r ,  



The strlaeture-riented e d i t o r  Is a very p w e r f u l  t o o l ,  
e s s e n t i a l l y  forcing a l l  edits t o  produce s p b e t i c a l l y  c o r r e c t  
p r q r m s ,  Again, t h i s  is a r e l a t i v e l y  e a k  c o n s t r a i n t  i n  the  
sense t h a t  even " s m f a e e  semankics" such a s  a r i t y  of  
s y s  tern-provided f m e  t i o n s  is n o t  ehee ked , However % t 
s h p l i f i e s  and encourages p r q r m  transformations such a s  
f m e t i o n  folding:  

which can be done concise ly  and accura te ly ,  I t  would be 
useful  .$o t r y  t o  hp lement  such a system f o r  a language w i t h  
more s p t a x ,  such a s  BCPL, and see  ere &he e a d e o f f  is best, 
ea= of  4 i t o r  bplementatios? versus s m t a c t i c  c l a r  i t y ,  

I t  is i n t e r e s t i q  t h a t  the command language f o r  the  LISP 
e d i t o r  is no t  LISP, nor is the  eomand language f o r  the  
P r q r m e r ' s  Ass i s t an t  and o ther  subsys'cerns o f  InterLISP, 
This p i n t s  o u t  the  d e f e c t s  o f  LISP a s  a command language, the  
f a c t  &hat the s h o r t e s t  comand involves two p r e n t h e s e s ,  and 
t h a t  i n  a command.-.orient& k inaes the t i c  i n t e r x t i o n  l i k e  
ditiq, b r e v i t y  is e s s e n t i a l ,  Having more 'than one language 
i n  a system leads  t o  problems however, For e x m p l e  the  
e d i t o r  has its o m  "s&routine" me'Lkod -- edit macros, and 
while t h e  editor can e v a l m t e  LISP, and LISP can c a l l  the  
& i t o r ,  debuggiw and t r ac ing  does no t  extend t o  both,  e r r o r  
h a d l i q  is d i f f e r e n t ,  and &it macros cannot be compiled, 
The demads  on c o r n a d  l a q m g e s  and ordinary  p r q r m i n g  
l a ~ m g e s  a r e  d i f f e r e n t :  i n  the  cornand ease one is i n  a very  
w l l d e f i n d  context  and sees b d i a t e l y  t h e  r e s u l t s  o f  an 
a c t i o n ,  s o  t h a t  m e ~ o d s  &ich would be dangerous i n  a genera l  
context  can be used, such a s  s h o r t  f m c t i o n  (cornand) n m e s ,  
f m e t i o n s  with severa l  s i d e e f  f e c t s ,  and d e f a u l t s  f o r  missing 
prmeters Thus I think it is m o w  t h a t  InterLISP ALWAYS 
d e f a u l t s  missig parme$3e?rs t o  NIL: i n  the  cornand case  this 
can be seen and rmed ied  i f  it is w r o q ,  bu t  i n  the  genera l  
case  can a ko opawe  code and nas ty  bqs, Qf course i f  
p o p l e  o b j e c t  t o  WPING then the  pr-~am-input system can f i l l  
i n  the spare HI& h d i a k e l y  the  r i g h t  p a r e n m e s i s  c los ing  
o f f  a tm-shor t  a r g m e n t - l i s t  is typed, me i n t e r p l a y  &tween 
c o r n a d - l a q m g e  and p r w r m i w - l a n g u a g e  s t y l e s  of  
i n t e r a c t i o n  i n  a r e a c t i v e  system is an i n t e r e s t i n g  a rea  f o r  
research,  U s i q  syntax macros t o  c r e a t e  e,g, an e d i t i n g  



s&laqmge (as i n  done i n  mP-2) could be the way to proceed, 
providd they are pwerful enough to hplernent a complex 
enoqh sp tax  , and provided the debuggiq system interfaces 
wi t21  them, The latter is mlikely, 

DIFFICULTIES I N  THE W G U A G E  ITSELF 

Of course LISP is rather MUBDLED i n  certain areas, a d  it 's 
hard to describe a muddle as a set  of separate errors since 
$9ae very imlation h p l i d  by t h i s  description hpl ies  things 
can be put right one a t  a time when this may not be so, In  
this section I try to iqnore the hisWrical Influence of 
implementations on semantics, 

2, Fmctions are treated badly, Basically identifiers 
stand either for variables or for fmctions, so t k e ~ e  i s  no 
real notion of fmekion as value, %US i n  (X X)  khe f i r s t  X 
is evaluatd by 1mking a t  X %  fmction cell ,  b u t  the second 
one by l c o k i ~  a t  its value cell ,  men the fmetion i s  
called the new enviromenk conhins new V B L E  cells  for the 
locals and prmeters ,  but no$ new fmction cells, Tkus we 
P s s  (Q CAW) as an argment, not CAR, and the interpreer 
mus t  go from the arcyment nme to the fmction cel l  via this 
amm, i s  is ineff n t ,  and can cause eonf usion e ,g, i f  
the value of E'O.3 is (Q CAR.) then (KXl X) causes (CM? X) 
&ich may well be min"cnded! Notice also that the prdicate  
ESFWTIOH must sometimes k a prdica'ce on atoms, S ,e, 
(ISFNTIm CAR) rewires ISFULilCTION 'eo be an FEWR, but a t  
other times m u s t  evaluate its arqment f i r s t  e,g, i n  

n e s e  two situations carnot be distiquished i n  general .-. 

there is cmplete confusion &tween fmctions and their 
represenhtion by atoms, But why is it Pad to treat  fmctions 
a b i t  differently? I t  doesn' t complicate the interpreter 
much and prhaps it 's more efficient, me answer is that 
fmctions are essentially the ONLY tool for abstraction that 
LISPprovides, If  we create a complex data-structure to 
represent s o m e ~ i q  then we must  create fmctions to 
manipulate it i f  we are not to become bqged dom i n  a sea of 
CDBADDDRs, It is then quite natural to want to pass these 
fmctions aromd as argments to other fmctions which 
manipulate structures, Even in &he case of AR we intrduce 
inefficiency by pssing atoms (i,e, representations) rather 
khan fmctions, 

3, Pmctions are puny anpay, The fuqetion i s  LISP's main 
tool for c o n s t r u ~ t i ~  new objects, but  it is hard ko return 



Interestlng fmetions as results except by GONSing up new 
code, msieally the diff icu1t.y l i e s  i n  not being able to form 
a closure of a f m c t ~ o n  with a piece s f  envirament to produce 
a new fmctioa, Consider the problem of aitiq PUNPROD so 
that 

even weqlecting cha k (0 F) e k  would be needed on the 
l e f t  alonz~ $ s i t !  some i m k ~ ~  neckanism, The usual answer giver? 
is : 

(MBm ( F l  F2)  
; Q W ~  (m13DA E X )  j F n ( ~ z  x 1 )  1 )  

but -&is f a i l s  as soon as the result is used i n  an 
envl~oment where F i  is no"covand to whaever it was when 
FWPROD was called! The solution is to use the FUNARe 
device to refer F1 a d  F2 to t h e  correct environment, but  in 
LISP l , 6  this faci l i ty  doesn? work i f  the  FWAK is re tu rnd  
as a: result.; for it. Is L~plernentd by a pointer i n t o  the 
activation stack, InterLISP does allow an 
hplerwen tati,sm, but  k h ~ s  shows only too well w h a w o r  
relatives fwetions are i n  that lanqmge, Here is khe code: 

(DEFINEQ ( m P R O D  (F  Gf 
(FWTZON ( W B D A  ( X )  
(APPLY* r" (WPLY*G X> j )  
(F GI 1 1 )  

a d  it. is used e,g, 

(DEFINE (Q PJ3) (FMPWD(FWC"PE0N A)  (FUNCTION B) f ) 
then 
(LPPLf* rn X) 

A s  mentloraed above, f m e t  i ~ n a  argmen ts rnizstibe woted 
when pssed ,  and explicitly c a l l d  when used: note also that. 
FUNARGS even a t  the tap level musk be called with AT?PLY or 
APPLY*, The best LISP %,6 prqran  I could think of ko do the 
job is: 

(DE FLPPROD ( F  G) 
(LIST @ M B D A  @ fXf  
{LIST (GET F @EWR) 
(GET G @EmR) 1 @Xb 1 1 1 



bu t  see how "ce use of CONS is very m s t r ~ t u r d  (even for 
C I S P I )  and also delays until rm-time the production of the 
code, so that there is no way the code produced can be 
eompil&, Mso, the fmctions bound in are not accessible 
as is the case in a closure or F W E ,  Flexible 
fmction-buildiq is a p e r f d  tool, and allows 
hplementation of,  and e x p r  hentation with, other structuring 
methods. A s  a simple exmple, take record structures, The 
obvious way to hplement khem is to have a function which 
takes a description of a record class and returns the 
fmetions for crea tirq, r ~ q n i z i q  and accessing compnents 
of $he c o r r e s p d i ~  records, as is done i n  $"OF?-2, For 
exmple we might like 

to return the fmctions for two-place records called PAIRS 
and ( f iness inc~  the mu8 tiple-ass igment and 
f me tionsearen V-objects problems ! ) use it 

is true and so on, This can" be done except by consing up 
new code a s  there is no way to spc i a l i ze  $he general 
reeord-f mc t  ions to create the particular ones needed, 
Compre th i s  with the Ie\Jm&ISP "hplernentation"": 

declaration: 
(RECOm PAIR (FmWoBACK) 1 
creation: 
(Cmm PAIR FRCWT' 3 BACK 4) - - 
access : 
X:FWW = (CAR X )  
@ate : 
X:Fmm 55 = (RPMCW X 4) - 

but the expnsion is done essentially by load-time 
macroexpnsiof-n, Fmm and BACK are global constants, not 
fmctions, so for exmple they camst be passed as argmenta 
to HA or locally rebsmd, "Were there" a w i l l ,  there" a 
k ldge"  ! Of course most r q r m e r s  donut feel this 
lack s f  p w r  any more than users m i s s  r su rs ion ,  but 
it does seem w o q  &hat they should be cut off from well-tr%& 
techniwes of good p r o g r m i ~ ,  l e t  alone from exprhen t ing  

s 8 



with  more recent ones sueh as truly functional 
da tams t r  uctures, 

I have mnt iond  the magic wrd "closue", Quite what a 
closme is n o m y  really knows, other than a really rakher 
genera binding of an environment to a function body, I t  
seems to depsrd on what you think the environment is i,e, what 
you t h i n k  is h p r t a n t ,  t e m p r d  perhaps by your knowledge of 
h a t  m i q s  cost! Thus FOP-2 provides a clean call-by-value 
bindiqs-nly closure via its partiah application, a feature 
s t i l k  l i t t l e  knom outside FOP-2 circles even after  8 years of 
use, S l i s i q  inko mP-2 s p t a x ,  we can solve the FUCaPROD 
exmpke by 

F W C T I O S  FWPROD F F  a; 
M B D B  X FFF GCG; 
FFF (W (X) 1 
E r n  (%FF ,a%) 
Ern; 

where the ( %  %) brackets iMicate p r t i a l  application i ,e,  
that the DA should become a furaction of OWE argument w i t h  
FFF and GGG always bournad to the values of FF and GG a t  the 
$ h e  of the part ial  a s l i c a t i o n  i,e, to FUgPROD's argments, 
me record-strmture example is too long to do here but muld 
essentially involve p r t i a l l y  a w l y i q  fmetions such as  

W B D A  OWECT COMmNE TEST; 
I P  TEST (OBJECT) THEN 
E S E  EmQR(,,,) 
CLOSE 
E r n ;  

&spite the elqance of th i s  r n e ~ d ,  it can be somehat 
d i f f i cu l t  to use i f  frozen parmeters are t o  be assigned to in 
such a way .that the new value persists between activations, or 
i f  they are to be access& from other fkc t ions ,  POP exmple a 
$metion h i c h  just returns the n r of times i k  has been 
c a l l d  can be done either: 

FMCTION C O W  EFNM; 
(COW (mFNM$ +1 -> CONT ( R E F M )  ; 
C O W  (REFNW) 
END ( %CONSREF (0  % 1 

FWCTIOH C O W  MJM SELF; 
NUM+$ -> FmZmL (1, SELF) ; 
NW+1 



END(%O,WDEF%J ; 
COUNT -.> FEiBZVAE ( 2 ,  COW%) ; 

but bekh are a b i t  messy, Indbility to assign to  a 
p r m e t e r  ( in such a way as "ro chaqe the value of the actual 
gaxarneter; is of course c o r ~ e c t  for ca l l  by value, J u s t  
&at access should be provided to the environment mechanisms 
and h i c k  closwes should be provided explici t ly is a current 
topic of discussion outside the topic of t h i s  paper as it 
involves consideration of conQol structures, 

4, Pmr assignment fac il i tes  , There are many 
differen$ assigment functions [SET, SETQ, WEACA, DE, DF, , , , 1 
so that it IsnY easy to see h e r e  side --effects are taking 
place, Nor is there any notion of "place" so that assignment 
can be  ought of as  put t iw somethiq in a place, One would 
prefer_ 

a d  would reaP2y l i k e  "eel be abze to have read/u@ate pairs 
so &a% 

could ?x used on kh " lef t"  of an assigmnent as  well as the 
r igbt s 

of course this is one of khe classic problems i n  
lagmge-design, ;E (203 X )  can a u i f f e r e n " i h e s ,  denote 
a f m a ~ i o n  and the vaPze in g i a t  l x a t i o n  then we get  sn'zo t h e  
~ e s t i o o  of when 2 t  means which L--value or R-value, to coerce 
ox nsl  'm coerce, I den t Zind any of the "solutions" 
at trac tjve and the f ~mdmenb: kension between '"having a 
value" and '%eii$cj a boxB', agpXcative r e r s u ~  hprar .ave ,  is 
still mreso lvd ,  In fact it is now more camp1 i c a t d  as we 
see the power of t h e  idea that "being a box" Is just a t r iv ia l  
case of ""being a structure Chat earn respnd ko an assigment 
message so that the abwe asslgrment Is ' LeX I03 to pv t (RXl 
Y) in Xeh componer~e", with t h e  pss iba l s tp  that  FCC  ill 
compla5~ because i, is write- Locked, or pr ;nt out a message 
beaus@ it is being t r a e d ,  Thus $BP-2 % approach, where (In 
LISP sw-x) 





i n  the PDP-SO the address space is s p l i t  up and the address of 
an object gives its type, "cus allowinq the use of the fu l l  
18 (147) -bit pointer without extra type b i t s  in "che word, 
P r q r m s  and skacks cannot be xelmabd easily because of the 
addressiq structure of the machine, En fact  it is rather 
~ u p r i s i q  how l i t t l e  research has been done into haxdmre 
wh ich would faei l  i t a t e  g d  engineering of LISP-like systems, 

7 ,  Inpur-output is a mess, Basically there is one port 
for input and one for output, and different channels s e t  up by 
$he user can be opned, closed and attached to these ports, 
The f mctions to se c up cha.mels are p o r l y  designed, so that 
LO mice F(?C: SO cnat jFC0 X )  reads from a f i l e  whose name is 
the v a l e  of X rewires  the use of WAL? me reason should by 
now be clear t h e  functions were designed as FET;PRs so that  i n  
the commn case of inpirtting a filename from the terminal no 
(Q .,,I had to be? typed, The channels are not objects of 
ehe lanquage so akoms representing them are passed around 
instead, And because there are no closures, it Is very hard 
ro wrxte progrms tha-manipulate i/a streams e,g, 
concatenate them or run them i n  parallel, 

8, Compilers and interpreters implement different 
langmges! There are many a s s w t i o n s  that the compiler makes, 
&viously it must  know something of run-the bindings in order 
to produce good code, for example whether undeclared fwctions 
are Em% or F E S R s ,  and must assme that functions do not 
mdify themselves, b u t  there is no systematic way to make any 
of t h i s  explicit ,  

9, LISP s'nsuld really have call-byanme. 'his view has 
k e n  puk forward (by McCarthy and Wyhraueh a t  Stanford) , to 
bring LISP mre into l ine w i t h  the l s W a ~ a l c u P u s ,  and ta qet 
some fix-mints which cttherri,l%se it does not compute (&cause 
r computations do not terninate) , But  although 
call-$y--%?me C A B  save eonputation, it is generally more 
exgensive to implement, and its p t e n t i a l  delaying of 
computation is usually a p o s  t rdeo f f ,  Why? &cause 
progrmers  can mders tad  the normal b i n d i q  mechanim and 
u~oderstai~d &.a$ w i l l  be done and when, Tnus i f  delayed access 
to  some other envixoment is need& a fmction can be passed 
explicitly, provided of course "chaQ pwerf u l enoqh  
f u~c"c%on--eonstructiw fac i l i t i e s  are available, Anpay 
prcqrm~ that  dont terminate iasmlly do so ?because they have 
BUGS i n  thex, and nos t people would P dke to f Bnd out Se8'NER 
rather than W E R !  



l o ,  LISP's fmctions are never really recursive! The 
way fmctions are normally defined is very da~lgerous, 
Pgnor ing for a moment e technical complication that 
fmctions are not v a l e s ,  the problem is that  ~eeurs ive  
fmetions make their reurs ive  ca l l  via the NAPItE the function 
had in the DEFINING enviroment, so that i f  the value 
associat& i t h i s  has c h a q d ,  by assigment or by 
r e  the f unction no longer works, Tony Roare ca l l s  
t h i s  ""rec~lrssion by pmning"", There is the IABEE fac i l i ty  but 
t&is is only for self-recursive functions (though t h i s  could 
k generdized), and anpay I.ABEL does not work propr ly  in 
any eurren t implemen tation, Thus : 

(DE TRYFAC (N) 
(COND [(ZEmP Nj 01 
fT  (" N (TRYFAC (- N 1) f ) 3 f ) 
(T%isrF&C 3) 
** 6 
(PWPROP @FAC (GET @TRYFA(: @ E W R j  @ E S R )  
( (MOW ' FAC 'TRYFACJ in IwterLESP) 
(Dl3 TRBVFAC (N) @WST) 
(FAC 6 )  
"" LOST 

Suppse we bound a l l  free variables a t  the time of creation 
of the laMa--~ixpression, There would still k a choice, the 
values current a t  the time, or 'ehe l a tes t  values Pa that 
enviromen t, The l a t t e r  is dangerous, but the former 
h p l i e s  parallel assigment ( a t  leas t  for function 
defini t ions) ,  which is di f f icu l t  in an incremental system, For 
exmple, s q p s e  we have PA and FB which ca l l  each other, A 
m i c a $  procdwe is $0 define FA, brat leave FB uPldefined and 
input its values through the error pckage, or define it as  
some t r iv ia l  fmction, until FA seems to work, Then one goes 
on to define FB, Me must  either relink them each time, or 
(the LISP case) be faced wi th  a situation where rdef ining can 
Pead to errors, Normally i n  LISP fmetions are de f ind  a t  
the top level,  so the problem does not usually ar ise ,  but as  
soon as  we in t rduce a more pwerful notion of fwebion it 
kcomes daqerous, 

12 ,  Scope rules, ?%ere are of course those who maintain 
that LISPS dpmic scope rule (for nodmals)  is just mE.G, 
that  when you mention say, X, nonlmally you m u s t  surely have 
i n  mind which X you mean, and the only one h i c k  then exis ts  
is the lexically enclosing one, There certainly are cases 
&ere t h a t  is what you want e,g, 

( P R S  (SUM) 



which could f a i l  i f  MAX had St24 as  a local, The problem 
can be overcome by using closures appropriately, but it doesnt 
%mk very neat and of course it then mimics Mgol-style 
i n  However i n  an interactive situation dynamic scope 
can be very useful e,g, i f  does its output via PRINT 
-then we can redirect output by evaluating ca l l s  to FCCI i n  an 
enviroment where PRINT is rebomd 

(MMBm (PRINT) (m ,, ,) H W R I K Z )  

Also, dy-slmie s c s p  makes it easy "co link i n  new fuslctions 
as  they are created, Lexical scope "cures" 'ifhe puslning 
problem of the lask section, but not in way which is really 
acceptable in an interactive and incremental system, It would 
k workh l w k i q  into progrming style here and seeing what 
people " r e d l y  do"", 7% m a t  extent are uses of nonloeals i n  
actual L I S P  and IQP-2 programs basically l ike  the SUM example 
above? What reason&le notions of closure f i t  i n  with 
lexical SCOW? 

WHT IS LISP STILL SO PoPUmR? 

The baroqe nature of the InterLISP system i l lus t ra tes  
precisely the low-level nature of LISP, i n  that almost none of 
the extensions is via the langirage @ s definition fac i l i t i e s ,  
but are  done by haying things onto kooks i n  the LISP machine 
such a s  the error pckage, There are  so many hooks that  you 
can almost "hack aromd" many dif f ieulties,  Basically f t 
i snY LISP that  is gapular, i t %  LISP SYSmMS, the pragmatics 
of progrming* h e  debugging and &itin9 f ac i l i t i e s  are 
g o d ,  list ce l l s  f i t  nicely i n k 0  one PDP-10 word, you can Sink 
"ilo machine laquage and the compiler prduces reasonable code, 
FXIP-2, which is l i ~ u i s t i c a l % y  sup r io r  (semantically a t  leas t  - never argue syntax with LISP hackers!) has not caught on, 
p r e c i ~ l y  because its hplementatfons are p o r  in these areas, 
People's choices of p r q r m i n q  language are always 
in teres t im,  e spc i a l l y  In the academic domain where the 
choice is suppsedly fa i r ly  free, For example BCPL is very 
ppular  a t  Essex for m i t e  general progrming,  although it is 
a low-level language, for precisely the same reasons, 
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A H I G H  LEVEL IACHINE FOR ARTIPICLAL INTELLIGENCE 

The problem of defining abscract data types and realizing good 
representations for them Is one of the major problems in com- 
puter science, 

X first tentative soiution to this problem was given in the 
late Fifties, It consists in defining several programing lan- 
guages, allowing similar control regimes but containing dif- 
ferent built-in 'problem oriented' sets of data types, Pcpular 
representatives of these first generation programing languages 
are FORTUN,  ALGOL60 and LISP, Usually a small set of basic 
data types (e,g, numbers and LISP. atoms) and a few rudimentary 
structured data types (e,g. arrays and lists) are provided 
with such languages, The user is then supposed to select the 
most appropriate programing language for his problems. 

This approach fails as soon as a problem does not fall into 
a restricted and well limited area (e,g, numerical and list 
processing), but deals with several types of arbitrary struc- 
tures, as it often happens in A-1, or, in general, In non nu- 
merical applications (e,g, formula manipulatfon and compiler 
construction), First of all, the user is not explicitly in- 
vited to keep data definition clearly separated from data rep- 
resentation, and creates confusion between the logical design 
of data structures and their implementation, often leading to 
unstructured, unreadable and unreliable code, A good program- 
ing style ~7hich clearly distinguishes between definition and 
representation may considerably reduce these negative effects. 
However the user has to waste a lot of time in the routine 
work of i~plementing the standard primitives operating on his 
own data types, Even f f  this effort can be reduced by a care- 
ful choice of the programming language (e,g, trees can be 
better rmpiemented in LISP than in ~ L G 0 l . 6 0 ) ~  it cannot be com- 
pletely eiimrnated, In any case, the newly implemenred data 
types are nor protected against mrsuse: funcrions intended to 
act on a specxfied type may be wrongly used for handling data 
of another type, 

To overcome tne drawbacks of 'problem orieneed' programing 
languages, a second eeneatlve solution has beer proposee in 
the Late Sixties, rrogramcing languages have been proposed 
with both a set of buile-in data types and a collection of 
powerful. nlechanisms tor clefinlng new data types. The most pop- 
ular representatrves of these second genera~ion programmrng 



Languages a r e  ALGOLL? (Wirth and Hoare l 9 6 6 ) ,  SIMULA67 (Dahl e t  
a l ,  l 9 7 0 ) ,  ALGOL68 (vanwijngaarden e t  a l ,  1969) , PASCAL 
(Jensen  and Wirth 1974) and EL1 (Wegbreit  1974) -  
The u s e r  i s  suppcsed t o  d e f i n e  a s  many d a t a  t y p e s  a s  h e  needs 
b e f o r e  (dur ing  i n  ELL) t h e  e x e c u t i o n  of h i s  programs, 

!jnforturnately, e f f i c i e n c y  requ i rements  impose t h a t  programs 
a r e  ( e v e n t u a l l y  i n  ELI) compiled i n t o  a  Low l e v e l  machine lan-  
guage which does  n o t  a l l o w  f a s t  t y p e  checking a t  r u n  t i m e ,  s o  
t y p e  checki.ng n v s t  be  t r e a t e d  a t  compile t,ime a s  f a r  a s  p o s s i -  
b l e  (comple te ly  i n  ALGOLW and PASCAL), Smart compi le r s  f o r  
such languages  can h e  des igned  on ly  a t  t h e  c o s t  of r e s t r i c -  
t i o n s  i n  t h e  d e f i n i t i o n  and t r e a t m e n t  of d a t a  t y p e s .  T h i s  i s  
t h e  e a s e  w i t h  PASCAL r e c o r d s ,  which do n o t  a l l o w  un ion ing  of 
t y p e s ,  and t h e  s e v e r e  l i m i t a t i o n s  imposed on g e n e r i c  f u n c t i o n s  
i n  ELL, Even though t h e s e  r e s t r i c t i o n s  may seem t o  be  v e r y  
weak, t h e y  s t r o n g l y  l i m i t  t h e  u s e r  i n  many p r a c t i c a l  c a s e s .  
On t h e  o t h e r  hand, SIKULA67 and ALGOL68 seem t o  a l l o w  a  l e s s  
r e s t r i c t e d  t r e a t m e n t  of d a t a  t y p e s ,  b u t  t h e  n e c e s s a r y  t y p e  
checking a t  r u n  t ime  may i n t o l e r a b l y  compromise t h e  e f f i c i e n c y  
of t h e  c b j e c t  code,  

The main reason  why t y p e  checking i s  n o t  e f f i c i e n t l y  per-  
formed a t  r u n  t ime on s t a n d a r d  computers i s  t h a t  d a t a  a r e  n o t  
i d e n t i f i e d  i n  t h e  s t o r e ,  i . e *  t h e  same p o r t i o n  of memory may 
be i n t e r p r e t e d  t o  c o n t a i n  a  number, a  p o i n t e r ,  an  i n s t r u c t i o n ,  
e t c .  I d e n t i f i c a t i o n  of d a t a  may be e a s i l y  o b t a i n e d  by t a g g i n g  
them, b u t  e f f i c i e n t  computat ions  can be o b t a i n e d  o n l y  i f  t a g s  
and d a t a  a r e  p rocessed  i n  p a r a l l e l ,  T h i s  can a c t u a l l y  be  done 
i n  a  m i c r o p r o g r a m a b l e  computer,  p o s s i b l y  w i t h  an  ad hac  
a r c h i t e c t u r e ,  

= * 
With such an i d e a  i n  mnc,  we have des igned  a  m a c h i ~ e ~  c a l l e d  

SMOX ( S t r u c t u r e  Management O r i e n t e d  Machine),  hav ing  a n  a r c h i -  
t e c t u r e  s u i t a b l e  t o  s u p p o r t  some d a t a  management and c o n t r o l  
f e a t u r e s .  Note t h a t  t h e  machine language of SMOM has  n o t  been 
conceived a s  a  v e r y  h i g h  l e v e l  programming language f o r  imme- 
d i a t e  A . P .  a p p l i c a t i o n s ,  b u t  r a t h e r  a s . 3  t o o l  a l l o w i n g  f a s t  
and s t r u c t u r e d  implementat ion of e f f i c i e n t  p r o g r a m i n g  systems 
f o r  A . 1 ,  The machine language of SKOM i s  s t r i c t l y  r e c u r s i v e :  
however g e n e r a l i z e d  c o n t r o l  s t r u c t u r e s  a r e  e a s i l y  programmable 
by implementing an  a p p r o p r i a t e  n o d e l  of m u l t i p l e  environments  
(Bobrow and Wegbreit 1975; Montangero e t  a l ,  l 9 7 5 ) ,  t h a t  i s  by 
d e f i n i n g  s u i t a b l e  d a t a  t y p e s  and f u n c t i o n s  o p e r a t i n g  on them, 
Th is  may b e  done e f f i c i e n t l y  i n  SMOX because  of t h e  f o l l o w i n g  
f e a t ~ r e s  

i )  The powerful  d a t a  t y p e  d e f i n i t i o n  mechanisms of second 
g e n e r a t i o n  prograa"~zing languages  a r e  t r e a t e d  by t h e  
ha rdware ,  

i i )  The t y p e  d r i v e n  f u n c t i o n  c a l l  mechanism ( s e e  s e c t i o n  111) 
a l l o w s  c o n t r o l  t o  be d i s t r i b u t e d  over  d a t a  i n  a  uniform 

2.7 



and natural way, 

iii) The machine language of SMOM does not contain primitives 
allowing concurrent programming: however SMOM code may be 
executed by the hardware with a higher degree of paral- 
lelism than is allowed by present computers (this issue 
deserves a deeper discussion, and is not treated in this 
paper) , 

SMOM has been inspired by Sll/ZLA67 (Dahl et al, 1970), 
SVALL'TALK (Kay l975) and some recent papers on L I S P  (Deiltsch 
1973; Montangero et ale l975), Some ideas underlying the ma- 
chine language of SMOM have been tested by using an extension 
of FUGPN-LISP (Montangero et al. 1975) capable of supporting 
data definitions a.26 t y p e  driven function calls,. The full 
power and the relevance of these features for A.1, applica- 
tions have been pointed out while implementing a proof gener- 
ating system for a typed A-calculus, and are discussed in 
(Aiello et ale 1976). 

Sectior! I contains an over~jiew of the main features of S?.lOl%. 
In sections 11 and III the data definition and control features 
of SMOM are presented in some detail, Section TV contains a 
brief discussion on type driven calls and distributed inter- 
preters, Section V is devoted to the presentation of some ideas 
useful in a software simulation of SE",OM. Finally, in section 
VI a possihle hardware architecture of SHOE is sketched, 

I - WHAT IS SMOM? 

SMOM is a high level machine, Its language has been designed 
to allow both interesting hardware architectures to he studied 
and efficient software simulations to be realized on standard 
byte oriented computers, 

The ideas underlying SMOM may be su~marized as follows, 

i) Each datum is tagged with its type, 

ii) SMOM (like LISP but unlike almost'all second generation 
prograsmirlg languages) does not allow records 2nd pointers 

" 
to b e  treated as separate entztxes. 

f;;; ( ( M ~ ~ ~ ~ :  ily) recursive) data types are definable at run 

tine in SMOM by the powerful facilities present in second 
gerreraticrn progr~~mming languages. 

* - hernary a i ~ o c a t P ~ ~  2nd managemenfl is cori.,pletely transparent 
+ 5 the user already at macnrne language level* 

v) Programs are held very compact by adopting the reverse 
polish notation as presented in (Deutsch 1 9 7 3 ) .  

vi) No sharp distinction is made between data and functions~ 
* * Dzta of a speclfled type may be used as fidnctions pro.irided 



that an interpreter has been programmed (in any other 
type for which an interpreter already exists) for that 
type. While used as functions, data of different types 
are allowed to be freely intermixed in SMOM, and the 
appropriate interpreter is automatically retrieved and 
activated each time, 

vii) Fast execution of generic functions (i,e, functions which 
are def~ned on several types, possibly with a different 
behaviour) is obtained via the type driven function call 
mechanism discussed later (see section I L L ) ,  

In spite of vi), we find it conveniqnt to keep the treatment 
of data-as-data (i-iv) separated from the exposition of data- 
as-functions (v-vii), Cross references between the two sections 
are used only if strictly necessary, 

Many restrictions present in nowaday programing languages 
derive from the choice of handling data directly, instead of 
manipulating them through pointers, As an example, if a string 
has been pushed onto a stack (in the sense of ALGOL), and it 
is not at the top of the stack itself, it cannot be replaced 
by a longer string unless all data over it in the stack are 
moved to create enough room, Since such transformations of the 
stack cannot be easily and efficiently implemented on standard 
computers, designers generally prefer to eliminate this kind 
of nastry situations by imposing restrictions on the Language, 
If pointers, instead of data, are pushed onto a stack, no re- 
strictions have to be introduced provided that all pointers 
are of the same length, 

Unfortunately, the following drawback seems to arise with 
tagged data handled through pointers: the frequent operation 
of retrieving the type of a datum without further processing 
the datum itself (for instance when testing the type of a 
datum to determine which one in a set of actions is to-be 
undertaken), requires one storage access, The solution adopted 
in SMOM consists in tagging pointers instead of data. 

All data are handled through data descriptors (dd's) in 
SMOM, A dd is a pair (T,P) where T is the type of the described 
object and P is a pointer to the datum itself, A dd (T,P) is 
also called a T descriptor, for short, 

I1 - DATA TYPES IN SMOM 

Data types may be either basic or structured, Basic dataappear 
to have no inner structure: integer numbers, characters, etc, 
fall into this category, Since the amount of informationneeded 
to store data of a basic type is small, they can be directly 
stored into the pointer part of ddvs, thus saving space and 
storage accesses, Structured data are made up of components: 
strings, LISP - cons cells, etc, fall into this cathegory, They 
are implemented as ordered sets of dd8ss 



Both basic and structured data types may be either built-in 
or user defined in SMOM, Data type definitions are supported 
by the notion of class, A class is a structured datum which 
contains all information relative to a specific data type, 
So there is the class of numbers, the class of characters, 
etc, Since classes are data, a class of classes exists which 
contains all information relative to classes. The components 
of a class are the following, 

%) An empty daturri, Empty data are used as terminators for 
recursively defined data types, 

ii) A template, It is a datum that records the structure of 
data belonging to that class, ,the name of the component 
fields and possibly the type restrictions imposed on them, 
The template is empty for basic data types. 

iiij An unspecified number of registers, Registers contain 
information common to all elements of a class, such as, 
for instance, the definitions of functions operating on 
the data belonging to the class, Some standard functions 
(such as RE-43, PRINT, ALLOCATE, GARBAGE and the functions 
for selecting components of structured data) are implic- 
itly defined when a class is defined, A function defini- 
tion is stored in a register having the same name as the 
function itself, Wew registers may be created by giving 
tReir names and (-possibly) their initial content either 
in the class definition or by editing the class, 

In fact, a new data type may be defined simply by creating the 
class which contains all information about it, All objects, 
including classes, may be created either implicitly,by reading 
them, or explicitly, by means of a sonstruetor function having 
the same name as the class associated with that data type, 

The external representation of a datum is normally a list 
of the external representations of its components (if any), 
preceded by the name of the class to which the datum belongs. 
Special notation is used for some built-in data types, such 
as integer and real numbers, For instance, the complex nunber 
3 - 4 , 2 5 1  is externally represented as 

(COMPLEX 3 -4,25) 

since 3 and -4,25 are the standard representations of the 
integer 3 and of the real 4 - 2 5  respectively, Obviously, the . * usez nay define ~ 1 s  own L!O functions through prir;itives for 
manipulating characters and buffers, 

Teaplates allow a great definitional power: in particular 
unioning of types, enumerative types (borrowed from PASCAL), 
structured types with a variable nunber of components, m~tua1j.y 
recursive data types etc, are allowed without the restrictions 



imposed by most second generation programming languages (dd's 
elininate almost all the difficulties arising when implexent- 
ing structured dara in the usual way), Since the technique 
for nanaging type definitions through templates are fairly 
standard, they are not discussed here, We only show, as an 
exanple, the definition of the class COWLEX, 

(CLASS COMPLEX 
(TEEPLATE (REAL-PART (ONEOF INTEGER REAL)) 

(IMG-PART (ONEOF INTEGER REAL) ) ) 
(REGISTER PLUS . . . ) 

(REGISTER CONVERT-TO-POLAR ... ) ) 

111 - CONTROL IN SMOM 

In order to precess a datumS a dd for it must be pushed onto 
the so called A(rgument)-stack, 

Two special built-in data types, i,e, microprograms and 
programs, are present in SMOM, 

Pficroprograms act as functions: they take their argunents 
near the top of the A-stack and push a value onto the A-stack 
itself after having popped their arguments, Several micro- 
programs are built-in when SYOH is generated: they include 
functions acting on the A-stack, jump operators to be used in 
programs, etc, Many others are automatically generated when- 
ever a class is defined: they include constructor functions, 
selector functions for ehe various components of data belong- 
ing to that class, standard I / O  functions, etc, We have no 
room to Gescribe all microprograms in detail here, The example 
near the end of this section may help in realizing what they 
do, 

Programs are sequences of bytes, each one being interpreted 
as the internal name of a class register or as an operand, 
A program is executed in the following way: a byte is fetched, 
acco-ding to a program counter, ard it is first interpreted as 
the internal nase of a register i n  tho special class A_VY 
(several ~uilt-in microprograms are contained in registers 
of this class), It such a regrscer exists, the darum it de- 
scriSes r s  called as a function accordicg to the following 
rules. 

i) If the datum is a microprogram, it is directly executed 
(it may ferch some bytes of the calling program and use 
them as operandso 

Fi) If the datum is a program, the continuation point (i-e, 
the  curent Frogram countsr) cf the callkxg progran is 
pusned onto zhe so called C(ontrol)-stac~ and the called 



program executed. 

iii) Otherwise the datum is pushed onto the A-stack and the 
standard function APPLY is called (after having pushed 
the continuation point of the calling program onto the 
C-stack). By the type driven call mechanism (see below), 
the function APPLY is searched in the class to which 
the datum itself belongs. Thus each datum may be used as 
a function, provided that an APPLY function (i.e, an 
interpreter) is defined for it. 

If the class ANY does not contain a register with the same 
internal name as the fetched byte, such a register is searched 
in the class of the datum currently at the top if the A-stack. 
If such a register is found, processing goes on as in the 
previous case, otherwise an error is generated. The call me- 
chanism just described is called type driven, since the type 
of the datum at the top of the A-stack may 'drive' the access 
to the code of the called function, 

We show a sample program which performs addition of two 
COMPLEX numbers as previously defined, Two ddvs for COMPLEX 
numbers are supposed to be at the top of the A-stack when 
this program is called, 

(PROG (PUSH, 2) (REAL-PART) 
(PUSH, 2) (REAL-PART) (PLUS) 
(PUSH, 3) (IMAG-PART) 
(PUSH, 3) (IMAG-PART) (PLUS) (COMPLEX) 
(SQUEEZE, 2) 
(RETURN) ) 

Only few remarks are needed to understand the program. 
(PUSH,n) pushes the n-th (n>O) dd starting from the top of 
the A-stack onto the A-stack itself without popping arguments, 
(SQUEEZE,n) pops n ddPs under the top of the A-stack, pushing 
the top itself n places down, 

If such a program is stored in the PLUS register of the 
class COMPLEX, if the PLUS registers of the classes INTEGER 
and REAL contain the code for adding two INTEGER or REAL 
numbers, and if a PLUS register does not exist in the class 
ANY, the type driven call mechanism automatically retrieves 
the right PLUS function when a dd for an INTEGER, REAL or 
COMPLEX number is found at the top of the A-stack and PLUS is 
called (for simplicity, in the above program only the addition 
of two COMPLEX numbers has been considered: code for adding 
two numbers of different type may be written as well). 

Let us remark that, in the above example, the code for 
adding two INTEGER and REAL numbers could be of any kind 
(microprograms as well as a datum of a user defined type) 
without influencing the structure of the program. In particu- 
lar, data of a given type may be 'compiled' into data of 



another type without influencing tho programs which use them 
as functions, 

Registers with the same name may exist in several classes, 
ANY included. In such a case, access to the class ANY may be 
bypassed and the corresponding function may be called directly 
by the type driven mechanism via the function (DRIVEN-APPLY, 
name), which requires the name of the function to be called as 
an operand, This allows programs to be efficiently implemented 
having a common initial section (to be stored in the class 
-4NY), but having a different behaviour which depends on the 
type of some datum after that section has been executed. A 
(DRIVEN-APPLY, . . . )  will then appear at the end of the common 
section, the operand of DRIVEN-APPLY being the name of the 
calling function, 

Finally, a remark on standard L/O functions. They are use- 
ful to do system dumps without making use of addresses, vhich 
are treated anly at the hardware (Fee. microprogram) level in 
SMOM, Common substructures and circular ones may be correctly 
printed and read by these functions, For Lnstance, the L I S P  
structure resulting from the execution of the following LISP 
function 

(L&"IBDA ( )  
(PROG (X Y) 

(SETQ Y (CONS NIL NIL)) 
(SETQ X (CONS U Y ) )  
(RPLACA Y Y) 
(RPLACD Y X) 
(RETURN X) ) )  

would be printed as 

(CONS (CONS (! (PUSH,l)) 
(! (PUSH,3)) ) 

( !  (PUSK,2) (,CAR)) ) )  

Standard input functions push a dd for a datum to be read 
onto the A-stack before the components d f  the datum are read, 
thus allowing backwards references. The symbol ! forces eval- 
uation of the program which follows ik during input. Such 
standard L / O  functions are synthesized by SMOM, even if print- 
ing routines are a bit sophisticated in order to al- iOW common 
substructures to be detected, 

LV - TYPE DRIVEN P R O G W W E N G  DISTRIBUTED INTERPRETERS 

By the notion of class and the type driven call mechanism, 
SE40M can be considered as a distributed extensible machine 
with a distributed hardware interpreter for built-in data 
types and allowing distrrbuted software interpreters to be 
written f o r  user defined data types, In fact, each data type 
can be seen as an independent module, having its own inter- 



preter, its own functions specifying its behaviour and even 
its own memory. The built-in function call mechanisms automat- 
ically retrieve the right pieces of code each time according 
to the type of a datum, thus forbidding functions written for 
a data type to act on data of a different type. 

The treatment of data types provided with SMOM and its 
sophisticated function call mechanisms allow structured pro- 
grams to be developed by stepwise extension of the data and 
control structures (Aiello et al, 1976). Actually the data 
definition and control aspects of programs may be developed 
and implemented in parallel in SMOK. Programs may be easily 
extended, since adding a new data type to a program implies 
only addition or' rlew functions: no changes are to be done to 
make the new featxres compatible with the old code. As an 
example, adding a new data type to a programming language for 
which an interpreter has been already written does not require 
modificatiens to be done to the interpreter whichkacdles,say, 
assignment operations: it is just necessary to define the new 
assignment prrmrtzves for that type. 

As an example of this kind of structuring, consider how a 
LISP interpreter may be implemented> The classes ATOM and LIST 
are defined first: SMOM actually extends itself by synthesizing 
a number of microprograms implementing the standard primitive 
functions. An APPLY function is then defined in the machine 
language of SMOX for both classes, thus realizing adistributed 
LISP interpreter (of course, a number of utility functions are 
to be defined in addition to the -@PLY functions: they are 
defined in the appropriate class), LISP functions may now be 
called freely by SMOM code, since the APPLY function for LISTS 
or ATOMS is automatically retrieved and invoked if such a data 
type is found in the class register correspending to an in- 
struction in a SMOM program, This way, LISP code is fully 
compatible with SYOM code, and the same will be true for any 
further level of software beino b built . over LISP, provided that 
the appropriate interpreters are defined each time. 

We have not yet built a piece of hardware called SMOM, Only a 
software simulation is in progress< An efficient SMOK inter- - * preter may be realszed on any byte oriented computer (in this 
case, microprograms are programs in the language of the host 
machine).. We presentsome ideas adopted in our implementatisn, 
$.i&i& seem to be useful if the ' aos? inachine operates in a 
paged environment. 

3 e xemory is divided into pages (not necessa.rily coincident 
---. 6: w * ~ n  the pages of the host machine) which are initially held 

- * 
cn a global free i l s t .  Pages m y  be allocated to increase the 
size of either,the private memory of a structured data type or 



a common heap (which is treated as a linked list of pages). 
Basic data types do not require private ~remories~ since their 
descriptors are not pointers and are directly stored as compo- 
nents of structured data, 

Each structured data type (except classes which 2re treated 
differently) is associared with a partially free page contain- 
ing only data of that type. Allocation of new data is perfor- 
med using that page. When the partially free page is full and 
a new datum is to be allocated, a new page is taken from the 
global free list* The allocation algorithm for new data depends 
on whether all data of the type under consideration have the 
same number of components (fixed length data) or not (variable 
length data), In the first case, the page is considered as a 
collection of equal blocks, each one capable of containing as 
many dd's as needed, possibly in a packed form, Allocation 
takes places by using one of these blocks, I n  the second case, 
allocaticn takes place as if the data type had a single 
component, called indirect reference. When a datum is to be 
created, it is put into the common heap, possibly in a packed 
form, and an indirect reference is allocated which points to 
it, By this technique, che tzsk  of compactifying the whole 
memory after a garbage collection is greatly simplified. 

As for classes, they are treated in a special way with 
respect to storage management, even though they are variable 
length data. Class registers are to be accessed fast, since 
their main purpose is to hold function definitions. Since 
functions are indexed by both a register name and a class name, 
and since it is likely that there will be a number of 'general 
purpose' functions defined for almost every class (e,g, T / O  
routines) and a number of 'spesLfica functions defined for few 
classes (e.g, the function CAR is defined only for ATOMS and 
LTSTs in the YAGK4-LISP interpreter), t5e following organiza- 
tion allows rapid access in a reasonable amount of space.First 
the register name is used to access a bucket array: eachbucket 
is either a pointer to an array indexed by the class name and 
containi~g the class registers (a trap 'if the expected register 
is not found), nr it is a small table of pairs class-dd, which 
is searched according to the key class name. The choice between 
array and small table is performed according to the number of 

- *  classes whscn contain a register uith the name under ronside- 
ration. In our software simulation the threshold is three. 

We have here described the iriachine language of 3MOM and we 
have discussed some ideas employed in a software simulation, 
currently in progress, A hardware realization may be even 
better organized, For instance, the type driven function call 
mechanism and access to class registers may be implemented by 



algorithms having a high degree of parallelism and using small 
associative memories. The memory of SMOM may be made less 
passive, It may be built out of microprocessors (having small 
associated memories) which operate in parallel under the con- 
trol of a supervisor processor, Each microprocessor is allo- 
cated for a single data type and contains all functions rela- 
tive to that type, The supervisor activates the microprocessor 
containing the datum to be processed and sends it the name of 
the function to be computed. After computation, the dedicated 
processor returns the result to the supervisor, Since the 
supervisor does no significant computation, it can be used to 
prefetch instructions follcwing rhe current cne, thus allowing 
actual parallel computations of the various dedicated micro- 
processors. This issue deserves a more accurate dLscussion, 
since the full power of this approach can only be reached if 
the A- and C-stacks are made more flexible. In fact, if these 
stacks are implemented by actual stacks (i.e, contiguous 
memory cells), prefetching cannot go on very far, since many 
modifications near the top of the stacks are to be completed 
before the execution of another function.Tf the A- and C-stacks 
are implemented by Linked trees, a sophisticate algorithm may 
be defined which allows an unlimited number of instructions 
to be prefetcked without restrictions, 

We should Like to thank all of our colleagues for many stimu- 
lating discussions and suggestions. Special thanks are due to 
Dr Franco Sirovich, who participated in an earlier phase of 
this research, and to Dr Marco Vanneschi, who communicated us 
his exciting philosophy about hardware. 
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REASONING A N U T  HAND PRIhTED FORTRAN PROGRAMS 

?@is papex 3 s s~z~ ibes  curJre,'"rc~~k on a p z ~ t  of the Essex ICsion 
project L2-j n s  part of 3- sk:i; of how- k~cwlsdge can intervene in 
the process cf *rrsuaL percspl~cz d zim imiestagzting how k_fi~wirledge 
a b u t  FORTRAN prcpgrammnng cars "best be used in a p r o g r m  which 
vdll read h a d  ps~imted FORTRAN prograEss, Work to date has 
ccsmentrated on the plausibility m d  limitations of the approaches 
which have s~gges ted  %hes--s9817e s and t h ~ s  peper outlines one example 
jz~otocol. ( gvgs  further. exal~~ples). Work i;n building a program 
LC emulate nk:nzfL pretoccis Isd at the tims c% writing, h the early 
stages but i t  follows the lines sketched out below, 

THE PROBLEM 

P$- _ 212 r, s y s t e r  ' is $2-esentee vi;Cn & descriptkn cf the l a p u t  of a 
FZRTRAX gxg;m s"n tezms c the psaieon a d  size cf 'blobsf of 
writing - see rigare 4 for m il1us"cative example, The only 
digerentiation provided is heaveen falph%naumeric-and-bracket' and 
'operatorf ('+', ', ', '*', '=' etc,) blobs, This representation is 
p;resduced f:cra Se@tised iti~z";b:- a program described in 133 . 

The systsri hss to use Ln-s ~nformaticg a s  tne basf s of a 5ialog-w 
~ ~ ~ 6 t h  a cha-,.aci;s; *,:eader (r,~:rf3_?r, work 03 &h";$ Is  described in 1531, 
R must build UP 227 understmdlng of the program it is reading in 
order  to be able ta make useful predi~S;iokls o r  adjudications a h u t  
character identities, It cm ase  knowledge - %factsT a b u t  FORTRAN 
-- 53 generzte Ey;citheaes e5z.d; the progir:t~ a d  to ti& features of 
sagarate a.-sz9 SC the prog:ai_il iFia consis"&sazz:r a r ~ m e 2 t s  c8J , 1101 a 

[ 2 3 *  
I have chosem at this stage of development to igxaore the constraixlt 

that the system must mdergo a asefuE141 and instead I hzve 
investigated how much c m  be discoerered from the representation 
slcstched asc:..e The ~ ~ o i - - _ c c  ~ 2 1 ~ ~ 7  asf;r-~~es :hat the X~ZSCS"_BI can 
L S ~  simple z :  2.i 9n.s of a - - ----a -,,iCer I,~BCCSI:SIF-:~ but not v!ze-versa, 
* &* H 

k - ~ -  flights i~.+ !Z ~g 5 2 ~ 6  c-i 9i-ght evidei;frs~ al-9 therefcze ~ c s s i b l e ,  

"1: &stila@ish between my 'systemr and the k p r o g r m f  .which i t  is 
We A ,&ding, $ i-ifg:-~b, have sk.3" gds..i;aTj but 'I; 573 a1.3 ::%$her e::2phasise 
';hs yest-&et& ::..,z".f-[lre of a.c>: i.Lsxal inputi 



H m A N  COMPETENCE 

We f i rs t  chose our problem because it seemed to us to illustrate very 
neatly how consistency a r  ents could help in perceiving visual 
scenes, %If we look at a FORTRAN co&ng sheet, we cm see ways in 
which we can consciously use consistency a rwments  to ddlrnver the 
identity of (say) some sr all of the k e p o r d s  on the sheet Mthout 
reading them at all. - for example (at least in the very short 
programs we a r e  reading) the last line has to be the line 
above it (if i t  is an executable statement) has to 'be f W T O  ', 'STOPf 
o r  9RETlJ13NT, Less trivially, we can reason a b u t  statements from 
their shape 

might well be !CONTmUEt because it is m eight-character blob - i f  
we see  

in a position in which we a r e  expecting the terminal statement of a 
we would probably look no further, Pan illuminating anecdote to 

show b w  this sor t  of thing happens in some slhations is the 
fallowing: 

I was shown the p m g a m :  

A = some expression 
B = some other expression 
IF A=B GOTO 1 
(a statement followed which printed out the 
values of A a d  B) 

Figure 3 



The evidence was overwhelmingly that ?Af was equal to f P B B ,  yet9 as 
the indipant programmer protested, the 'GOTC3 * wasn't executed, 
At the time I was extremely fmiliar with FORTRAN spta, yet it 
was several minutes before I mticed that the apparent 'EFT 
statement was in fact a pat%aoiko@cally legal assipment statement! * 
Context had swanped the local evidence, 

Shown a diagrm like that in figure 4, a hum= casn assign roles 
and meanings to mast of the blobs on the sheet, Wnen reading 
progrms directly, humms build up a representation of the p r o e m  
which is often quite complex - asked to justify a character they 
might reply $1 know it is because the word is 'RED', 1tfs not 
?AEDf because id's sbv-fously 'RED' in the READ statement asld this 
line f s checking that it is in hunds ', Conversations with local pmch 
operabrs show that they use extensive informal knowledge of 
FORTRAN and oE progranming practice - the best evidence perhaps 
is how difficult they find it to punch progrms with deliberate errors, 

Like Wei P C 97 1 deny that perception can be divided into stages 
of (2) input, (ii) value judgement, Assip-meh of puqose to visual 
cues, which is what m y  system attempts, is an essential condition 
for perception, There follosvs an example protocol of (a hums 
simulation of) the %@ti-trity I a m  hoping to implement, It would 
perhaps be instre~ctixse If "ce reader paused at this pint to consider 
whether she can assip roles do the blobs illmtrated before reading 
the armmekat which follows, The knowledge (FORTRAN 'facts9) 
which 1 have used to construct these arwments zppears in full in 11%. 
After the protocol I discuss some features which it has illustrated 
and 1 report on the caprent state of work on the program which 1 m 
~vriting to achieve some of these iderences as part of the overall 
Essex Vision project, 

PWOTC3COL OF A PROGRAM AEYXJT RECIPROCALS A h 4  SUMS 
OF SQUAEES 

1: Line 1 could be a comment or a labelled FORMAT (ever$hing 
else is rejected by lack of pmctuation). (Visually, the arrangement 
of 1abei.s in columns 4 md 5 on every other line staggests "ihat line 1 
is a commentL$, but it would be over-mbitious ka ask the progrm to 
infer that at -this stagea I -thii.l&. ) If a character reader c m  tell the 
difference &tween a and a digit, we cm discover that line 1 Is 
a comrnekat ~ m p a y ,  If no%, it should be able 'm see that the first 
blob doesn't read BF<3R&lAT "it reads TLEASE '), 

*Spaces are igxofed by most FORTWAN compilers, so it is aa 
assim~ent of ?BGOTO "! ;to "FAi, 





2: Line 2 could be COMMONx, IHRITE (x, GOTO (AX, REAL)(= o r  
nt statement involving an array, No array has been 

so the ass ipment  statement is out, A character reader 
should be able to distfng~lish the pssiMlfties above - in fact it is 
W I T E  (x, The remaining blob could be 'y)z ' o r  'yy) ', The first 
pss ib i l iw demmds a previously defined i d e n ~ f i e r  - there isn't one 
so the statement must read m I T E  (x, yy), 
3: There must be a FORMAT statement labelled with the 'yyf on 
line 2, 
4: Line 3 must be 'FORMAT(' - once again the lack of punctuation 
rules out anflhing else, The adjacency to line 2 suggesh that this 
line has the label mentioned there, 
5: Line 4 is labelled, The sm1e reasoning as  for line 2, and the 
s m e  adjudica$-ion by a character reader, tekls us that this is 
t m I T E  (a, bb) g e  
6: Line 5 is mother FORMAT*, Once again it probably has the 
same label a s  that mentionecl on the line a b v e ,  
7: Line 6 is an assi nt statement, The right-hmd side must be 
a constat ,  The le d side must be a variable name (we know 
that there a re  no arrays pmPam) .  
8: Line 7 is mother assi t statement, Once again, the right- 
h a d  side must be a cons-t (it i s  too long to be the same n m e  as 
that on the previous line), The left-hmd side must be a different 
variable name - we now have a four-character n m e  and a three- 
character name, 
9: Line 8 i s 'REAB(xF o r  an assi  ent statement, &I fact it is 
READ - the identity of the pmctuation mark as  a comma is enough 
to tell us, The rest  of the statement must 'be 'cc)dt b c a u s e  we only 
have two-character labels, Thus we have mother identifier, tMs 
time a single character one, 
10: Line 9 could be 'BACKSPACEi?, ' E m F I U i i ' ,  ' m B M A T ( ~ )  ', 
r R E W I ~ i I i i y ,  'PAUSEiEilB, ' m I T E  (, , , , ' o r  'READ(, , , , , ', 
Since every I/O statement so fa r  has been immediately followed by 
i ts  o m  FORMAT, we might h jp thes i se  that i t  i s  a FORMAT 

*The full list of possjbilities, going just by blob len@b is 
COMPLEX ENDFILE INTEGER LOGICAL ASSIGN COMMON 
XB3'UBLE @recision) FORMAT RETIJZN REWIm BLOCK (data) 
PAUSE WRITE CAI& DATA GOTO READ REAL SWP END IT, 
Most a r e  eliminated by position Jn the p m o a m ,  impossibility of 
fitting the s p t a  to the blob ihapes o r  by applications of the fact 
that aalphmmsrie words a re  a~mcsm;"rUaXways separated by spaces, 
There is a sumrising amomkof visual redundancy in FORTRAN, 
when yoea look ofor it, 



statement associated ~;%jjth line 8, E we have read the identifier on 
line 8, we might further be able to hypothesise that the f o m a t  
specifier i s  $1' since the identifier is TNfs 
11:Line 30 is a logical IF, The pattern in the middle of the 
statement i s  a logical operator - . EQ, , . LE, etc, - and the 
statement which follows is STOP, Thus the statement is 

- one s f  x o r  y must ~e the single character identifier on line 8, 
i2:Line li i s  a H)(9 statement, E we look for the terminating label, 
we notice systematic indentation of lines 12 and 13, Lfne 14 isn't 
labelled oz indented, s~ probably line 13 %s the terminating 
statement 
l3:Eine 12 is an assigment  statement, The three-character 
identifier on the left Is probably that from line 6,  The Ipight-hand 
side c m  only contain constants, fmction calls o r  preariously- 
rnltialised values, sc the three-character blob OR the right is 
pr~bably that identifier as  well, 
I4:line 13 is an ass5 ent statement, teminates  the hX), and 
probably involves the five-character identifier from line 7 ,  
15 L-Zne 14 3s either a o r  a READ, Given that we have sc  far  
only seen single character unit n ~ ~ m b e r s ,  i t  is probably \%?RITE, We 
c m  say that the statement reads 

- each one of the identifiers which has so f a r  occurred in the 
p r a g r m ,  
1S:Line 15 is FORMAT, Once again, we may h p t h e s i s e  tha"ct 
h k s  up with the pre~fious line, PBithin the statement, we can 888 an 
initial Hollerith constant a d  then v~hat mmay be three f o ~ m a t  
specifiers, The final one is only a single character, so it must 
b / The p r e ~ o u s  one is " o r  b ~ '  m d  the one before 
that$ if it isn't part of the Eollerith, Is 
1Tr:=ne 16 fs xs:, % far we only know one labelled 
executable statement - the a S T E  on Sine 4 - so i t  is probable that 
line 4 is the destination, 
18; Lfne 1% j-g E N D ,  Ef we haven't already? eo-eImecj it, the 
;jB9-' d,,nna;$ion s of the t33T3 e : ~  line 16 .must line 5, 

DISCUSSION OF THE PROTOCOL 

Despite the artificiafltg induced by using such a small exmple ,  
geqreyal p i : a t ~  are ilkstrated, I hayre had tc lfnearise "ce probcol 
fo r  reasons of space, destmying evidence of how attenthon "skips 

4 3 



aroundf the sheet, Ec-wever it i s  important 'to smphasise that my 
system xvill not ope~ate  121 fhpthesise-and-teBt4 mode but rather 
more like the 'wait-md-seef mode of Mareus C 72 % The 
hypothesise-and-test mode produces a top-dam search: for example 
finding 'Em7 causes us to hype-thesise a R E T m N  in the line abve,  
A test for zouter-etz",dsnce to this h w t h e s i s  might cause us k 
look ahare for zm eazlfer 9EhTDf - if we don% find one then the line 
abve: the current line can't be B R E T m N L  Such a visual wild- 
goose chase is counter to my intuition and I prefer ta operate in 
terms of 'expectationsP: f i n ~ n g ' a  cue U oi raises OUT. expectation 
of finding & ' else\vheze (as wel: as denying the pssibil i ty of 7 y' 

perhaps), Expectztlens which are  ~vemvhelming may be 
investigated immediately - thus, for example, it might be 
reasonable to look for the END line as soon as we find the first line 
of a subprogram, 

The reasoner's interiial rep~esera"cntfon s t~ucturea -will be some 
kind s f  tree - a hie~archical descrlp"cion of the p r c g r m  components 
in terms of iihe roles they play, %me of this will be like that of 
a compiler (program-subprogrm, DO Loop etc.) but some will 
reflect p r o g m  schemas useful to the reasoner8s malysis, Having 
recog;=sel 

READ (x, yy)a 
IF (be oo, c) STOP 

Figure 5 

in lines 8 and 10 of figure 4, we r n ~ y  h p t h e s i s e  that we have found 
a piece of pmgram which i s  reading something a d  checking a 
termination condition, Thus 'b ' o r  'c is likely to be the s m e  as  
a The internal representation vri11 reflect the {suppsed) purpose 
of these two lines, 

Most g~ter-line csnsf ste-wc y Tinfcrraatfon f s generated from 
knowledge of control Oilre narrztive FLOW in a story). The schema of 
figure Z is an example., h o t h e -  1s "the restrietEon which we exfa 
place on use of u ~ n i a a l i s e d  identifiers b f o r e  the first mconditionstl 
transfer of control, Generating inter-line consistency checks m&es 
it mare essential to use a s t m c k ~ e d  internal rr~sesentatio;? rather 
j&m a 'souFtof assez+{oss because ei=..mter-e-$:~idenc to some 
hypothesis :%Tag be generated from cther lcscatioas on the sheet - $he 

* The difference is like that &tween determiaistic md 
aon-deterministi@ parsing in a ~ ~ m p i l e r ,  



reasoner then needs to 100% again, via the structure, at the evidence 
which generated the ori@nal hypothesis, 

THE 3iIARKI P N G E A V  

The promam Bs written in EVIL f 43 md currently uses CO2JNVER- 
like demons b recognise a d  assess evidence, It generates an 
initial estimate of statement identity from i n i ~ a l  blob-size and 
filters it using howledge of syntax, To date use of f low of control 
kswiedge has been impheraeDted, 

order to discriminate between s t~tements ,  M m K 1  p ropses  
"acid testsf for a character reader, It is suqris ing how easy it is  
to id1 staternefis apart: for example an assl ent statement ern 
usually be picked out just by checking the '=' sign, Pathalogical 
CALL md  FOBZVIAT statements with I - ?  signs in embedded 
Hollerith constmts eonfuse M m K 1  justas  they coduse humans! 
POP example: 

FORMAT (LBRJ = (AI%B*CDE+10) 

At present M m K 1  treats some howledge of probabilities as 
ce&ai2ties, For exmple,  h m a n s  usuizbby separate alphabtie 
v ~ o r d ~  ~5 th .  a space - you rarely see 'C3MMONGiBC ' for example, 
Eater versions -ads.$ be i;;p retrrac'c h:ptheses based on such 
rn assaunption, 

Use s f  COmNER-l*e demons allows insertion of addition81 
kfio:~ftedge re'hzt%vely easy* of course, but an aassertional data-base 
makes i t  difficult to t r i g g e ~  demons on complex coactitions such 
as  (A - a d  B - bubot C), The stwuctured (frame-like) data-base 
descr ikd  in 5 seems more appropriate for such decisions md 
1 a~Esipate  "&haQ lztes verskns @ARK2 , . . MmKmj will use it, 
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R e  Bornat 
J.M, Brady 

FINBIMG BLOBS OF WRITING I N  THE FORTRAN CODING-SHEETS PROJECT 

The For t ran  coding-sheets  p r o j e c t  is an A I  v i s i o n  experiment 
which was i n s p i r e d  by t h e  experience of  a number o f  A I  
p r o j e c t s ,  p a r t i c u l a r l y  t hose  c a r r i e d  o u t  a t  MIT (Minsky and 
Paper t  1972; Winston 1975) and Sussex (Clowes 1971, 19731, 
For a gene ra l  i n t roduc t ion  t o  t h e  p r o j e c t  s ee  (Bornat and 
Brady 19761, We view v i s u a l  pe rcep t ion  a s  a process  o f  con- 
s t r u c t i n g  an i n t e r p r e t a t i o n  o f  a p i c t u r e  o f  a s cene ,  n o t  on ly  
from v i s u a l  k c u s h i t h i n  t h e  p i c t u r e ,  but  a l s o  by us ing  know- 
ledge  of what i~ i s  expec tea  t h a t  t h e  p i c t u r e  r e p r e s e n t s ,  
S imi l a r  views about  pe rcep t ion ,  aga in  s t l b s t a n t i a l l y  in f luenced  
by Clowes (19731, a r e  expressed by Weir (1975, 19761, Viewing 
pe rcep t ion  a s  a p roces s  makes t h e  o r g a n i s a t i o n  o f  t h a t  p rocess ,  
i n  terms of  t h e  sub-processes  which make it up, o f  paramount 
importance, I n  t h i s  r e s p e c t ,  we have been in f luenced  by 
d e s c r i p t i o n s  o f  ' h e t e r a r c h i e a l  c o n t r o l q ( M i n s k y  and Paper t  
1972; Winston 1972; Freuder 1975; Bornat and Brady 19761, 
which connotes  a system i n  which processes  genuinely c o e x i s t  
and i n t e r a c t .  

Our p a r t i c u l a r  ' t o y  world '  is t h a t  o f  coding s h e e t s  on which 
a r e  hand-printed For t ran  programs, There is a g r e a t  q u a n t i t y  
of  knowledge which we can deploy about  our  world,  which seems 
t o  f a l l  n a t u r a l l y  i n t o  two s e c t i o n s :  knowledge about For t ran  
programming and knowledge &out t h e  formation of  w r i t i n g ,  It 
is  convenient  t o  d i v i d e  our  c o l l e c t i o n  o f  p rocesses  i n t o  two 
l a r g e  groups and t o  a l low t h e  groups t o  g n t e r a e t  ( f i g u r e  1), 

roces se s  based o 

Figure k e  Top l e v e l  view o f  t h e  program 

The p roces se s  based on w r i t i n g  ( t h e  ' c h a r a c t e r  e x p e r t s ' )  make 
d e t a i l e d  examination of t h e  a c t u a l  hand-blocked c h a r a c t e r s ,  
while t h e  For t ran  p roces se s  ( t h e  For t ran  r e a s o n e r )  a t  p r e sen t  
work on u n i n t e r p r e t e d  ' b lobs '  which correspond t o  s t r i n g s  o f  
c h a r a c t e r s ,  The For t ran  processes  a r e  desc r ibed  i n  Bosnat 
(19761, and t h e  w r i t i n g  processes  i n  Brady and Wielinga (1976a, 
197651, 



This paper  desc r ibes  t h e  design and implementation o f  a  
psogram which produces a compressed view of  t h e  p i c t u r e  t o  
s e rve  as i n i t i a l  d a t a  f o r  :he For t ran  reasoner ,  It a l s o  
i s o l a t e s  rhe  reg ions  t o  be  worked an by the c h a r a c t e r  expe r t s .  
The compressed view desc r ibes  t h e  input  i n  terms o f  t h e  
n a t u r a l  coding shee t  coosdina tes  ( l i n e s  and c h a r a c t e r  
p o s i t i o n s )  i n d i c a t i n g  where t h e  ' b lobs '  o f  w r i t i n g  a r e ,  what 
l eng th  t h e  BBlobs '  a r e  and which of them might be ope ra to r  
sy&ols ( i + 9 ,  ( a t f  i = f  eke*), A t  p r e sen t  t h i s  amount of  
information appears  t o  be s u f f i c i e n t  t o  suggest  hypotheses 
absut  t h e  w ~ z t i n g  t o  t ? e  res-c o f  t h e  grog-cam - i n  p a r t i c u l a r  
we don ' t  seem t o  need t o  i d e n t i f y  b racke t s  o r  p a r t i c u l a r  alpha- 
numeric c h a r a c t e r s  a t  t h i s  s t a g e ,  

The paper  concludes wi th  a  d i scuss ion  of why t h e  au tho r s  
s r e  d i s s a t i s f i e d  with t h e  5lob f i n d i n g  program e x c e ~ t  a s  an 
ex i s t ence  ?roof t h a t  i z  1s z o s s i b l e  t o  b u i l d  one, The problem 
4f when t o  ;nvoLve kn~wledge  in a visran ?ragram i s  a a i s e d ,  

THE P I C T U E  IMAGE 

The p r i n c i p l e s  o f  t h e  o r g a i s a t i o n  of our  program, sketched i n  
(Bornat and Brady 1976; Brady and Wielinga 1976a, 197Sb; and 
S o m a t  19751,  mean t h a t  ~t cannot be cons t ra ined  t o  an ordered 
s e q u e c t i a l  scan ac ros s  t h e  p i c t u r e ,  Maay of our  processes  
1-equire acces s  t o  any p a r t  o f  (a  r ep resen ra t ion  o f ! )  t h e  
e n t i r e  image, Conversely t h e  ' c h a r a c t e r  e x p e r t s h e e d  t o  be 
a b l e  t o  i n v e s t i g a t e  t h e  s t r o k e s  making up t h e  w r i t i n g  i n  some 
d e t a i l ,  Thus we need a h igh- reso lu t ion  r e p r e s e n t a t i o n  of  a l l  
of t h e  p i c t u r e  a t  once. These twin requirements  pu t  a  g r e a t  
s r r a i n  on our  connputez? senvice  ( a  3EC KI-lO with  h256K memory 
aad l i m i t e d  Sacking s t o p e )  and we have had t o  compromise. We 
work with a  d ~ g i t i s e d  r e g r e s e n t a t i o n  s f  photographic t rans-  
pa renc ie s ,  developed t o  g ive  a s  f a i t h f u l  a  range of  l i g h t  
l e v e l s  a s  poss ib l e .  Each c h a r a c t e r  space on t h e  coding shee t  
cosresponds t o  about 20 x 20 p i x e l s  - about one-sixth t h e  
resolut-ion of  conventionaa;* OCR s y s t e x s  - I n t e n s i t y  keso lu t ion  
1s 256 l i g h t - l e ~ e 2 s  a t  each p o i n t .  T i e  e n t i r e  p i c t u r e  of  a 
coding s h e e t  2s a b u t  I 5E; by te s  6375K btords o f  DEC-10 
s torage  ) , 

Finding t h e  b l abs  of  w r i t i n g  i s  l i k e  g lanc ing  quick ly  over  
t h e  s h e e t ,  o r  looking a t  it without bo ther ing  t o  focus  a t t e n -  
t i o n  an t h e  i q d i v i d u a l  c h a r a c t e r s ,  Pox- t h i s  purpose, w e  don ' t  
r~eed  a l l  t h e  s p a t i a l  reso3.~-c1on we have alpai lable-  so we 
s3 r ink  t h e  p ~ c - c ~ r e  t o  one-s:xreenth o f  Irs a r igEna l  s:ze. We 
p ~ ~ c k  t h e  ' b l a c k e s t '  eleme7-c sf each 4 4 4 window ir rhe  p i c t u r e  
t o  produce t h e  shrunken ve r s ion ,  This  method p re se rves  t h e  
b lackiwhi te  c o n t r a s t  b e t t e s  than  an averaging process  which 
would smooth t h e  d a t a  t o o  much, The sma l l  p i c t u r e  is then 
&out LOOK by3;ee o r  25K t - o ~ i s  - a mo-a reasonabie s r z e  f a r  



processing,  A t  t h e  shrunken r e s o l u t i o n  each c h a r a c t e r  p o s i t i o n  
is  &out 5 x 5 p i x e l s ,  Sub jec t ive ly ,  t h e  impression i s  l i k e  
t h a t  of  a coding shee t  l O  o r  20 f e e t  away - i t ' s  easy t o  s e e  
l i n e s  and t h e  l o c a t i o n  of  t h e  w r i t i n g ,  bu t  l i t t l e  e l s e .  
(Actua l ly ,  you - can read  t h e  w r i t i n g  s t i l l  i f  you have a good 
idea  what it says! Handwritten a r e a s  - l i k e  s i g n a t u r e s  - a r e  
e a s i e s t ,  s u r p r i s i n g l y ,  ) 

We proceed i n  s t e e s  - f i r s t  we f i n d  t h e  coding-sheet l i n e s ,  
then we e s t ima te  t h e  c h a r a c t e r  p o s i t i o n  ' g r i d s  and f i n a l l y  we 
f i n d  t h e  b lobs  of w r i t i n g ,  

FINDING THE LINES 

The l i n e  f i n d i n g  is based on a program which i s  f i r s t  app l i ed  
t o  d iscover  t h e  h o r i z o n t a l  l i n e s  and then  t o  d iscover  t h e  
v e r t i c a l  l i n e s ,  The l i n e  f i n d i n g  has a s i m i l a r  o v e r a l l  
s t r u c t u r e  t o  t h e  Binford-Horn l i n e  f i n d e r  (3971) i n  t h a t  it 
f i r s t  pushes a ' t r o l l e y 8  t o  f i n d  t h e  l i n e  p o i n t s ,  and then  
g o u p  t h e  l i n e  p o i n t s  i n t o  l ists.  The 8 x 3 t r o l l e y  is  roughly 
equiva len t  t o  us ing  two edge masks (Marr 1974) of  d i f f e r e n t  
pane l  width,  However t h e  k inds  of  problems we encounter  i n  
f i t t i n g  t h e  l i n e s  when t h e r e  is w r i t i n g  on t h e  s h e e t  a r e  r a ~ h e r  
d i f f e r e n t  t o  those  involved wi th  plane-faced polyhedra. We can 
assume, f i r s t  of a l l ,  t h a t  t h e  h o r i z o n t a l  l i n e s  a r e  roughly 
h o r i z o n t a l ,  An 8 x 3 t ~ o l l e y  ( f i g w e  2 )  is pushed over  t h e  
p i c t u r e ,  t o  f i n d  p o i n t s  a t  which t h e  g rad ien t  1 / o r  21 
exceeds a t h re sho ld  If it does,  t h e  f a c t  i s  
recorded by s e t t i n g  a corresponding b i t  i n  a mat r ix  and t h e  
b l acke r  of  t h e  s i t s  c o n t r i b u t i n g  t o  t h e  l a r g e  g a d i e n t  is  
recorded i n  a histogram, Typica l ly ,  t h i s  his togram e x h i b i t s  
a sharp  peak, which provides an accu ra t e  i n i t i a l  e s t ima te  of  
t h e  c o n t r a s t ,  and may be used l a t e r  i n  f i n d i n g  b lobs  ( s e e  
below 1, 

U 
s = sum i n  1st row s i / 8 "  s a v .  1 d i g 3 
1 1 ' 

S 2 g21 = (sl - % ) / E l ,  

s 3 g31 - ( s l  - s 3 ) / 8  

Figure 2, 

The his togram may no t  e x h i b i t  a peak however - f o r  example 
when t h e r e  is  a s teady  e o n t r a s t  g rad ien t  ac ros s  t h e  s h e e t ,  I n  
such cases ,  t h e  b lob  f i n d e r  i s  "warned' no t  t o  r e l y  on g l o b a l  
measures sf c o n t r a s t .  The g rad ien t  is always recorded,  even i f  
it does no t  exceed (This  is  t o  enable  a check t o  
be made on t h e  i n i t i a l  t h re sho ld  e s t i m a t e ,  which can be  
measured from a few responses of  t h e  t r o l l e y ,  I n  t h e  ease  of 



disagreement ,  t h e  t r o l l e y  pusher  i s  simply re - run . )  A t i n y  
f r a g ~ ~ e n t  o f  t h e  output  produced by t h i s  s t a g e  of  p roces s ing  is  
shorn i n  f i g u r e  3 ,  Since even t h e  reduced p i c t u r e  occupies  
&out 25K words of  s t o r e ,  t h e  t ro l l ey -push ing  r o u t i n e  is 
w r i t t e n  i n  BCPL t o  maximise e f f i c i e n c y .  

The nex t  s t a g e  o f  p rocess ing  is  mare complicated and is  
written i n  E V I L  (Bornat and Wielinga l9761,  Th i s  i n  f a c t  i s  a  
f a i r l y  t yp i cah  a p p l i c a t i o n  o f  E V I L ,  which was designed t o  have 
a  Bobrow-Wegbreit spaghe t t i - s t ack  (Bobraw and Wegbreit 1973) 
and be an i n t e r a c t i v e  r e c o r d - p ~ o c e s s i n g  system, which, never- 
t h e l e s s ,  enabled f a i r l y  r o u t i n e  psocess ing  of  huge amounts of  
d a t a  t o  be  c a r r i e d  out  h igh ly  e f f i c i e n t l y ,  

Figure 3, 

The next s t a g e  o f  p r eces s ing  is t o  convert  t h e  d a t a  i n  
f i g m e  3 i n t o  a  l i s t  o f  coding shee t  l i n e s  - whose number can 
be p r e d i c t e d ,  a s  can t h e  f a c t  t h a t  they  a r e  long ,  Quan t i s a -  
t i o n  e f f e c t s  mean t h a t  what is accepted  a s  a  coding s h e e t  l i n e  
appears  ( f i g u r e  3 aga in)  
i n  t h e  d a t a  a s  a  list of  segments ( runs  of 1's wi th  occas iona l  
'smalk' hokes ) ,  The s e p e n t  l is ts  a r e  s i m i l a r  t o  Clowes and 
OtGormaaa% (61473) "putative l i n e  lists"', D e t a i l s  a r e  given i n  
a  t e c h n i c a l  r e p o r t  a v a i l a b l e  from t h e  au tho r s ,  

Since t h e  number k of l i n e s  ic a  coding s h e e t  is known, t h e  
longes t  k l i n e s  ( i f  There a r e  that many) are kaypothesised a s  
t h e  eodigg sheet l i n e s ,  Each Line " idea l ly"  has an equat ion  
y = mx + c *  Since t h e  l i c e s  a r e  p a r a l l e l ,  we expect  t h a t  
every h o r i z o n t a l  l i n e  w i l l  have t h e  same s lope  rn t o  w i th in  an h  
al lowable e r r o r ;  f a i l u r e  he re  i n d i c a t e s  t h a t  one of  t h e ' r e a 1 8  
l i n e s  has  been missed and a spu r ious  one picked up. Suppose 
t h e  h o r i z o n t a l  Pines have equa t ions  y = mhx + c  1 C i 6 k, i ' 
The l i n e s  can be assumed t o  be s o ~ t e d  on the consxant c  t hen  i " 



because t h e  h o r i z o n t a l  l i n e s  a r e  known t o  be e  
a p a r t  it may be expected t h a t  t h e  d i f f e r e n c e s  

a r e  nea r ly  cons tan t ,  (The spac ing  of t h e  f i r s t  t h r e e  l i n e s  on 
ou r  s h e e t  is d i f f e r e n t  t o  t h e  r e s t :  our  program t a k e s  note  of  
t h i s , )  E f  t h e r e  is  t o o  l a r g e  a discrepancy i n  t he  d i f f e r e n c e s ,  
a  l i n e  is missing and, s o  long as a s u f f i c i e n t  number have been 
found, i t s  equat ion can be p red ic t ed  and it can be searched f o r  
i n  t h e  r e j e c t e d  b i n e l i s t s ,  This can happen f o r  example i f  a  
segment is missed i n  t h e  middle of a long  l i n e ,  In  p r a c t i c e  
however, t h i s  r a r e l y  occurs ,  s i n c e  t h e  r i g h t  s i d e  of  a  coding 
shee t  is usua l ly  empty, s o  t h a t  even i f  some segrnents a r e  
missed t h e  longes t  l i n e s  a r e  t h e  r i g h t  ones,  Even on an 
a r t i f i c i a l  example of a shee t  covered with w r i t i n g ,  a l l  t h e  
h o r i z o n t a l  l i n e s  were found, 

I t  i s  poss ib l e  t o  gauge a  rough e s t ima te  of  mh and ci  f o r  
t h e  i t h  l i n e  from t h e  end p o i n t s ;  bu t  t h i s  p l a c e s  f a r  t o o  
g r e a t  a  r e l i a n c e  ow t h e  f i r s t  and l a s t  segments i n  t h e  l i n e -  
l i s t ,  which a r e  i n  f a c t  l i k e l y  t o  be most suspec t  because of  
i n t e r a c t i o n s  with t h e  v e r t i c a l  l i n e s .  Horn (Binford and Horn 
1973) d i scusses  s i m i l a r  problems caused by v e r t i c e s  of poly- 
hedra,  In s t ead ,  we al low every segment t o  c o n t r i b u t e  t o  t h e  
mh and Ci by making a  beas t  squares  f i t  t o  t h e  l i n e ,  

S imi l a r  cons ide ra t ions  apply t o  t h e  v e r t i c a l  l i n e s ,  except 
t h a t  t hey  a r e  not  e q u i d i s t a n t .  Thei r  spacing i s  p r e d i c t a b l e ,  
"cough - s e e  f i g u r e  4 ,  They a r e  however u sua l ly  e a s i e r  t o  
f i n d  Because they  do not  have w r i t i n g  c ros s ing  them, There is 
a l s o  an a d d i t i o n a l  cons is tency  check because mv and mh a r e  
perpendicular  t o  each o t h e r ,  

Figure 4. 



F I N D I N G  THE GRID 

The spac ing  o f  t h e  v e r t i c a l  l i n e s ,  pos i t i oned  a t  columns 1, 5,  
7,  72 and 81, means t h a t  we know where t h e  c h a r a c t e r  g r i d  is  
wirhout Looking - coding s h e e t s  a r e  p r i n t e d  accu ra t e ly  enough, 
A t  t h e  shrunken r e s o l u t i o n  we can s t i l l  j u s t  t e l l  where t h e  
' b l i p s '  on t h e  Line a r e  by looking a t  t h e  d a t a ,  bu t  a t  p re sen t  

w e  p r e f e r  t o  use dead reckoning us ing  t h e  h o r i z o n t a l  l i n e -  
l is ts  t o  g ive  us ' y '  displacements  t o  correspond t o  t h e  9c9 
displacements  c a l c u l a t e d  from t h e  p o s i t i o n s  of t h e  v e r t i c a l  
l i n e s .  

F I N D I N G  THE BLOBS 

T?e i ~ t e r - S % i p  gap 1s more important t h a ~  t h e  p r e c i s e  l o c a t i o n  
sf t h e  c h a r a c t e r  g r i d ,  Handprinting uses  t h e  s i z e  of  t h e  gap 
as a guide ,  bu t  o f t e n  doesn ' t  aligr? a t  a11  with t h e  g r i d :  

Figure.  5. 

To i d e n t i f y  rhe  n u h e r  o f  c h a r a c t e r s  i n  a blob a l l  we need 
t o  know is  t h e  s i z e  i n  bl ip-gaps,  Only i n  colunn 1 (comment] 
and column 6 ( con t inua t ion )  is it c r i t i c a l l y  imporrant t h a t  w e  
d e t e c t  e x a c t k  where a b lob  s t a r t s  o r  ends, -- 

F a r  more importax-e is t h e  l eng th  and he igh t  of a b lob ,  At 
t h e  time of ~ r i t i n g ~ w a r k  on t h i s  s e c t i o n  of  our  program is  j u s t  
commencing. We a r e  us ing  histogram techniques  t o  d i s t i n g u i s h  
between Pwhi t e '  (b lank)  and 'b lack '  ( l i n e )  spaces ,  An 
ewelosing rectawgle then g ives  us Length and he ight .  Many 
w ~ i t e r s  vary t h e  he ight  of l e t t e r s ,  bu t  ~ n v e s e i g a r i o n s  i n  cur 
d a t a  so  f a r  show t h a t  ope ra to r  syrnbols a r e  u sua l ly  s h o r t e r  
than  a bl ip-gap asad sma l l e r  t han  t h e  s u ~ r o u n d i n g  c h a r a c t e r s .  
Thus  we hope t o  5e  &le t o  d lns r ingu i sh  between ' b l o b s '  and 
' o p e r a t o r s ' ,  which a t  present  seems s u f f i c i e n t  d i s t i n c t i o n  t o  
s a t i s f y  t h e  For t ran  reasoner  f Bornat 1376), 

! I - _  

F igure  6 ,  

By now t h e  readex- will no doubt have noticed t h e  c o n f l i c t  



between our  expressed b e l i e f  i n  ' h e t e r a r c h i c a l s  program organ- 
i s a t i o n ,  expressed i n  t h e  i n t r o d u c t i o n ,  and t h e  a c t u a l  r e a l i t y  
which i s  a  program organised  a s  a  l i n e a r  sequence of  ' s t a g e s ' ,  
We a r e  d i s s a t i s f i e d  wi th  t h i s  s i t u a t i o n  but  a t  p r e sen t  w e  don ' t  
know what t o  do &out it - however t h e  ex i s t ence  of t h i s  
program i n  i t s  p re sen t  form enables  us  a t  beas t  t o  say  t h a t  our  
p r o j e c t  o p e r a t e s  with r e a l  i n p u t ,  no t  j u s t  a  s imula ted  i d e a l i s -  
a t i o n .  We f e e l  t h a t  o t h e r  s e c t i o n s  o f  t h e  p r o j e c t  a r e  more 
i n t r i n s i c a l l y  i n t e r e s t i n g  and w i l l  more e f f e c t i v e l y  repay o w  
e f f o r t s  s o  t h a t  we may never  f i n d  it u s e f u l  t o  ~ a k e  t h e  chacges 
o u t l i n e d  below, Nevertheless  ~t i s  i n t e r e s t i n g ,  we f e e l ,  t o  
d i s cus s  t h e  problem of  process  o rgan i sa t i on  a s  we see  it a t  
p r e s e n t ,  

The d i f f i c u l v i s  e x b r n a l l y  obvious i n  terms of  t h e  
behaviour  of t h e  program, It accmulaxes  evddence u n c r i t i c a l l y s  
f i i t e r s  it mechanically awb uses  in format ion  about 
spac ing  and p a r a l l e l i s m  a s  ck,  The problem would 
s t i l l  e x i s t  i f  we used a  f b e t t e r ' u n c r i t i c a l  l i n e - f i n d e r  o r  a  
' S e t t e r '  g r a d i e n t  ope ra to r  (205 Wielinga b u i l t  a ve r s ion  of  ehe 
program which used a  l i n e - f i n d e r  l i k e  t h a t  i n  (Clowes and 
OeGorman (1973) f o r  example) - we would s t i l l  be & i e  t o  chamz- 
t e r i s e  t h e  ope ra t i on  of  t h e  program i n  t h e  same way* By 
c o n t r a s t ,  t h e  behaviour  we would wish t o  produce would be one 
i n  which t h e  program discovered cues i n  a  s e c t i o n  of t h e  i npu t  
which enabled it t o  say  how t h e  rest of  t h e  s h e e t  should be 
l a ~ d  ou t :  f i n d i n g  a  p i ece  o f  a  h o r i z o n t a l  l i n e  should enable  
it t o  say  where t h e  r e s t  o f  t h e  l i n e  is: p r e d i c t i n g  and search-  
i n g  f o r  t h e  corners  o f  t h e  coding s h e e t  o r  t h e  end-points  o f  
t h e  l i n e s  is a  good way of anchoring t h e  coding-sheet  g r t d ,  
and s o  on,  

Another approach i s  t o  r ega rd  t h e  h o r i z o n t a l  l i n e s  a s  a  t ex -  
t u r e  o f  b lack  ( w r i t i n g )  and white  (b l ank )  b a r s ,  The t e x t u r e  is 
s t r o n g l y  p e r i o d i c ,  Finding some b lobs  would enable  u s  t o  
2 r e d i c t  t h e  s i n e s ,  r a t h e r  t han  t h e  o t h e r  way about ,  The 
r eade r  may l i k e  t o  i n t r o s p e c t  on t h e  s t r e n g t h  of  cues a v a i l a b l e  
on l i n e d  pages of  handwri t ing where t h e r e  is  ( i )  t h e  whole page 
covered wi th  w r i t i n g  ( i i )  t h e  s m e  bu t  t h e  page has  a margin 
( i i i )  on ly  a l r e r n a t e  l i c e s  con ta i a  w r i t i n g  Civ) only t h e  margin 
co3 ta in s  w r i t i n g ,  In s t ead  o f  re2.ying oc  f l n d i n g  l i n e s  we should 
be swzyed by dominant v f s u a l  cues ,  (Freuder  1975) and Sloman 
(1975) seems t o  be s t e p s  i n  t h i s  d i r e c t i o n ,  

The problem is  one o f  t h e  use o f  knowledge r a t h e r  t han  i t s  --- - 
possess ion  Cur program 'knows' i n  some sense ,  a g r e a t  d e a l  
&out t h e  coding s h e e t  For exampie - t h e  des ign  sf t h e  long ,  
t h rnggrad i en t  ope ra to r  embodies t h e  knowledge t h a t  w e  a r e  look- 
i n g  Ear a long  s t r a i g h t  l i n e s  which a r e  f a i r l y  p r e c i s e l y  hor 
t a l l y  and v e r t i c a l l y  a l i gned ;  we look f o r  shasp c o n t r a s t s ,  
khtosiledge t h a t  t h e  l i n e s  are p r h t e d ;  a t  one s t a g e  o r  ano the r  
we use t h e  f a c t  t h a t  r h e  l i n e s  a r e  long  q a r a l l e i  a n t  evenly 
spaced,  The i tems of knowledge i n  themge ves do n o t  produce 



t h e  d e s i r e d  behaviour,  The problem of course is - how and when 
P 

does such knowledge in te rvene  i n  t h e  process ing  of  v f s u a l  
informat i oz?  

The xork of David Marr (Maw 1974a, 3974b, 1975)  sugges ts  
t h a t  ou r  i n t u i t i o n s  about he te rarchy  a r e  l ead ing  us a s t r a y .  
Although we a r e  convinced by Marr's argument t h a t  r e - d i r e c t i o n  
of t h e  pr imal  input  processes  ( b a r  and edge d e t e c t i o n )  by 
' h igh - l eve l '  knowledge is computat ional ly u n r e a l i s t i c  we a r e  
unconv i~ced  t h a t  s u b s e ~ u e n t  i ~ ' i r e s t ? b g a t i o ~  of t h i s  informiition 
can be independent of knowledge of  t h e  scene be ing  viewed, 
Thus we could accept  t h a t  our g rad ien t  ope ra to r  Cor any o t h e r  
one) i s  analogous t o  t hose  which b u i l d  Marr 's  " r r i ab  ske t ch '  
bu t  we would s t i l l  want t o  i n s i s t  t h a t  p rocess ing  t h e s e  
p r f m i t ~ v e  cues 5s a t a s k  Lc which knowledge of t h e  p a r t i c u l a r  
scene should cons t ruc r ive ly  in t e rvene ;  f u r t h e r  it should 
i n t e r v e m i n  a  manner which would no t  prec lude  o t h e r  knowledge, 
of  d i f f e r e n t  scenes ,  t o  i n t e rvene  i f  we were t o  expand t h e  
sys tem's  ' p o s s i b l e  wor lds \  Thus we would want, i n  t heo ry ,  t o  
be ab l e  t o  change o w  program s o  'chat it couldvtew t h e  s h e e t  
i n  pe r spec t ive ,  02 vzew a s h e e t  p r i n t e d  so  t h a t  t h e  l i n e s  were 
i n  a  ' f a n '  shape. Unfortunately we have t o  admit t h a t  pogram-  
ming t h i s  'modular' i n t e r v e n t i o n  of knowledge i n  mid-level 
v i s u a l  process ing  is beyond t h e  s t a t e  of  t h e  a r t  a t  p r e s e n t ,  
U n t i l  it can be achieved,  o r  u n t i l  it can be convincingly 
show3 r o  be unnecessary, it musr ~ e r n a i c  unresolved how f a r  
knowledge can d i r e c t  t h i s  kind of process ing ,  

Reasoning about For t ran  and handwri t ing seems t o  be a more 
t r a c t a b l e  problem as wel l  a s  a b e t t e r  way of  i n v e s t i g a t i n g  j u s t  
how knowledge can be used i n  t h e  way suggested above, I t  i s  - 
reasonable, f o r  example, t h a t  t h e  c h a r a c t e r  e x p e r t s  might a s  
well i n t e r f a c e  with an Algol o r  LISP reasoner  a s  with Fo r t r an ,  
To a  l a r g e  e x t e n t  t h e  e n t i r e  p r o j e c t  is  explor ing  t h e  c o n t r o l  
s t r u c t u r e s  necessary  -co produce r h i s  k ind  of  knowledge Lnter- 
a c t i o n ;  t hus  we have contented ou r se lves ,  f o r  t h e  moment, with 
ou r  program a s  an s sex i s t ence  proof" t h a t  t h e  b l abs  can be found 
s o  t h a t  o t h e ~  processes  don" thva t o  work with simu'ated 
environmect 
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R e  Bornat 
B e  S , Wielinga 

DOES AH PKOGRAMMLMG REALLY WAVE TO BE LIKE mITTING WITH 
SPAGHETTI? 

AI programming is s o p h i s t i c a t e d  - o f t e n  explor ing  t h e  edge of 
what is known t o  be p o s s i b l e  - and t h e  hope of  t h e  A1 program- 
ming language des igner  is t o  provide a language i n  which any 
kind of computat ional  p rocess  behaviour may be desc r ibed ,  wi th  
an implementation i n  which execut ion  of t h a t  p rocess  i s  as 
e f f i c i e n t  a s  may be, A1 programs a t tempt  t o  model i n t e l l i g e n t  
p rocesses  i n  terms of t h e  behaviour of  complex. computat ional  
p rocesses  and it is no t  d e s i r a b l e  t o  r e s t r i c t  f u t u r e  advance by 
p r o h i b i t i n g  c e r t a i n  k inds  of  behaviours;  a t  t h e  same time, a s  
r e sea rch  p r o g e s s e s ,  it is  n e c e s s w y  t o  provide c l e a r e r  r ep re -  
s e n t a t i o n s  of  behaviaups which have been proven e f f e c t i v e ,  

A I  p r o g r a m i n g  languages p re se rve  f l e x i b i l i t y  by provid ing  a 
c o l l e c t i o n  of p r i m i t i v e s  which a r e  formal ly  adequate  t o  des- 
c r i b e  a l a r g e  range  of  c o n t r o l  b e h a v i o u r s ~ ~  ( e , g ,  e a r l y  L I S P ' s  
c o n d i t i o n a l  express ion ,  f u n c t i o n  c a l l  and r e t u r n ,  FUNARG),  
Formal adequacy i sn"  eewough, though, o r  we'd a l l  be program- 
ming Turing Machines, The p r i m i t i v e s  provided a r e  b i a sed ,  
t hen ,  towards t h e  d e s c r i p t i o n  of c e r t a i n  k inds  o f  behaviour  
and a s  Bobrow and Wegbreit (2973) have shown, Th i s  p e r n i t s  
e f f i c i e n t  execut ion  o f  t h e s e  behaviours ,  Other behaviours  may 
be 'hacked up' i n  terms of  t h e  p r i m i t i v e s  provided b u t ,  i n  t h e  
l i m i t ,  t h e r e  always seem t o  be s i t u a t i o n s  i n  which t h e  primi- 
t i v e s  provided hinder  a s  much a s  he lp ,  

I n  t h i s  paper we i n v e s t i g a t e  t h e  d i f f i c u l t  s y n t h e s i s  between 
g e n e r a l i t y ,  e f f i c i e n c y  and l i n g u i s t i c  power and we c r i t i c a l l y  
examine some of t h e  t o o l s  proposed f o r  t h e  implementation o f  
AB psopamming languages,  I n  p a r t i c u l m - w e  d i s c u s s  t h e  work of 
Bobrow and We&reit because of t h e i r  c o n t r i b u t i o n  t o  t h e  e f f i -  
c iency  of execu"llon csf A I  programs, We -- do no t  propose a newse2 
of b a s i c  p r i m i t i v e s  o r  an  adequate  c o l l e c t i o n  o f  c o n t r o l  be- 
haviours  - we b e l i e v e  t h a t  it i s n t t  $a do s o e  We aim 
t o  po in t  some d i r e c t i o n s  f o r  A1 programming language deve l -  
opment, though, sa  t h a t  we can w r i t e  a m  programs more na tu r -  
a l l y  and r u n  them more e f f i c i e n t l y  a s  w e l l ,  

The r e s e a r c h  which gave r i s e  t o  t h i s  paper  o r i g i n a t e d  
p z ~ t 1 y  from t h e  For t ran- read ing  p r o j e c t  a t  Essex Un ive r s i t y  
(Bornat & Brady l976a,  1976b; Brady and Wielinga 1976; Xorwat 

sk Not - any behaviour,  bu t  u s u a l l y  t h o s e  which t h e  d e s i g n e r s  
know and approve, 



1976)  i n  course  of  which we implemented a  system c a l l e d  EVIL* 
(Bornat & Wielinga, 2.9761, EVIL is based on t h e  Bobrow and 
Wegbreit ' s paghe t t i - s t ack '  model and provides  such f e a t u r e s  a s  
l ists and r eco rd - s t ruc tu re s  similw t o  LISP and POP-2, l i n g u i -  
s t i c  c o n s t r u c t s  based on BCPL, A l l  of  t h i s  embedded i n  a high- 
l y  i n t e r a c t i v e  e n v i r o m e n t  ( i n t e r p r e t e r ,  in-core e d i t o r ,  i n t e r -  
a c t i v e  debugging package) .  I n  t h e  cou r se  of implementing EVIL 
and du r ing  subsequent experiments wi th  implementa-tlori of  a  CON=- 
NIVER-type da tabase  and a  FRAME-system, we d iscovered  some 
d e f i c i e n c i e s  of t h e  l i n g u i s t i c  s c h e m s  we o r i g i n a l l y  chose f o r  
t h e  language and o f  t h e  spaghe t t i - s t ack  mechanisms, We found 

it hard t o  extend beyond t h e  c a p a b i l i t i e s  of  LISP and POP-2: 
t h i s  paper  exp la in s  why, 

CONTROL BEZAVIOURS, EFFICIENCY AND STZUCTUED PROGRAMMING 

A system can only implement e f f i c i e n t l y  t h o s e  behaviours  which 
it can recognise ,  The s p a g h e t t i  s t a c k  model of Bobrow and 
Wegbreit 61973) provided e f f i c i e n c y  by means of  a  r e f e r e n c e  
count mechanism which was capable  of r ecogn i s ing  s imple r e c m -  
s i v e  behawiour, More complex behaviours  were provided v i a  
l a b e l  va lues  (ENVIRON), acces s  environment manipulat ion ( E N V I -  
RON a g a i n )  and GOTOs  (ENVEVAL us ing  a  saved l a b e l  va lue ) ,  The 
user  could he lp  t h e  system a b i t  by e x p l i c i t l y  des t roy ing  l a b e l  
va lues ,  s i g n a l l i n g  t h e  use o f  m u l t i p l e  s imply-recursive proces- 
s e s  o r  backt rack ing ,  Bobrow and Wegbreit proposed t h e i r  imple- 
mentat ion a s  a gene ra l  model of p rocess  behaviaur  and contended 
t h a t  it should handle  a t h e r  languages a s  w e l l  a s  it does LISP, 
I t  i s n ' t  c l e a r  t h a t  t h i s  is so:  whrle  same f e a t ~ r e s  of  o t h e r  
languages might e a s i l y  be  modelled, o t h e r s  p re sen t  r e a l  d i + f i -  
c u l t i e s ,  

@Access c l o s u r e s '  (modelled by FUNARG i n  LISP)  are t h e  only 
form a f  closuz-e mentioned by Bobrow axd Wegbreig, aGon t ro l  
C ~ Q S W ~ S ' ,  a c l o s u r e  o f  a func t ion  and a c o n t r o l  environment&& 
(example: t h e  r e s u l t  of  apply ing  &and inSs  " j "  o p e r a t o r ) ,  a r e  
ommitted from LISP bur  it i s  easy t o  see.how they  mighr be 
m d e l l e d ,  ' P a r t i a l  a p p l i c a t i o n '  a l a  POP-2 seems t o  be  o u t s i d e  
t h e  scope of t h e  model, So a r e  'p rocess  closures"(generator 
func t ions ,  L a n d i n k  sttreams, SIMULA 67 c l a s s e s  e t c , ) ,  which are  
no t  adequarz ly  madelled kg l a b e l  va lues ,  There are o t h e r  

ff The g u l l i b l e  may I ~ k e  $0 b e l i e v e  that t h i s  is an acronym 
f o r  Essex Visian Language; it i s  r e a l l y  an e x m u c i a t i n g  pun on 
EVAL , 

fd~ "ccess c l o s u r e s "  may e a s i l y  Se modelled a s  a p a i r :  
function code, name va lue  napping A ' c o n t r o l  c l o s u r e '  i s ,  

by analogy-  a p a i r :  f u n c t i o n  code, c o n t r o l  enoironnent  . H 
' c o n t r o l  environment: s p e c i f i e s  what should happen a t  func txsn  
e x i t  - i n  many implementations,  just a ' r e t u r n  l i n k ' ,  
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examples: a c t o r - l i k e  behaviour  i n  p a r t i c u l a r  seems very  d i f f i -  
Cul t  t o  model, 

The p o i n t  is not  t h a t  t h e s e  f e a t u ~ e s  c a n ' t  be 'hacked-up' 
ou t  o f  t h e  spaghe t t i - s t ack  p r i m i t i v e s ;  t hey  can be, though wi th  
d i f f i c u l t y ,  ( j u s t  as they  can I n  PORTMN!), These behaviours ,  
though, ought t o  be  low-level p r i m i t i v e s  a f  t h e  machine and 
ought t o  be  d i r e c t l y  desc r ibab ly  i n  t h e  language f o r  two 
reasons :  Eirss w e  can p r o g r m  d i r e c t l y  i n  terms o f  t h e  same -- 
conWoh s t r u c t u r e s  we m e  us ing  conceptua l ly ,  second w e  make 
o w  i n t e n t i o n s  e l e a ~  t o  t h e  machine, s o  t h a t  it can r ecogn i se  
t h e  Sehaviom and implement it e f f i c i e n t l y ,  C l a r i t y  is esen- 
t i a l  t o  avoid bugs: f o r  i n s t a n c e  t h e  co rou t in ing  example i n  
Bohrow and Wegbreit (1973) doesn ' t  r e l e a s e  every s t a c k  frame as 
soon as p o s s i b l e  and so i s  unneces sa r i l y  i n e f f i c i e n t  ( see  
(Bucnat L Weikinga 1976) f o r  d e t a i l s ) ,  We l e a r n t  t h e  l e s s o n ,  
t o o ,  when us ing  t h e  spaghe t t i - s t ack  p r i m i t i v e s  i n  E V I L  - it is 
hard t o  keep t r a c k  of  t h e  a l l o c a t i o n  and de -a l l oca t ion  o f  s t a c k  
frames when t h e  behav iow is anyth ing  o t h e r  t han  simply r ecu r -  
s i v e .  

PSDs - A Refomula ted  Model 

Despi te  ou r  b e l i e f  t h a t  no model of programming languages can 
adequate ly  account fwr  a l l  conce ivable  b e h a u i o ~ r s ,  use  of a 
( l o c a l l y  adequate)  model can he lp  t o  make d i s c u s s i o n  of  beha- 
v ious s  more p r e c i s e ,  If w e  r e w i t e  t h e  Babrow-Wegbreit model, 
s l i g h t l y ,  vfng the  implementation d e t a i l s ,  we a r r i v e  a t  a 
s l i g h t l y  mare g e n e r a l  model which can account f o r  some (though 
n o t  a l l )  of  t h e  behav iow we have mentioned, A Process  State 
Descr ip tor  ( a  PSB) i s  l i k e  a spaghe t t i - s t ack  'frame" It con- 
t a i n s  f i v e  s e c t i o n s .  

A: A d e s c r i p t i o n  of t h e  c w r e n t  a c t i v i t y  o f  t h e  process  
( l o c a l  s t o r a g e ,  a record  of  i n t e r p r e t e r  s t a g e s ,  e t c ) g  

B ;  A d e s c r i p t i o n  of p roces s ing  y e t  t o  be done 
C: Wname-value mapping fop v a r i a b l e s  l o c a l  t o  t h e  p roces s  

(dec l a r ed  i n  t h e  p r o p a m  s e c t i o n  which c o n t r o l  it)gg 
D: A name-value mappang f o r  o t h e r  oal-iabLes z.ccessibbe by 

t h e  p roces s  
F: W d e s c r i p t i o n  of what t o  d s  when s e c t i o n  B is exhausted 

Usang t h i s  mddel, we are able t o  defxne EVIL  iinplemeneations of 
some i n t e r e s t i n g  programming va lues ,  A f u n c t i o n a l  va lue  is a  
P S 2  v i t h  on ly  s e c t i o c  B flLLed; an acces s  clas-irce a  PSD w i t h  
secxaans 3 and D; a c o n t r o l  c:crsure a PSLI w i th  s ee t aonsB  and P; 
a p a r t i a l l y - a p p l i e d  f u n c t i o n  has  s e c t i o n  B and some of  s e c t i o n  
C Elbled  i n ,  A l a b e l - v a l u e  Is a PSD u s t h  every s e c t r o n  f l l l e d  
i n ,  and so on, 

" These b r z c k ~ t e d  2~ernczks a r e  merely sxampLes, o f  how t h e s e  
s ec tkans  ape f a h l e d  an many imp lemen ta t~ons ,  



This  model a l lows us  t o  model some behav ioms  more e l e g a n t l y  
t hen ,  and it a l s o  exposes some des ign  choices ,  Our model i s n ' t  
+he end s f  t h e  l i n e ,  though, a s  we s h a l l  s e e ,  and we ernphasise 
t h a t  it i s n t t  a  v i a b l e  model f o r  - a l l  t h e  program behaviours  we 
want t o  implement, We in t roduce  it because it s t r i p s  away t h e  
implementation d e t a i l s  of t h e  spaghe t t i - s t ack  model ( w e  s e e  
s p a g h e t t i  s t a c k s  a s  a n  implementation of  PSDs) and s o  enables  
us  t o  d i s c u s s  t h e  c a p a b i l i t i e s  and drawbacks of modelling be- 
haviaus  i n  terms of  r e c u r s i v e  f u n c t i o n s ,  I n  p a r t i c u b a s ,  
a l though most hp lemented  languages can be e a s i l y  accommodated 
i n  t h e  PSB model, it is c l e a ?  t h a t  t h e  n w b e r  of s e c t i o n s  i n  a 
PSB, xhe information t o  be  kept  i n   the^ and t h e  ways PS3's a r e  
l i nked  toge the r  are a l l  e s s e n t i a l l y  a r b i t r a r y  cho ices ,  Thus 
t h e  PSD model is  a n  a i d  t o  an expansion of  p o s s i b i l i t i e s  a s  
wela a s  a d e l i n e a t i o n  af e x i s t i n g  r e a l i t y  (which i sn"  s u r p r i -  
ing  if we r e v e a l  t h a t  ii.% s t a r t e d  l i f e  as an a-ttempt t o  exp la in  
@actors"!) ,  

PROCESS CLOSUES: COROUTIMES AND SEMI-COROUTPNES 

L a n d i n k  s t reams (Landin l 8 5 5 ) ,  S Y M U L A - ~ ~ ~  seLsses  (Dahl and 
Hoare 1972) and C O N N % V E R t s  genepa tors  (Sussman and Mc~ermot t  
1 3 7 2 )  a r e  examples of programming c o n s t r u c t s  i n  which c o n t r o l  
i s  not cons t ra ined  t o  func t ion  c a l l  and r e t u r n ,  ~ i l n e r ' s  
\proeesss (Milner 1973 )  and, t o  a l e s s e r  e x t e n t ,  ~ e w i t t ' s  
: a e t o s s t  (Hewit t  1343, 1374) provide  modern theoretical back 
s o u n d ,  a l lowing  u s  t o  emphaeise t h e  bebavioura l  view of prog- 
~amming and de-emphasise t h e  f u n c t i o n a l ,  More and more, A 1  
programs w e  coming t o  book Bike m u l t i p l e  co-operat ing proces- 
ses and it is tsme w e  developed implementations and languages 
us ing  t h e s e  i d e a s  whrcii a r e  as t i d y  and. a s  s t r u c t u r e d  a s  those  
we a l r e a d y  have f o r  n i e r a r c k i c a l  be t av iows ,  

The s imp le s t  implementation o i  co rou t ines  is v i a  g l o b a l  
label.  va lues ,  a s  i n  GEDAldKail (Reynolds 1970) o r  in Bobrow and 
Wegbreit (1973) T h i s  I s n ' t  adequate f o r  semi-corout ines  
dDah1 and Hoare l.972), for st reams or f o r  g e n e r a t o r s ,  i n  wnzch 
rhe a c t i v a t i o n  of a  eo-process is l i k e  a func t ion  c a l l  and t n e  
de-activation is l i x e  a  r e t a r n ,  except  t n a t  t h e  next a c t i v a t i o n  
starts from where toe l a s t  one l e f t  o f f ,  

A s  an  example af  c o - p ~ o c e s s i n g ,  consider* C O X N I V E R P s  TRYNEXT 
a 2 p l i e o  t o  a p o s s % b i L i t i e s  lisz whose f i r s x  member is an  SF- 
NEEDED method. We mignt r ega rd  t h i s  element a s  a eo-psocess 
caescraptor TRYSLXT actiypa-res r h e  c o - p ~ a c e s s ,  A t  some p a i n t  r t  
reaches  an  A U m V O X X :  now t h e  eo-process r e t u r n s  a  va lue  t o  TRY- 
PEYT ( a c t u a l l y  i t  s p i r e e s  rt I n t o  rke ~ o s s i u i l i e i e s  l i s t ,  hut  
draw a v e i l  over  t h a t : )  and t h e  d e s c r i p t o r  i s  updated s o  t h d t  
t h e  next  t ime it is  used t x e  co-process v iBl  cont inue  from t h a t  
po in t  a f t e r  t h e  A J E ' 1 O T X ,  SIdijiA9s CALL and &TACH have much 
t h e  same e f f e c t ,  



This  no t ion  i s  very c l e a r ,  and t o  r e scue  it from t h e  i nna rus  
of  TRYXEXT, r a i s i n g  it t o  i t s  groper  s t a t u s  as a  process  
s t r u c t w i n g  a i d  which i s  a s  important a s  h i e r a r c h i c a l  func t ion  
c a l l s ,  would be very rewmding.  Tne problem is  t h e  scope 05 
t h e  c o n t r o l  environment - each A U K V O I R  o r  DETACH must know 
vnich co-process i r  is  s topping  and wh im it i s  s t a r t i n g ,  
Normal f u n c t i o n  r e t u r n s  use t h e  CLINK, o r  s e c t i o n  E of  t h e  PSD, 
f o r  t o e  cosresyonding purpose. Toget  a  bug-free,  manageable 
implernenxaeiow we have r o  extend our v i r t u a i  machine t o  g i v e  
cha same c l a r i t y  t o  co-process communication, I r n p l e ~ e n t a t i o n s  
i n  t h e  PSD model o r  t h e  spagke t t i - s t ack  model, a s  we know t o  
our  c o s t ,  have t o  Search t n e  c o n t r o l  cna in  f o r  t h e  va lue  of a  
' s e c r e t Y a r i i a b l e  which i d e n t i f a e s  t h e  co-process d e s c r i p t o r ,  
T n i s  is only reasonable  if you a r e  impleneneing TRYNEXT-AUW- 
V O I R  ds a  minor nack - it won? do i n  a proper  language, 

C lea r ly ,  f o r  t h e  system t o  be a b l e  t o  r ecogn i se  what is go- 
icg on so  r h a t  it can imple~en-c %t ? rope r ly ,  each PSD should 
Xwdicate what co-process it be l scgs  t o ,  An i n d i c a t i o n  might 
perhaps be ( a  r e f e r ence  t o )  a  co-process d e s c r i p t o r  of  some 
k ind ,  updated on every DETACH t o  con ta in  a  l a b e l  va lue  r ep re -  
s e n t i n g  t h e  c w r e n t  s t a t e  o f  t h e  co-prccess ,  A d i f f i c u l ~ y  here  
i s  t h a t  we c a n ' t  s e e  how l a b e l  va lues  mesh wi th  z h i s :  normally 
a  GOT0 r e s t o r e s  an  o l d  c o n t r o l  environment,  but  co-process des- 
s c r i p t o r s  would be va lues  i n  t h e  s t a c k  and t h u s  d i f f i c u l t  t o  
r e s e t ,  

Another f e a t u e  of SIMtLA 6 9  is t h e  a b i l i t y  t o  a c c e s s  var-  
i a b l e s  of a  dormant co-process - s o  we need some way t o  des- 
c r i b e  t h e  way we handle t h e  acces s  environment o f  a co-process,  
Up t a  now A I  languages havenH% included this kind sf i n t e r -  
p rocess  communication, s o  4t i s n ?  c h a r  what is  neede$ or  
whether what SIMULA 67 provides  w i l l  do,  

Tne fundamental po in t  is: i f  our  programs a r e  t o  use  co- 
process ing  a s  a  major c o n t r o l  s t r u c t u r i n g  mechanism, t hen  our  
languages and our  mechanisms should provide  it a s  a -- 
Zf we nack  i t  up out  o f  fgnc t ion  c a l i s  w e  g e t  Znef f ic iexcy  of  
execut ion,  o p a c i t y  i n  our  programs, bugs i n  programs and an 
implementations and gene ra l  confusion - b e s i d e s  l o s i n g  s i g h t  of  
t h e  metnodokogicaL f a c t  t h a t  c o - p ~ o c e s s i n g  is 8 ppocess s t r u c -  
rv s ing  de-:ee w e  can build on,  noc nerely a c l e v e r  t r i c k ,  

CONCLUSION 

L$e have t r i e d  to shsw t h a t  some very  wela-s t ruc tured  and 
* ~ 

stx-a;ghtfsrward c o n t r o l  Oebavhours w e  d i f f i c u l t  t o  d e s c r i b e  i n  
terms of t h e  models of program behaviour c u r r e n t l y  a v a i l a b l e .  
A s  a r e s u l t  A I  programs a r e  harder  t o  m i t e  ( t h e  damn systems 

" ,  woni t  l e t  us write w h a t  w e  mean:) and w e  w e  doubly discouraged 
because when we do back up what w e  want it r u n s  t o e  damn slow, 
The i n t r o d u c t i o n  of  t h e  PSD model a l lowed us  t o  account  f o r  



some c o n t r o l  c o n s t r u c t s  f a i r l y  e l e g a n t l y  (and hence e f f i c i e n t l y  
but  f a i l e d  t o  account f u l l y  f o r  such a  well-known behaviour as 
SIMULA 67 c l a s s e s ,  

Curren t ly  we m e  working on an ex tens ion  o f  t h e  E V I L  imple- 
menration and of  t h e  PSD model, which we hope w i l l  enable  u s  
t o  handle co-processing p rope r ly ,  Already, though, w e  know of 
some behaviours  which our new model won't be a b l e  t o  handle  
a p p r o p r i a t e l y  - f o r  examgle event-dr iven processes ,  dynamic 
l is ts ,  a c t o r s ,  Although we a r e  aware t h a t  we could never 
reach  t h e  u l t i m a t e  AH programming language, it i s  important 
t h a t  everybody keeps t r y i n g ,  The p ioneer ing  work of  3 i j s t r a  
(1972) nas  shown t h a t  i f  you can Say What You Mean then  y o u ' l l  
p r o b a b y  Get I% Rignt - a b i g  boost  t o  programmer p r o d u c t i v i t y  
and t h a t  of dobrow and Wegbreit has shown t h a t  i f  t h e  system 
knows What You Want it can Do I t  For You Fas t  (and Get I t  
K i g h t ? )  - wnich f r e e s  us a l l  from worrying about t h e  e f f i c i e n c y  
of our  b a s i c  program des igns ,  The whohe e f f o r t  of  developing 
A1 pr~gramming languages is one of br ing ing  new s t r u c t u r i n g  
i d e a s  i n t o  t h e  reach  of every programmer and thus  expanding 
everybodyBs range of p o s s i b i l i t i e s ,  

Although we may appem t o  have s t ~ e s s e d  t h e  ques t i on  of 
e f f i c i e n c y ,  what is  a t  i s s u e  here  is a r e p r e s e n t a t i o n a l  p o i n t ,  
If we w e  t o  s epsesen t  our t h e o r i e s  i n  terms of  processes  w e  
must be a b l e  t o  program i n  terms of processes ,  R e s t r i c t i n g  
ou r se lves  t o  func t ion  c a l l s  i s  j u s t  t h a t :  r e s t r i c t i v e !  Perhaps 
t a l k i n g  about A1 progsamming ' languages '  i s  misleading - we 
have heen t a l k i n g  about drawing out  and c l a r i f y i n g  ways o f  
t n i n k i n g  dbout processes ,  The s t r u c t u r i n g  a i d s  we use  must 
h e l p  us t o  t h ink  about  our  programs i n  a  v a r i e t y  of ways, 
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SCEIPIG A PKTTERIG AS A CHARACTER 

m 3 %~ 7 * ~ n e  work descrnsea  12 t h i s  pa2er 2s p a r t  sf a p r o j e c t  t o  
develop a pragi-am capable  af r ead ing  a hand- r \~ l t t en  Fo r t r an  cad- 
ing  shee t  ( s e e  Bornat and Brady, 1 9 7 6 ~ ) ~  The emphasis of t h e  
p r o j e c t  is on t h e  o r g a n i s a t i o n  of p rocesses  and knowledge 
necessary  f a c i l i t a t e  t h e  i n t e r p r e t a t i o n  of t h e  massrve 
amount of d i g i t i s e d  input  daea a s  a Fo r t r an  p ropam on a coding 
s h e e t ,  A companion paper (Bornat and Erady, l97Sb) d e s c r i b e s  
a preprocessor  capable  of i s o l a t i n g  t h e  coding shee t  g r i d  and 
+he l e n g t h  and posi$ion of  t h e  "blobs"' o f  - m i t i n g ,  Bornat 
(1975) d i s c u s s e s  a  p rogam based on knowiedge of  Fo r t r an  which 
can c o n s t r u c t  a t e n t a t i v e  i n t e r p r e t a t i o n  of  t h e  blob d a t a  a s  a  
Fo r t r an  program, Although t h i s  t u r n s  ou t  t o  be p o s s i b l e  t o  an 
ex t en t  bejiopl.2 e:cpectarions, i-E i s  s t i l l  necessary  to i n v e s t i -  
g a t e  i n  some d e t a i l  ( t h e  r eg ions  corresponding t o )  t h e  indiv5-  
dua l  c h a r a c t e r s  a n  t h e  s h e e t ,  Th i s  paper d e s c r i b e s  a  pnograrn 
which is designed to deploy a  l o t  of  knowledge about c h a r a c t e r s  
and t h e  way they  a r e  i m i t t e n ,  t o  r e a d  handpr in t ing ,  and which 
i s  intended to i n t e r a c t  wi th  t h e  Fo r t r an  r ea sone r .  

Unlike most p rev ious  work i n  o p t i c a l  c h a r a c t e r  r e c o g n i t i o n ,  
and i n  p a t t e r n  r e c o g n i t i o n ,  ~2 do not cons ider  t h e  t a s k  of o u r  
Program t o  be s o l e l y  t o  c l a s s i f y  an  i n p u t ,  For example, t h e  
Fo r t r an  reasoning  processes  may hypothes i se  t h a t  a  p a r t i c u l a r  
blob is 'TOWAT' ,  and hence t h a t  a  p a r t i c u l a r  c h a r a c t e r  is 8 F e 9  
and ask  our program f o r  v e r i f i c a t i o n ,  Indeed, we view eharac-  
t e r  r e a d i n g  a s  a  pe rcep tua l  t a s k  n a t  e s s e n t i a l l y  d i f f e r e n t  from 
a t h e r  p i c t u ~ s  percept ion  t a s k s ,  I n  p a r t i c u l a r ,  t h e  akguments 
presen ted  i n  f s o r n a t  and Brady, 1975a)  apply  i n  microcosm to 
t h e  c h m a c t e r  read ing  p o r t i o n  of t h e  p r o j e c t ,  The e f f e c t  of 
working wi th in  t h e  contex t  of  F o r t r a n  is i n  t h e  e x t r a  knowledge 
which can be brought t o  be- i n  t r y i n g  t o  s e e  a p a t t c r n  a s  a 
c h a r a c r e r ,  kJal-2z8s IL975j work sugges t s  t h a t  e x t r a  knawLedge, 
if used a p p r o p r i a t e l y ,  can make i n t e r p r e t a t i o n  more s t r a i g h t -  
forward s i n c e  t h e r e  are more c o n s i s t e n c i e s  t o  e x p l o i t ,  

The r ~ m a i n d e r  of  t h e  paper d i s c u s s e s  some 02 $he i d e a s  which 
have s . f fected -5be orr.olv:tioa?, of c a r  p re sen t  p 1 - o g - a ~ ~  %><ample 
behaviours  of  which a r e  sketched i n  s e c t i o n s  4 and 5. I n  
(Brady and Wielinga, 19761, we presen t  a  f u l l e r  account  of a 
numbec of i s s u e s ,  such as segmentat ion,  low l e v e l  p rocesses ,  
a-nd arc p e p r e s ~ ~ t a t i o a ~  sf c h a r a c t e r s  as 4f ramesz ,  which f o r  
r ea sons  of space,  w e  here  touch on l i g h t l y  o r  no t  a t  a l l ,  

5.3 



2 ,  CHAMCTER DESCRIPTIONS 

Any c h a r a c t e r  i n t e r p r e t a t i o n  system embodies, a l b e i t  u s u a l l y  i n  
a  h igh ly  i n f l e x i b l e  form, some knowledge o f  c h a r a c t e r s ,  and a t  
l e a s t  a  d e s c r i p t i o n  o f  each c h a r a c t e r  model i n  t h e  a lphabe t .  
The elements  from which such d e s c r i p t i o n s  a r e  cons t ruc ted  must 
be camputa t iona l ly  d i s cove rab l e ;  p r a c t i c a l  p a t t e r n  r e c o g n i t i o n  
systems g e n e r a l l y  a l s o  i n s i s t  t h a t  t h e  d e s c r i p t i o n  elements  
should be  cheaply d i s cove rab l e ,  Most convent iona l  c h a r a c t e r  
r e c o g n i t i o n  systems w e  based e s s e n t i a l l y  ow f e a t u r e  e x t r a c t i o n  
(Balm, b969) ,  Charac te rs  a r e  desc r ibed  i n  terms of  t h e i r  topo- 
l o g i c a l  f e a t w e s ,  such a s :  number of  l i n e  endings,  j unc t ions ,  
cusps and c u r v a t w e ,  c o n c a v i t i e s  e t c ,  Shillman d e s c r i b e s  an  
ex t ens ive  s e t  of f e a t u r e s  ("phenomenological a t t r i b u t e s ' )  
Based on a  s tudy sf a d i g u o u s  c h a r a c t e r s ,  r a t h e r  t han  concen- 
t r a t i n g  ow a  c l a s s i c a l  a rche type  o r  model (Shillman, 1974 ,  
Blesser  e t ,  a l e ,  b973) ,  Although t h i s  t echnique  has  been 
f a i r l y  successfud i n  t h e  r e c o g n i t i o n  of  machine p r i n t e d  chara- 
t e r s ,  it seems t o  break down f o r  c a s u a l l y  hand-printed l e t t e r s ,  
Furthermore, h ike  most o t h e r  sugges t ions ,  it would probably 
f a i l  completely i n  t h e  presence of l i g a t u r e s  o r  i n  s i t u a t i o n s  
where s e p e n t a t i o n  i s  d i f f i c u l t  and g i v e s  r i s e  t o  spu r ious  
I t  evidenceB',  Our program has to dead wi th  both o f  t h e s e  pro- 
blems, 

Our approach has  been t o  f o r g e t  cheap process ing ,  and use 
d e s c r i p t i o n s  which we f i n d  i n t u i t i v e l y  s a t i s f y i n g ,  and which 
seemingly apply even f o r  c a s u a l  p r i n t i n g ,  Thus o w  desc r ip -  
t i o n s  o f  c h a r a c t e r s  speak of  s t r o k e s  and curves ,  and t h e i r  
p o s i t i o n a l  and r e l a t i o n a l  p r o p e r t i e s ,  The presence of s t r o k e s  
and s t r o k e  r e l a t i o n s  ( l i k e  i n t e r s e c t i o n s  and j u n c t i o n s )  o f t e n  
provides  s t r o n g  cues f o r  cha rac t e s s ,  Whew t r y i n g  t o  v e r i f y  
a  p w t i c u l a r  c h a r a c t e r  w e  expect  t o  f i n d  t h e  prominent s t r o k e s  
bu t  no t  always more d e t a i l e d  f e a t a r e s ,  P a r t i c u l a r l y  i n  t h e  
presence o f  l i g a t u r e s  or when segmentat ion i s  d i f f i c u l t ,  
f e a t u r e s  such a s  t h e  number of  l i n e  endings o r  c m v a t u r e  might 
provide misleading cues, Although t h i s  d e s c r i p t i v e  mechanism 
is r a t h e r  simple,  it s u f f i c e s  f o r  t h e  v a s t  ma jo r i t y  of o w  
needs,  p = t i c u l a r l y  given t h e  con tex t  o f  Fo r t r an ,  Moreover, 
it can be  extended t o  i nc lude  g e n e r a l  knowledge about t h e  way 
s t r o k e s  m e  w ~ i t t e n ,  and t h e  d i s t o r t i o n s  which commonly occur ,  
f o r  example when w r i t i n g  qu ick ly ,  Thus we b e l i e v e  t h a t  we can 
t e n t a t i v e l y  put  t o g e t h e r  a d e s c r i p t i o n  of t h e  process  by which 
a c h m a c t e r  was produced, T h i s  seems t o  be a  powerful way t o  
g e t  t o  g r i p s  with l i g a t u r e s  and alYlOiguous c h a r a c t e r s  ( f i g u r e  1) 

f i g w e  % (TTMISM o r  FINISH?) 



Finding s t r o k e s  is e s s e n t i a l l y  t h e  same process  a s  l i n e  f i n d i n g  
which has been considered i n  s e v e r a l  v i s i o n  p r o j e c t s ,  The 
technique we use is a  mixture  of  " t r o l l e y  pushing" and t h e  
Clowes-0"orman (1973) d e s c r i p t i o n  of a  s t r o k e  i n  te rms  of i ts  
( s e t  o f )  cons tan t  (quan t i s ed )  g r a d i e n t  d i r e c t i o n ( s 1  a t  p o i n t s  
where t h e  g r a d i e n t  i n t e n s i t y  exceeds a  t h r e sho ld ,  A p a r t i c u l a r  
s e t  of  quant ised g r a d i e n t  d i r e c t i o n s  i s  s e l e c t e d  e i t h e r  by 
ana lys ing  a  histogram taken  over t h e  whole r e g i o n ,  o r  on t h e  
b a s i s  of  con tex tua l  h i n t s  about t h e  c h a r a c t e r ' s  i d e n t i t y ,  A 
s t r o k e  is  def ined  t o  be a r eg ion  c o n s i s t i n g  of a l l  p o i n t s  
having a  p a r t i c u h m  sma l l  s e t  of p a d i e n t  d i r e c t i o n s  (and wi th  
c e r t a i n  proximity r e l a t i o n s  f u l f i l l e d ) ,  Curves m e  descr ibed  
a s  a  p iecewise- l inear  sequence of  ( s t r a i g h t )  s t r o k e s  wi th  a 
changing d i r e c t i o n  between succes s ive  s t r o k e s  (gewera l i s ing  
cha in  coding,  Freeman 19611, I n  t h i s  way we can d e r i v e  an 
e s t i m a t e  of t h e  c w v a t u r e  of a  p a r t i c u l a r  curve;  t h i s  can be  
u s e f u l  f o r  example i n  d i s t i n g u i s h i n g  between 8 C '  and Y C ' ,  

There are a  nunlber of  problems wi th  t h e  s t roke / cu rve  f i n d i n g  
process ,  S t rokes  which w e  i n t e r s e c t e d  tend t o  be found a s  two 
smal l  s t r o k e s  r a t h m  than  a s  a s i n g l e  b i g  one, Curved f l o u r -  
i s h e s  a t  t h e  end of s t s o k e s  a r e  g e n e r a l l y  no t  i d e n t i f i e d  a s  
p a r t  of  t h e  s t r o k e ,  and a r e  u s u a l l y  missed a l t o g e t h e r ,  The 
system's  p r e f w e n c e  f o r  s t r a i g h t  s t r o k e s  means t h a t  shal low 
curves  a r e  of%en picked up a s  t w o  i n d i v i d u a l  s t r a i g h t  s t r o k e s ,  
These problems a r e  compounded by t h e  f a c t  t h a t  f o r  r ea sons  
o u t l i n e d  i n  (Bornat and Brady, 1976b) t h e  s p a t i a l  r e s o l u t i o n  of  
o w  c h a r a c t e r s  is about 25  x 2 5  p i x e l s ,  which is  cons iderab ly  
small- t han  most convent iona l  c h a r a c t e r  r e c o g n i t i o n  systems 
use,  

Inseead s f  Erying t o  improve t h e  performance of  t h e  f e a t u r e  
f i n d i n g  process ,  we r e l y  on t h e  f l e x i b l e  process  s t r u c t u r e  o f  
t h e  p ropam,  which a l lows  us  t o  r e f i n e  t h e  d a t a  when t h i s  
appems  necessary ,  Seve ra l  o p e r a t i o n s  a r e  provided f o r  t h i s  
purpose, S t rokes  can be j o ined ,  e , g ,  when t h e i r  d i r e c t i o n  is 
s i m i l a r  and they  a r e  c o l l i n e a r ,  S t rokes  can be  extended i n  a  
chosen d i r e c t i o n ,  Junc t ions  can be  v e r i f i e d  o s  searched f o r ,  
We can a l s o  lower va r ious  t h r e s h o l d s  t o  look f o r  t i n y  s t r o k e s  
l i k e  t h e  c ros sba r  of an vA', A l l  t h e s e  ope ra t i ons  can be t r i g -  
gered by h igh- leve l  hypotheses o r  by s p e c i f i c  knowledge i n  
demon-like form, 

3 ,  WORKING HITW PARTIAL BdWOWLEBGE 

We have designed our  p r o p a m  t o  adapt  its behaviour  t o  pkovide 
t h e  v a r i o u s  kinds of  information which me asked f o r  by t h e  
o t h e r  p a r t s  of  t h e  system, and %a t a k e  advantage of any adv ice  
which they  can offer ,  Most c h a r a c t e r  r ead ing  systems behave 
only  a s  r ecogn i se r s :  i n  terms of t h e  way i n  which a v i s i o n  pro- 
gram u s e s  knowledge t o  s e e ,  w e  can d e f i n e  r e c o g n i t i o n  a s  t h e  
problem of i n t w p ~ e t i n g  an  i n p u t  g iven  minimal knowledge, f o r  



example, merely knowsng t h a t  x t  is a  c h a r a c t e r ,  I n  s e c t i o n  1, 
we proposed t h a t  our  program snoukd a t  l e a s t  a d d i t i o n a l l y  be 
capable  of  v e r i f y i n g  t h e  hy fo thes i s  ' t h e  c h a r a c t e r  is f'; i n  
terms of t h e  use of knowledge, v e r i f i c a t i o c  i f  t h e  t a s k  of 
i n t e r p r e t i n g  an input  given t o t s 2  knowledge, t h a t  i s ,  we know 
what c h a r a c t e r  t o  expect ,  

The i n t e r p r e t a t i o n  of  ap i n p u t ,  and t h e  deploying o f  know 
ledge ,  develops p a d b a l l y  ave r  a number sf i n t e r a c t i o n s  between 
our prograrc and tke Tor t r a r  r ea sone r ,  Thus t h e  program works 
i n  a  con tex t  of pa~tiai k ~ ~ o u l e d g e ,  minimal and t o t a l  be ing  j u s t  
two ex t r eve  ca se s  T h e  Fo r t r an  r ea sone r  nay adv i se  ou r  p ropam 
t h a t :  $Th i s  c h a r a c t e r  1s p r o ~ a L l y  h cr L', '1 expect  an a r i t h -  
metical e y e r a T o ~ ' ,  ' t n i s  c h a r a c t e r  i s  l i k e l y  t o  he  t h e  sane  a s  
t h e  t h i r d  one o n  t t c  prevlous  l a n e ' ,  and s o  on, A l t e r n a t i v e l y ,  
it may no t  demand e ~ k a c s t x v e  r e c o g n i t i o n ,  b u t  might ask ' is 
t h e r e  any evidence f o r  Fa', t h e ~ e  acy o r a c k e t s ? ' ,  S imi la r -  
l y ,  our  p r o s a n  may respond " I  can confirm A ,  bu t  I p r e f e r  H', 
'I deny A ,  bu t  sugges t  h, U o r  V\ ,-Enere i s  some evidence f o r  
L,  but  troublesome evidence a l s o ' ,  I t  might ask of Fo r t r an ,  
? i s  E p o s s i b l e  h e r e Q 4 ,  'wP8i&h is more l i k e l y ,  M o r  N T Q ,  

An important  consequer~ee of  trilis r i c h  i n t e r a c t i o n  i s  t h a t  
t h e  c o n t r o l  s t ructvzqe of ocr p r s g r a c  n u s t  be  very f l e x i b l e ,  and 
must adapt  t o  t a k e  aavaa tage  af xnat  i w f o ~ ~ a t i o n  is  wanted and 
what i s  ava i l ab%e ,  Tn t h e  -sex% s e c t i o n  we d e s c r i b e  why we 
abandoned a  pro to type  w r i t t e n  %n a Conniver- l ike language,  
Apart from t h e  p ro~bem of c o n t r o l  s t r u e t w e ,  t h e r e  is t h e  pro- 
blem of t h e  confidence l e v e l  of t h e  information provided by 
o the r  p a r t s  of t h e  s y s t e x ,  For example, when t h e  Fo r t r an  rea-  
soner  a s k s  us  t o  d l s t f n g u i s k  betbeen say t% and C, our  p ropam 
may t r y  t o  f i n d  a s e n s i t i v e  test  t o  d i s c r i m i n a t e  between t h e s e  
c h a r a c t e r s  ( e , g ,  by l a m i n g  f o r  a  d i agona l  s t r o k e  i n  t h e  r i g h t  
hand s i d e  of t h e  p i c t u r e ) ,  b ~ ~ t  sucn tests f a i l  completely when 
t h e  o r i g i n a l  hypotheslis lis fau3ty .  So, t h e  c h a r a c t e r  r e a d i n g  
p r o g a m  must,  ts a c e r t a i n  e x t e n t ,  c o c s t a n t l y  be m i t i c a l  of 
any information provided t o  i t ,  P l i k e l y  source  e f  t h i s  kind 
of t r o u b l e  is  t h e  s e p e n t e r ,  and our program should be a t  beas t  
awape of  p o s s i b l e  p~obleras  of t h i s  fype-  We r e t u r n  t o  a  Br i e f  
d i s cus s ion  o f  t h e s e  i s s u e s  l a ? e r *  

h a ,  O B I T U A R Y  FOZ A @CB%."I\rIVER-BASE3 PROGMiL?; 

En an  ear lie^ s t a g e  o f  -the developarie-nat of t h e  c h a r a c t e r  r e a d i n g  
ppowam, we built an (unpublished) prowam i n  POP2, us ing  t h e  
POPCORN package developed by Steven Hardy (1976) f o r  h i s  t h e s i s  
POPCORI essen"ciali,ly provides t h e  same p r i ~ r i i t i v e s  a s  CONNIVER 
(McDermott and Sussman, l972jL!2"64), The b a s i c  s t r a t e g y  of t h e  
program was t a  wai t  until a l l  kcheap' cues ( such  a s  s t r o k e s ,  
s t r o k e  r e l a t i o n s )  had been found, be fo re  dec id ing  what t o  do, 
The p r o p a m  used IFkD3ED and IFEVERADDED (Hmdy, 1976) (CON%%- 
VER'S H A N G )  rnetbsds t o  no t e  s tpong  evidence f o r  p a r t i c u l a r  



c h a r a c t w s ,  and sprung appropriate t r a p s  when a l l  cheap cues 
had been d iscovered ,  ts hypotwesise t h e  riost s t r o n g l y  supported 
c h a r a c t e r ( s ) ,  Thus f i n d i n g  t h r e e  h o r i z o n t a l  s t r o k e s  sugges t s  
$ E ' ,  and causes  t h e  dormstroke t o  be hypothesised and searched 
f o r  even i f  it i s  n o t  cheaply a v a i l a b l e ,  S i m i l m l y ,  a  junc t ion  
can by hypothesised and v e r i f i e d  on t h e  b a s i s  o f  t h e  s t r o k e s  
a l l e g e d  t o  comprise it, o r  02 t h e  b a s i s  t h a t  t h e  c h a a c t e r  
i d e n t i t y  is knovn, I t  can Be seen  xhat  t h e  program a l t e r n a t e l y  
works i n  r ecogn i t i on  Kode, i n  which it assumes noth ing  i s  known 
and v e r i f i c a t i o n  mode, i n  whick it t h i n k s  it knows every th ing ,  
This  e a r l y  d i s l o y a ~ t y  t o  t h e  netnodology s f  p a r t i a l  knowledge 
proclairnred i n  t h e  prevxous s e c t i o n  i s  j u s t o n e  of a  number of 
problems we encountered i w  t h e  c o w s e  of  developing t h e  POPCOPX 
program, 3rd which de s e l l e v e  aye i n t ~ i n s i c  in COlJNZVER-like 
p ropams  , 

F i ~ s t l y ,  t n e  prars i t ives  ISADDED and IFNEEDED k a t u r a l l y t  
suggest  d a t a  d r iven  and goa l  d r iven  coneso l  s t r u c t u r e s ,  We 
found it d i f f i c u L t  ts express  wi th  t h e  Conniver p r i m i t i v e s  a  
c o n t r o l  s t r u c t u r e  which was s ~ f f i c i e n t l y  f l e x i b l e  t o  make e f -  
f i c i e n t  use o f  p a r t i a l  evidence a v a i l a b l e ,  O f  course  it is 
p o s s i b l e  i n  theory  t o  circumvent t h i s  problem, bu t  we ag ree  
w i th  t6cDermott and iussman (1972, page l )  t n a t  t h e  p r i m i t i v e  
c o n t r o l  s t r u c t 7 u e s  provided i n  a p r o p m m i n g  language a r e  
c l o s e l y  i n t e r - r e l a t e d  w i th  t h e  problem s o l u t i o n s  which a  pro- 
grammer e f f e c t i v e l y  cons ide r s ,  

The second proBLern concerns t h e  ( l a c k  o f )  s t r u c t u r e  of t h e  
CONNIVER daxa base ,  and its imp l i ca t i ons  f o r  t h e  s t r u c t u r i n g  of 
c o n t r o l ,  By way of i l l u s t r a t i o n ,  cons ide r  a  c k m a c t e r  model a s  
a t y p i c a l  package of r e l a t e d  f a c t s  and procedura l  knowledge, 
Such models must be  a v a i l a b l e  i n  s i t u a t i o n s  where p a r t i a l  i n -  
formation is  being cons idered ,  1% t h e  c h a r a c t e r  p r o g m  is  
t r y i n g  to d i s t i n g u i s h  between two c h a r a c t e r s  ( i n  response  ta 
F o r t r a n p s  'is it 1 sr L?'), o~ between a  c o n f i ~ m e d  i n s t a n c e  of  
a  c h a r a c t e r  and i$s model Cto d e r i v e  a no t ion  of  style such a s  
s lop ing  forwmds ,  which might a i d  l a t e r  r e a d i n g ) ,  it must be 
a b l e  t o  s t r u c t u p e  i ts  knowledge a p p r o p r i a t e l y ,  However, t h e  
CONNIVER database  i s  Snherent ly  f l a t ,  s o  t h a t  it is r a t h e r  
d i f f i c u l t  (even us ing  c o n t e x t s )  e o  impose s t r s c t u r e  ow a v a i l -  
a b l e  in format ion ,  Zn a d d i t i o n ,  it is d i f f i c u l t  t o  make t h e  
2 r e g a m  'aware' of  st% own behaviour ,  For example i f  knowledge 
is r ep re sen t ed  p ~ o c e d u r a l l y ,  it is usuaLly n o n t r i v i a l  t o  d i s -  
cover what evidence is a v a i l d b l e  Pn support  sf a p a r t i c u l a r  
c h a r a c t e r ,  what c o n t r a r y  e-fidence has  been found, and what has  
no t  y e t  been c o n f l ~ x e d ,  TypleakLy, demons m e  t r i g g e r e d  a s  
evidence i s  aasod ta t h e  da tabase ,  bu t  they l e a v e  on ly  i n d i r e c t  
evidence sf t h e i r  e f f e c t  i n  $ w e  form of new a s s e r t i o n s ,  How- 
ever, t h e  irnplzcatxons of a p i e c e  of evidence can u s u a l l y  on ly  
be a s se s sed  in s h e  light of what has a l r eady  been d iscovered ,  
Figure 2 shahs a 2 a t h a l o g i c a l l y  w i t t e n  F,  where t h e  s t r o k e  



normalf.y a s s i s e d  t o  t h e  r o l e  o f  lower h o r i z o n t a l  s t r o k e  is  a 
very s t r o n g  contender  f a r  t h e  1-ole of t ops t roke ,  I n  such ca se s  
we r e q u i r e  our  p r o F m  t o  contemplate  t h e  s t r u c t u r e  it has 
b u i l r ,  and compare it wi th  an  F-model, I t  should n o t i c e  t h e  
unassigned lower s t r o k e  and accep t  t h e  Lower cand ida t e  f o r  t h e  
r o l e  of t o p s t r o k e  a s  a r ea sonab le  f i l l e r  on t h e  b a s i s  o f  a 
common, and known- d i s t o r t j s n ,  This  k i n d  sf behaviour  i s  d i f -  
f l c u l t  $a ach ieve  i n  CONNIVER, where c h a r a c t w  models are  no t  
very e x p l i c i t  and t h e  program is r e l a t i v e l y  unaware of t h e  
reasons  supporr ing  a p a r t i c u l a r  i n t e p p r e t a t i o n ,  

t 

f i g u r e  2 f i g u r e  3 f i g u r e  4 

Figure 3 i l l u s t r a t e s  a similar problem, which occu r s  when con- 
r r a d i c t s r y  evidence 1s d iscovered ,  I n  a da ta -dr iven ,  demon- 
based system, it i s  a l l  t o o  easy  t o  i gno re  c o n t r a d i c t o r y  evid- 
ence, Thus, p ~ o c e e a i n g  i n  a p m e i y  topdown manner, any QE' can 
be confirmed a s  an T t ,  k8e have designed. o w  program toacccun-t 
f o r  a l l  t h e  d a t a ,  even i f  it i s  c o n t r a d i c t o r y ,  I n  f i g u r e  3, 
t h e  VF' xodel  should r e a l i s e  t h a t  t h e  bottom s t r o k e  is s t r o n g  
evidence a g a i n s t  % F \  and indeed t h a t  it very  s t r o n g l y  sugges t s  
E', F ~ g w e  4 as  intended z s  show t h a t  whi le  it very  s t r o n g l y  

sugges t s  QE' r a t h e r  t han  'F , it is no t  t o t a l l y  convincing,  
The examples shown i n  f i g m e s  2 and 3 a r e  w i th in  ou r  c u r r e n t  

p ropam" c c a p a b ~ l i t i e s ,  F igure  5 shows how such problems o f t e n  
r e s u l t  from h a n g '  segmentat ions,  Suppose t h a t  t h e  p rc sa rn  
would happi ly  accept  t h e  first r eg ion  a s  'At9 but  would g e t  
i n t o  c roubte  w i th  t h e  second r eg ion ,  L is most p l a u s i b l e ,  
s i n c e ,  %or example, 1 ~ s u t d .  be expected t o  have produced a ver- 
t i c a l  s t r o k e  &out @he c e n t r e  sf t h e  h o r i z o n t a l ,  S ince  t h e  
horizon"&l stro!te extends beyond t h e  l e f t  edge o f  r e g i o n  2 ,  a 
segmentation problem may be  suspec ted ,  and a v e r t i c a l  s t r o k e  t o  
conp ie t e  t h e  'L' hypothesised .co t h e  r i g k r  o f  r e g i o n  1, This  
is d iscovered  and region 1 r e i n t e r p r e t e d  as 'F" Me have ~ o t  
t r i e d  auz- p r cga tn  an t h i s  exiisnple, because sf o w  d i f f a c u l t l e s  
I ~ D  producing d a t a ,  but  we b e l i e s ~ e  "cat  o m  c w r e n t  Xogram can 
s s r a~ghk- fo rward ly  be  extended t o  b r i n g  it wi th in  range ,  

f i g u r e  5 



5, AN IMPLEMENTATION OF FMMES AND A SGTCH OF THE PROGMM 

To overcome t h e  problems d iscussed  i n  t h e  prev ious  s e c t i o n ,  we 
have based o w  cu r r en t  p r o p a m  on an implementation o f  Minsky8s 
(1975) frames, Bn a  wide-ranging d i scus s ion  of va r ious  a s p e c t s  
of i n t e l l i g e n c e  Minsky reminded A , I ,  workers t h a t  knowledge, a s  
we21 a s  c o n t r o l ,  needs t o  be  c w e f u l l y ,  and r i c h l y ,  s t r u c t u r e d ,  
and he proposed s t r u c t w e s  c a l l e d  frames, c o n s i s t i n g  of  r e l a t e d  
f a c t s  and procedures ,  a s  a  r e p r e s e n t a t i o n  of knowledge, If 
Minsky" d i s cus s ion  was i n t u i t i v e ,  it was a l s o  s u f f i c i e n t l y  
a t w a c t i v e  t o  i n s p i r e  a  n u d e r  of groups t o  implement t h e i r  
understanding of  t h e  s u g g e s ~ i o n ,  thereby  making t h e  i d e a s  more 
p r e c i s e ,  Our implementation ( i n  t h e  language E V I L  (Bornat and 
Wielinga, 1975) developed f o r  t h e  p r o j e c t )  is  based on t h e  d i s -  
cus s ions  of Winogad ( l974a ,  l975a,  k975b) and Bobrow e t .  ah,  
( l 9 7 4 ) ,  tuned t o  t h e  needs o f  our  c h a r a c t e r  program, 

Frames a r e  c h a r a c t e r i s e d  by a  name, t ype ,  s l o t - d e s c r i p t i o n s  
and a c t i o n s ,  The purpose of  type  is t o  l i n k  t h e  fiame i n  an 
ISA-nierarchy ( K i n o p a d  1974, McDermott l 975 ) ,  i ,e ,  t o  make 
c e r t a i n  p r o p e r t i e s  o f  a c l a s s  of  frames gene ra l l y  a v a i l a b l e  f o r  
each i n s t a n c e  of t h e  TYPE, For i n s t a n c e ,  when we m e  consider-  
ing  a  frame of type  STROE w e  may d i r e c t l y  a c c e s s  gene ra l  pro- 
p e r t i e s  of  STROME-type k a m e s ,  such a s :  how we can f i n d  s t rokes,  
what a r e  t h e  gene ra l  a t t r i b u t e s  o f  s t r o k e s ,  

S l o t s  b a s i c a l l y  provide a  means t o  d e s c r i b e  a  frame o r  i ts  
a p p l i c a b i l i t y ,  S l o t s  a r e  f i bbed  e i t h e r  wi th  an  i n v a r i a n t  des- 
c r i p t i o n  of  an important  f e a t u r e  of t h e  frame, o r  c o n t a i n  a  
templa te  d e s m i p t i o n  of  t h e  e n t i t y  which can f i l l  t h e  s l o t  when 
t h e  frame is  i n s t a n t i a t e d  ( s e e  below), For e x m p l e  a  frame f o r  
t h e  l e t t e r  A m y  con ta in  t h r e e  s l o t s  p rov id ing  d e s c r i p t i o n s  o f  
t k e e  s t r o k e s  and s e v e r a l  s l o t s  t o  d e s c r i b e  t h e  r e l a t i o n s  be t -  
ween t h e  s t r o k e s ,  

Act ions form t h e  procedura l  p a r t  o f  frames, They t y p i c a l l y  
c o n s i s t  of a  p recondi t ion  and an a c t i o n  s p e c i f i e r ,  The a c t i o n  
s p e c i f i e r  d e s c r i b e s  t h e  a c t i o n  t o  be  performed when t h e  pre- 
cond i t i on  becomes t r u e ,  Precondi t ions  g e n e r a l l y  become s a t i s -  
f i e d  when c e r t a i n  o p e r a t i o n s  on t h e  frame g e t  performed, e , g ,  
i n s t a n t i a t i o n ,  f i l l i n g  a  s l o t ,  conf i rmat ion ,  

The c e n t r a l  ope ra t i on  i n  t h e  system is frame i n s t a n t i a t i o n ,  
I n s t a n t i a t i o n  of a 55?ame occurs  i n  a  con tex t ,  A con tex t  con- 
t a i n s  frames which have been i n s e a n t i a t e d  i n  e a r l i e r  s t a g e s  
of t h e  computation e i t h e r  by hypothes i s ing  them o r  by be ing  
c r e a t e d  by low-level  ope ra t i ons  such a s  f i n d i n g  s t r o k e s ,  When 
a  frame is i n s t a n t i a t e d ,  it can be  mapped onto  t h e  evidence 
t h a t  i s  a l r e a d y  p r e s e n t  i n  t h e  c u r r e n t  con tex t ,  This  means 
t h a t  frames i n  t h e  con tex t  are matched a g a i n s t  t h e  s lo t -des -  
c r i p t i a n s  of  t h e  frame t h a t  is be ing  i n s t a n t i a t e d ,  During t h e  
process  o f  i n s t a n t i a t i o n  a  frame might 'grab c o n t r o l '  i n  a 
demon-like way, when t h e  p recond i t i ons  Ear a n  a c t i o n  g e t  



f u l f i l l e d ,  An i n s t a n t i a t e d  f r m e  remains i n  a con tex t  u n t i l  it 
is e x p l i c i t l y  removed, When a  frame i s  only p a r t i a l l y  i n s t an -  
t i a t e d ,  any new evidence w i l l  b e  m t c h e d  a g a i n s t  t h e  s l o t s  
which have not  y e t  been f i l l e d ,  This  technique  provides  a  
means t o  c r e a t e  demons which w i l l  on ly  t r i g g e r  on a  c o d i n a t i o n  
of s e v e r a l  p recondi t ions ,  

These i d e a s  m e  now i l l u s t r a t e d  w i th  r e f e r e n c e  t o  a s impl i -  
f i e d  frame f a r  t h e  c h a r a c t e r  A ( f i g u r e  6 1 ,  The A frame has  5 
s l o t s ,  corresponding t o  t h e  lef tdown,  rightdown and h o r i z o n t a l  
s t r o k e s ,  t h e  i n t e r s e c t i o n  of  t h e  leftdown and rightdown s t r o k e s  
and t h e  c ros sba r  formed by a l l  t h r e e  s t r o k e s ,  S t  a l s o  has  3 
a c t i o n s ,  wi th ,precondi t ions  TO, ACHIEVE, WWENFILLED, and WHEN- 
COMFKRMED, The a c t i o n  TO, ACHIEVE i s  o f  use  when t h e  system 
ope ra t e s  top-down, f o r  exampbe i n  response  t o  a r e q u e s t  from 
t h e  For t ran  r ea sone r  t o  v e r i f y  A, The WHENFILLED a c t i o n  is a 
demon, which f i r e s  when t h e  Le f t  and r i g h t  down s t r o k e s  of  t h e  
A me discovered  ( i t  is expected t h a t  t hey  w i l l  be  i f  t h e  
c h a r a c t e r  is  A ) ,  and t r i e s  t o  v e r i f y  t h a t  they  form an  agprop- 
r i a t e  junc t ion ,  I f  t hey  do ,  A is confirmed, (Th i s  is only  one 
of t h e  ways t h e  WHENCONFIRMED a c t i o n  may be  f i r e d ;  an a l t e r n a -  
t i v e  might be  i n  t h e  course  o f  t r y i n g  t o  v e r i f y  an  ' H h h i c h  
t w n s  ou t  t o  have a  junc t ion  a t  t h e  t o p ) ,  If t h e  j unc t ion  is 
no t  found, t h e  s t r o k e s  me checked t o  s e e  i f  t hey  converge ts- 
wards t h e  t o p ,  h f  no t ,  A is den ied ,  and H, U o r  V proposed 
a s  more l i k e l y ,  1% they  do converge, H is  p r e f e r r e d  t o  A ,  and 
t h e  frame suspends iTse1.f by execut ing  t h e  r o u t i n e  LEAVE() ,  
Tnis  means t h a t  t h e  frame has d i f f i c u l t y  i n  e s t a b l i s h i n g  A ,  but  
if necessary ,  could ? t r y  h a r d e r ' ,  f o r  example by computing t h e  
ang le  aetween leftdown and rightdown, i n  an  a t tempt  t o  d i s r i n -  
gu i sh  t h e  c a s e s  d i sp layed  i n  f i g u r e  7 ,  Th i s  idea  i s  based on 
Hardy" ((1376) f r e s e a r c n  d i r e c t o r ' ,  F i n a l l y ,  t h e  WHENCONFIRMED 
a c t i o n  s e e s  i f  a l l  troublesome evidence can be explained away, 
perhaps as  segmentation problems, and then  t r i e s  t o  a s s i m i l a t e  
A i n t o  t h e  c u r r e n t  con tex t ,  by matching t h e  i n s t a n t i a t e d  A 
frame a g a i n s t  hypotnesised s l o t s  i n  r h e  c o n t e x t ,  Besides  t h e  
i n s t a n t i a t i o n  o p e r a t i o n  t h e r e  a r e  o p e r a t i o n s  on frames l i k e  
s t o r e ,  r e t r i e v e  and matching ope ra t i ons ,  Frames a r e  indexed i n  
a  mu l t i - l eve l  a s s o c i a t i v e  memory, i , e ,  t hey  can be  r e t r i e v e d  by 
name, type  and by any part of a s l o t  d e s c r i p t i o n ,  Thus w e  can 
r e t r i e v e  f o r  example a l l  c h a r a c t e r  frames wi th ,  say ,  a b i g  ver -  
t i c a l  s t r o k e  and an  L-type j unc t ion  a s  components, 
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[A ISA LETTER 
WITH,SLOTS 

CHAR +- A 
RIGHTDOWN t c 3  ISA STROKE 

WITH.SLOTS 
SLOPE + <ANYOF LEFTV VERT> 
SIZE + <ANYOF B I G  MEDIUM>/NOINDEX 

//Note:  NOINDEX means c a n ' t  
/ / b e  s e a r c h e d  f o r  under  s i ze  

POS + RIGHT] 
LEFTDOWM + ? ISA STROKE 

MITH, SLOTS 
SLOPE + <ANYOF RIGHTV VERT> 
SIZE + <ANYOF B I G  MEDIUM>/NOINDEX 
POS + LEFT] 

WORIZ + ? ISA STROKE 
WITH, SLOTS 

SLOPE + MORIZ 
SIZE t <ANYOF SMALL MEDIUM> 
POS + MIDDLE] /NOINDEX 

/ / i , e ,  w e  don't  e x p e c t  t o  f i n d  Hor iz ,  b u t  
a r e  d e l i g h t e d  i f  w e  do 

INTLR + e P ISA INTEKSECTION 
WITH,SLOTS 

STROKE1 + ! RIGHTDOWlI 
STROKE2 + !LEFTDOWN 

ELANGLE + ACUTE 
PO§ + TOPJ 

CROSB + E ? LSA CROSSBAR 
WITH,SLOTS 

SLEFT + !LEFTDOWN 
SRIGHT + :RIGHTDOW 

SBKR + ! H O R I Z ~  /NOINDEX 

w i t h e a c t i o n s  
[TO. A C H I E V ~ ' ~  

$(  a c h i e v e  ( l e f t d a w n )  
a c h i e v e  ( r igh tdown)  

s, 
[WHEN FILLED CALLOF LEFTDOWFJ R I G H T D O W N P ~  

[ t e s t  - v e r i f i e d  (INTLR) 
t h e n  conf i rm (A, c o n t e x t )  
o r  / I t h e  j u n c t i o n  c a n ' t  be  v e r i f i e d  - 

test  c a n v e r g e , a t , t o p  bkeftdown, r igh tdown]  
t h e n  $( prefer b H ,  c o n t e x t )  
P 

l e a v e  ( )  
t e s t  checktoucw ( B e f t d o m ,  r igh tdown)  
P 

t h e n  conf i rm (A,con%ext)  - 



or confirm  context) - 
possible (A ,context $1 

or deny (A,contes?t 1 - 
2ro2ase f f ~  L. '12, context >33 

@HENCONFIRMED 
[handle. troublesome evidence ( ) ..o 

- assimilate ( A )  1 
,J 

6 ,  APOLOGY 

The preceding discussizn raises more problems than it solves,s 
We a r e  very veLl aware that ou;? imglementation of frames is 
very sketchy and that a lot of issues have not been faced. 
Crucially, we have only hinted at the way our program actually 
worksi although more dztails are provided in (Brady and 
, T i  ~ a e l ~ n g a ,  1976)- The most glaring omissions in this accounr 
are to do with rhe issue of control, The basic strategy of ous 
curgent program is to investigate the input data in a bottom-up 
way until enough knowledge is gathered to proceed in a top-down 
manner, So, when enough contextual infornation is available to 
make at least a few (but not too many) hypotheses, the infor- 
mation in the available character frames will be used to guide 
the low-level operations, Alternatively, when no information 
whatsoever is available in an initial stage, the strategy will 
be first ta add a few demon-frames to the context which will 
watch far jc'nctions, intersections and similar cues, and give 
control to the low-level stroke finding operations, When one 
or moae strong pieces of evidence become available (like a 
junction or intersection), character frames will be retrieved 
from the database, If this retrieval operation results in a 

,. s sufraciently small nu~ber of hypotheses, a top-down approach 
will be tried. 

The Lmplementation sf this type of co?trol structure poses 
many sevese problems, In sectiort 3 we stressed that the over-- 
all stsztegy must be flesrible and rr,ua"rchage dra~"%~eally 
according to context oT -the type of request made, This raises 
the following question: where should control reside in the 
system? In the example of the A frame (fig, 61 ,  quite a lot of 
con.tfol was concentrated in %he A fram itself, such as the 
attempt to exp la in  zway tsoublesorne information, T h i s  type of 
Losally concaalt~ared csntroi is easy to program, From a gh~bal 
viewpoint however, it might be an entirely inappropriate 
strategy, Certainly, these are the issues which we expect 
wi! 2 ccupy nos-c af 07u:l; gttenrio.i in the  ear fatwe, 
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F. Malloy Brown 

THE ROLE OF EXTENSIBLE DEDUCTIVE: SYSTEMS IN 
FATEIEMAT1CF.Z IIEASOXING 

We argue that significant improvement in deductive ability of 
autsmatic theorem provers presupposes the construction of de- 
ductive systems which make use of domain dependent mathematic- 
al knowledge and which can justify the results of using such 
knowledge in terms of the axioms of the given domain, We then 
briefly describe an implementation of a prototype deductive 
system of this nature for the domain of elementary set theory. 

We Eirst describe two possible objectives for research on the 
automation of deductive reasoning: 

1, The first objective is to construct a program to 
determine if a sentence can be proven from the axions 
of a theory 

2 ,  The second objective is to construct a program to 
explain why, in terms of the given axioms of a theory, 
a sentence can be proven from those axioms, 

Consider for example a theory ccnsisting of the Sollowing 
axionns : 

Al : (x+y) +z = x+ ( y+z )  associativity 

A2:  x+y = y+x commutativity 

~ 3 :  p r y  = x+z <->- y=z cancellation 

We could build a very efficienE theorem prover for this 
kiheory, which instead of using those axioms to prove theorems, 
uses the following procedure: 

PI: Cancel like variables on opposite sides of the 
equality sigz. 

with the strategic information that whenever P1 is used the ald 
equation is to be erased, 

Such a theorem prover would satisfy objective I because this 
procedure is essentially a derived rule of inference of the 
theory consisting cf axioms 81, 82 and A3 ,  

For exmple, a prosf that a+(b+c) = c+(b+a) is a theorem 
- -  using - - t h i s  procedure c~uld be obtained as foliews: 



a+ (b+c) = c+ (b+a) 
d. by P l  (cancel  a )  

b+c = c+b 
J. by P l  (cancel  b) 

c = c  
+ by log ic  
I 

This theorem prover does no t  s a t i s f y  ob jec t ive  2 because the  
inference  s t eps  i n  t h i s  proof a r e  no t  j u s t i f i e d  i n  terms of  the  
p r imi t ive  axioms of the  theory,  bu t  only i n  terms of P l ,  How- 
ever,  a theorem prover f o r  t h i s  theory which a l s o  s a t i s f i e s  
ob jec t ive  2 could be obtained by s u b s t i t u t i n g  equals  using the  
axioms A Z ,  A2, and A3, In  t h i s  case a proof of a+(b+c) = 
c+ (bsa)  would be : 

a+ (b+c) = c+ (b+a) 
4' by A1 

a+(b+c) = (c+b)+a 
d. by A2 

a+ (b+c) = a+ (c+b) 
J. by A 3  

b+c = c+b 
4' by A 2  

b+c = b+c 
4' by l o g i c  
@ 

Now it i s  easy t o  v e r i f y  t h a t  a deductive system which em- 
bodies e x t r a  mathematical knowledge i n  t e r n s  of lemmas, pro- 
cedures l i k e  P l  and the  s t r a t e g i c  knowledge a s  t o  how t o  use 
those lemmas and procedures, has t h e  p o t e n t i a l  f o r  being more 
e f f i c i e n t  a t  proving theorems than systems which do no t ,  For 
e x a p l e ,  the  f i r s t  theorem prover we described which embodies 
the  procedure P l ,  proves a+(b+c)  = c+(b+a) without any search ,  
On t h e  o the r  hand, t h e  second theorem prover which uses only 
the  axioms A l ,  242, and A3 involves search-due  t o  superfulous 
app l i ca t ions  of the  axioms, For example, a l l  of t h e  follow- 
ing seven sentences,  s i x  of which a r e  superfulous,  a r e  obtain-  
able  from the  theorem a+jb+c) = e+(b+a) by a s i n g l e  app l i ca t ion  
of one of the  axioms: 



Note t h a t  i f  t he  second theorem prover had some f a i r l y  soph- 
i s t i c a t e d  search s t r a t e g i c  knowledge which r e s t r i c t e d  the  use 
of the  a s s o c i a t i v i t y  as,d c o ~ ~ u r a t i ~ i i t y  axioms so a s  t o  d i r e c t l y  
Lead t o  %he use of the  cance l l a t ioa  axion;, then, the re  might 
very we12 have been no search.  The problem with such s t r a t -  
egies  i n  a more complex theorem provlng system, is  t h a t  o u t  of 
a l l  the  many poss ib le  s t r a t e g i e s  how does t h e  theorem prover 
know which one t o  apply t o  which expression? Suppose f o r  each 
s t r a t e g y  had some very e f f l c i e r i t  method of t e s t i n g  whether 
it should be used oc tke  given expression,  thec  it foLlows t h a t  
our problem would be sclved.  The q u e s t i o ~  zemains a s  t o  j u s t  
what a r e  "e e f f i c r e n t  nethods7 "he answer i s  t k a t  khese 
methods a r e  s i x s l y  Lre;r,s of e x t r a  mat'nenatieal knowledgee 
For example i n  the  case of t he  s o ~ h i s t ; c a t e d  search s t r a t e g y  
t h a t  w e  gave f o r  the  second theorem prover,  an e f f i c i e n t  method 
:a determine  whether it should be used i s  simply t h e  procedure 
'31, 

In t he  renaicder  af t h i s  paper -):e s h a l l  c o n t i m e  t o  speak of 
Stems r a t k e r  than cox3Eex s t r a t e g i e s  f o r  what i s  i m p o r ~ a x t  is  
not  the  mere exis tence  s f  various s t r a t e g i e s  but  r a t h e r  the  
methods of determining when a p a r t i c u l a r  s t r a t e g y  should be 
used. Since every search space including t h e  one produced by 
addixg yrarious i te f i s ,  i ~ v o l v e s  some s t r a t e g i c  cons idera t ions ,  
we s k a l l  zeserve ehe word ' s t r a t e g y e  f a r  z k i s  purpose, Bow- 
ever ,  these  s t r a t e g i e s  w i l l  n c t  be very complex and w i l l  have 
simple, even obvious methods of determining when they should 
be used, An example of such a s t r a t e g y  was t h e  e r a s e  s t r a t e g y  
used i n  conjunction with P l ,  

Given then,  t h a t  the  most e f f i c i e n t  deductive systems embody 
e x t r a  xatkematical  knawaedge such a s  t h e  procedure P l ;  and 
t h a t  while such systems t r i v i a l l y  s a t i s f y  ob jec t ive  1, a c e r t -  
a i n  amount of e x t r a  e f f o r t  must be made i f  such systems a r e  
a l s o  t o  s a t i s f y  ob jec t ive  2 ;  one may well  wonder i f  t h e r e  i s  
any purpose a t  a l l  i n  r equ i r ing  ob jec t ive  2 t o  be s a t i s f i e d ,  
1' - n a t  e x t r a  programing e f f o r t  x u s t  be ma& i n  order  f o r  such 
sys tens  kc s a t i s f y  ob jec t ive  2 can be seen frorr. t he  f a c t  t h a t  
e x t r a  mathematical kncxvledge s ~ c h  as l e ~ m a s  ax6 procedures such 
a s  PI would have t o  be j u s t i f i e d  i n  some sense from t h e  axioms 
of the  theory,  For example, l e m a s  could he j u s t i f i e d  by 
proving them using only the  axicms of the  theorys bu t  what 
akout prccedares wriktec i n  EZS? ox aachine code? We Leave 
Ycis technrcal  quest ion u-ti1 s e c t i s n  2 anE now s t a t e  vky de- 
duct ive  systems should s a t i s f y  ebjeczive  2 i n  the f i r s t  p l ace ,  

The reason i s  t h i s :  any theorem prover no t  con t inua l ly  ab le  
t o  increase  i t ' s  mathematical kncwledge, such a s  lemmas, pro- 
cedzres a ~ d  s t r a t e g i e s  -+;ill ~uickly reach a p la teau  i n  the  
Level. of e i f f k c u l t y  2: ::heoreos it can preve,  a f t e r  whicl'l a 
comsinacorizl e x ~ ~ l s s % a ~  m ~ s z  cccxx $3 it's search space. 



Consider, f o r  example, soxe l o g i c a l  system with e c p a l i t y ,  
such a s  r e so lu t ion  with parmodula t ion;  with a two sor ted  
theory cons i s t ing  of T a r s k i n s  axioms of r e a l  numbers and 
Peano's axioms of number theory. A proof procedure based on 
t h i s  system would have l i t t l e  t rouble  proving: 

but  would f ind:  .- 

very d i f f i c u l t  indeed, 
On the  o the r  hand, it i s  not  d i f f i c u l t  t o  implement a more 

knowledgeable a l g e b r a - n d e r  theory theorem prover,  embodying 
&out 7 0  lemmas, s t r a t e g i e s ,  and procedures which could e a s i l y  
prove the  above theorem. I n  f a c t  our algebra number-theory 
system f l 3  proves t h i s  theorem i n  about 2 4  seconds, O f  course,  
s ince  t h i s  theorem prover cannot i t s e l f  f u r t h e r  increase  i t 8 s  
mathematical knowledge, it too soon reaches a p la teau  i n  the  
l e v e l  of  d i f f i c u l t y  of theorems it can prove, For example, it 
i s  unable t o  prove the  theorem: 

Having now exemplified the  f a c t  t h a t  a mathematical system 
must be able  t o  increase  i t ' s  mathematical knowledge, it is  
easy t o  see  why i t ' s  deductive component must s a t i s f y  ob jec t ive  
2 ,  For consider ,  i f  ob jec t ive  2 were no t  requi red  t o  be s a t -  
i s f i ed  haw would our p r o g r m  i t s e l f  be ab le  t o  t e l l  i f  t he  
mathematical knowledge it was adding t o  i t ' s  deductive compon- 
e n t ,  were c o r r e c t  o r  even c o n s i s t e n t  with the  o r i g i n a l  axioms 
of the  theory,  For example, i n  the  theory cons i s t ing  of 
axioms A l ,  A2, and 243, what would t h e r e  be t o  s t o p  a procedure 
such a s  2% fran being acquired:  

P 2 -  Cancel. unl ike  vaziaSles  on opposi t s  s i d e s  of the  - 
equa l i ty  s ign ,  

Hate t h a t  whereas PL was e s s e n t i a l l y  a derived r u l e  of  in -  
ference  of t h i s  theory, P2 i s  c o t ,  Far v~hereas a+b = a+b i s  
t r u e  i n  t h i s  fragrnent of a r i tkmet ic ,  applying P2 t o  it gives  
U e  sentence a = b ( i , e ,  VaVb a = bl which i s  f a l s e  i n  a r i t h -  
metic, 

13 su-~mary, the  goal  of ovr researck  2rogr e ,  ic r e spec t  
t o  deductive reasoning, i s  t o  eonstrucc deductive systems which 

(1) make use of e x t r a  mathematical knowledge (eventual ly  
t o  be crea ted  by o the r  components of  t h e  mathemat- 
i c a l  system),  (That i s  t o  make use of e f f i c i e n t  
nethods of ea%cula.ting which s t r a t e g i e s  should be 



used an which expressions,) 

and 

( 2 )  satisfy objective 2 

For exaxple we would like "co kave a theorem ;?rover as 
knosleEgeabLe, and hence efficient, as our algebra-number 
theory program, but which could justify it's proofs in terms 
of the Peano and Tarski axioms, 

is it possible tc: c;sns'gruct de&ctit.e systems which use 
ezrtra mathema.kical kn0wledg.e. and yei, which satisf IT ob j ective 
27 We intend to realize this goal by constructing extensible 
deductive systems: 

An extensible deductive system is a theorem prover which 
starting from same system of axioms justifies more and more 
- iterzs of extra mathematical knowledge such as lemmas and pro- 
cedures, one after another, creating ever mare knowledgeable 
theorm provers, That is, after each such item is justified, 
it itself is organized into the deductive system, and is used 
in justifying further items, 

For examplea an extensible deductive system resulting in our 
algebra-~mber theory tkeorsm prover could be obtained as fol- 
lows l {see Fig, I] let I, .I be all the items of extra 

2 
mathematical kncv~ledge inAouu algebra n?mber theory program, 
Each Ij will be representable in our mathematical Language and 
hence by definition is a lemma, not a procedure, However, 
for the purposes of justification procedures are easily rep- 
resented in our mathematical language, For example, the pro- 
cedure Pl could be represented as being the lemma which is the 
conjunction of the axioms Al, A2, and A3a Let the theorem 
prover Tj+: be obtained Erorri the theorem prover T, by organiz- 

i 

ing into the system the item I after justifying I using 
-J+1 

rE' , It is important to under. tand that.organizing Jn item 
iAto the system means a lot more than merely adding another 
sentence to some data base, I,s particular it means that know- 
ledge about hor,v. and whesl %-,he item is tc be used is create6 and 
added to the sys-kem, For ex~dple, in the case of the lemma 
version of the procedure P1 (i-e, the conjunction of axioms 
24.1, A2, and A31 what we wan$ to create and add is an efficient 
LISP function to do the cancellation along with relevant in- 
formation expressed in LISP as to when the systen shouhd at- 
tempt tc use this functiow Note that by allowing the full 
Bowel of a lanquaae l i k e  L I S P ,  it is not very difficult to - 
rep~esent sb-ategic knowledge as pLc how to use items. Then 
by letting T be a theorem prover Ear logic including equality 

o 
with the Tarski and Peano axioms, it follows that T will be 

n 
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our algebra-nmber theory program, Fur themore ,  the  spectrum 
of theorem provers (T ... T > w i l l  form an ex tens ib le  deduct- 

o # P n 
i v e  system r e s u l t i n g  i n  T . That i s  any f u r t h e r  theorem 
proven by T w i l l  be jus ty f i ab le ,  v i a  T . . .T I 

eventual ly  i n  
n n-1 n 

t e r n s  of t h e  pr imi t ive  axioms t o  T . o 
I n  order  t o  e x p e r b e n t a l l y  t e s t  these  ideas ,  l a s t  year  we 

implemented E23 a prototype ex tens ib le  deductive system f o r  a  
small por t ion  of the  s e t  theory given i n  pu ine ' s  book - S e t  
Theory and i t s  Logic E31, The i n i t i a l  theorem prover T of 

0 
of t h i s  ex tens ib le  system consis ted  of a  sequent ca lculus  with - - 

equa l i ty ,  and about 30 axioms and d e f i n i t i o n s ,  A few of these  
d e f i n i t i o n s  a r e  l i s t e d  below: (Note t h a t  {u:$u) i s  t h e  a b s t r a c t  
of a l l  th ings :  u such t h a t  $u holds;  { x ) ,  (xy) ,  cxy> a r e  the  
u n i t s e t ,  p a i r s e t ,  and ordered p a i r  r e spec t ive ly ;  and 
{ < x y > : ~ x y )  i s  the  a b s t r a c t  f o r  a l l  ordered p a i r s  such "chat 4xy 
hclds  , 1 

Succeeding theorem provers T.+l  were obtained by organizing 
i n t o  the  system c e r t a i n  given l ~ m a s  ij+l t h a t  had been proven 

using the  preceeding theorem prover T . A l l  items i n  the  
system were lemmas not  procedures, ' ~u r the rmore  , t h e  a c t u a l  
process of organizing was not  automated, Ins tead  the  organ- 
i zed  LISP representa t ion  of each l e m a  was i n i t i a l l y  given,  bu t  
not  used u n t i l  automatical ly ac t iva ted  by a proof of t h a t  lemma, 
These l e m a s  a r e  used i n  a  manner s i m i l a r  t o  d e f i n i t i o n s  by re-  
p lac ing what matches t h e  l e f t  s i d e  of t h e  equivalence by t h a t  
ins tance  of the  r i g h t  s i d e ,  Fur themore ,  when severa l  i t a s  
might be appl ied  t o  a  sentence,  the  system p r e f e r s  t o  use the  
t h e  l e a s t  p r imi t ive  item, usua l ly  the  one j u s t i f i e d  Las t ,  
Thus, d e f i n i t i o n s  a r e  used only i f  no o the r  item could be used, 
A f e w  of t h e  lemmais i n  our s e t  theory system a r e  given below: 



Consider now the  proof of lemma I 7  using the  theorem prover 
T6, From Figure 2 we see  t h a t  two of the  inference  s t e p s  i n  
t h i s  proof were obtained by using the  lemma 16,  Thus t h i s  
proof i s  not  immediately i n  terms of the  p r imi t ive  axioms of 
t h i s  s e t  theory* However s ince  I 6  was proven from T5 using 
12, 1 3 ,  14, and 15, and s ince  each of these  lemmas was proven 
using only T l ,  and s ince  I l  was proven from the  p r imi t ive  axiom, 
n m e l y  TO, it follows t h a t  the  lemma I7  has a c t u a l l y  been jus t -  
i f i e d  i n  t e m s o f  the  p r imi t ive  axiom of t h i s  theory,  

Note t h a t  i tems of  e x t r a  mathematical knowledge such a s  
lemmas 11, ..., I 7  p lay  an indespensible r o l l  i n  the  deductive 
process no t  only because they c u t  down lthe sheer  length  of the  
proof of a  theorem, bu t  a l s o  because they c u t  down the  possi-  
b i l i t i e s  of i n t e r a c t i o n  between var ious  subformulas o f  a  
theorem, For example, i n  the  proof of 17 given i n  Figure 2 ,  
i f  t he  l e m a  I 6  had not  been used then the  theorem prover would 
have had t o  show t h a t  var ious  ins tances  of I 6  held;  namely 
t h a t  <ab9 = xed> was e m i v a l e n t  t o  a  = c , b = d and t h a t  
cab> = c* * > was equivalent  t o  a  = * ,b = * 

l 2 " 
Not only does 

t h i s  makeltae proof of I 7  much longer bu t  a l s o  t h e  proofs of 
those ins tances  of  I6  must be c a r r i e d  ou t  i n  t h e  presence of 
sentences such a s :  Tab, T c d ,  T k l e 2 .  I f  T' were a l a r g e  com- 

p lex  sentence,  it i s  easy t o  see  t h a t  the re  would be many poss- 
i b i l i t i e s  of i n t e r a c t i o n  between it and the  i n t e m e d i a t e  form- 
u l a s  produced when proving the  ins tances  of 16, Continuing i n  
t h i s  fashion,  i f  t he  use of f u r t h e r  lemmas i s  disal lowed,  say 
f o r  example lemmas 12, 13 ,  14, and I5  which were used i n  prov- 
ing 16 then the  r e s u l t i n g  proof must be even longer,  and the re  
become more and more p o s s i b i l i t i e s  of i n t e r a c t i o n ,  eventual ly  
c rea t ing  a combinatorial explosion, On the  o the r  hand, by 
using i tems of extra  mathematical knowledge such a s  t h e  lemmas 
Z l , , , 1 7 ,  the  proofs of f u r t h e r  t'neorems i n  elementary s e t  
theory do not  appear t o  be any longer,  o r  any more d i f f i c u l t  t o  
obta in  than the  proofs  of e a r l i e r  lemmas, 

For these  reasons,  it i s  p laus ib le  t o  suggest  t h a t  by using 
items of e x t r a  mathematical knowledge i n  ex tens ib le  deductive 
s y s t m s ,  t h a t  e f f i c i e n t  theorem provers s a t i s f y i n g  ob jec t ive  2 
can be construcked, 

3 ,  CONCLUSION 

I f  our goal  i s  t o  s tudy maehematical reasoning,  then we must 
study the  a b i l i t y  of a. mathematical system t o  improve i t s  de- 
duct ive  c a p a b i l i t i e s  by t h e  a c p i s i t i o n  o f  more soph i s t i ca ted  
mathematical techniques, I f  we a r e  %o know khat  such teeh- 



-+ -tfy <ay> E {<uv> : Tuv) +-+ Fay 

<ab> = <cd> , rcd + Tab I 
cab> = 6cd>, Tcd + Tab 

a = c , b = d, Ted + Tab IS 

b = d ,  rcd -t Tcb 

red + Tcd 

Tab -+ <ab> = <*1*2> , r*l.*2 

Tab + <ab> = <*1*2> Fab + I'*l*2 

Fab + a = "1 T a b  + lo = " 2  substitutions: 

"1: = a 

"2:: = b 



niques are correct, then our deductive systems must be able to 
fomally justify them, Thus it is not enough to construct 
theorem provers which fail to satisfy objective 2; we must 
construct extensible deductive systems, 

1 wish to thank Bernard Meltzer for encouraging this research, 
and Martha Stone for reading the draft. This research was 
supported by a scholarship awarded to the authors by the Uni- 
versity of Edinburgh, and is currently supported by a grant 
BRG 99431 from the Science Research Council, 
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F , %alloy Brawn 

W DEDUCTIm SYSTEM FOR ELEmNTARY m I T N T I G  

We describe a theorem prover for elementary number theory 
based on truth value preseming transfomations, and present 
some theorems which it has proven, 

b , INTRODUCTION 

This is a report of work completed in seventeen days during the 
fall of 1974. It describes an automatic theorem prover for 
the elementary theory of natural numbers which represents 
theorems as lists and proves them by applying truth value pre- 
serving transfomations, 

2 ,  DESCRIPTION OF THE THEOREM PROWR 

Our theorem prover consists of an interpreter for mathematical 
expressions and many items of mathematical knowledge, This 
interpreter is a fairly complex mechanism, but for the purpose 
of describing this theorem prover it may be viewed as applying 
items of mathematical knowledge of the form: @ ++ $or$ = rjl 
to the *earem being proven, in the following manner: The in- 
terpreter evaluates the theorem recursively in a call by name 
manner, For each sub-expression that the interpreter evalu- 
ates, in turn it tries to match the 4 expression of each item 
to that sub-expression, If ever it finds a s&-expression 48  
which is an instance of L$ of some itern, then it replaces that 
expression by the corresponding instance $8 of $, At this 
point all memory of the s&-expression $8 is imediately lost 
and the interpreter now evaluates $ 6 ,  If no items can be ap- 
plied to a sh-expression then the sub-expression is not evalu- 
ated again but is simply returned, 

For exaanpbe if x+o = x and x+o = o+x are the only items and 
if they are listed to be used in that order then evaluating the 
theorem A+(B+o)SA will cause the s&-expression B+o to be re- 
placed by B resulting in A+B3A, All memory of the sub-expres- 
sion B+o is imanediately Lost upon its replacement by B and thus 
the interpreter does not attempt to apply the second item to 
B+a , 

This theorem prover has a great deal of logical and arith- 
metic knowledge, We first describe the items of logical 
knowledge, and then the items of arithmetic knowledge, 



2,l Logical mowledge 

Our theorem prover has knowledge about twelve logical symbols 
which are listed below with their English tuanslations: 

and 
or 
not 
true 
false 
implies 
iff 
there exists 
for all 
equal 
sequent arrow 
implicit and between sequents 

The sequent arrow is defined as follows: 

where c$i and $-j are sentences, Thus a sequent may be thought 
of as being a database of true statements $1, ..., $n called 
assertions which occur before the sequent arrow, and false 
statements $I, ... $n called goals which occur after the se- 
quent arrow, The implicit conjunction of different sequents 
may be thought of as being a group of different databases, 

The items of logical knowledge, which are all schemata be- 
cause they involve ellipses, are listed below: 

assertion schmata : 

+: (,,,, P , * , , + , , * ) * ~ ~ * e E I I I + e e * ~  
a +: ( e  e e e s -1- rf 

+: ( a  B e  #%Xt * e + e  * I - ( *  * e , * rn e+xp s e e l  
A ": ( .  . . ,x*y , .  * .". . . ) - ~ *  a s  nx,y, s e e + e  s e l  
v +da. ..Ixyy,.. .+. . . I + - + ( .  . . ,x#.  . .+. . .land(. . . ,y, ,. . + , . . I  
3 + ~ e e . , ~ ~ y r e . . + , . . j ~ ( e ~ ~ , ~ ~ e + ~ , a ~ s ) a n d ~ o . . r ~ B n r s + a e r )  
*+: x++yga a)++(s a -x,ygs a as)and(., . ,. . . + c r y , .  . . I  
v +: ( &  * e pvx$x# e -+* e e ) - ( a  D * ?VX$X#$*# e e e + =  = e l  

where * is a new Prawitz d 
3 +: * # , ~ x $ x #  * e e + e  e - I+->(  = 0 0 #@a, 0 e a + -  e - 1  

where a is a new skolem function, 

( a=k 
= +: (Da,,,, )...,ra+@a,e,e,$a)*ir[ttttIIIIIrt+Qt,eee8$tl 

&ere a !gas skolem funetion not occurring in t, 
This is our extentionality schema, for example: 

(A = BSC + e s A l  ++ I-+ C~B+C) 



Goal schemata: 

+ E: m + a  e a *Bt 0 e =)++ 
" D: (. .  .+.. . 8 ~ r e . . ) - ( a  a w - 3 - - 3 -  - 3 - - 3 - 1 1 1 1 1  
" 2.. ( o e ~ - ' e e e f l L X ~ e ~ e ) " J T ( ~ D O I X ~ ' a ~ B B a O )  

-+ e l ~ h y P  = o + e  -i- -i- #xII I Iland(e e + e  - 1  
+ v: ( .  . .+, . . ,xyyp a e . .+*. . ,X#y#'s 
+ 3  : C . .  .+, . . ,Yay, * .  .)*I. 0 s EX+, . . IyB B . ' 1  
-+ *:( a #x*y# a *I-+---+( ,x+- = pyf a 1 and ( a py+-e #xf a 1 
+ v: ( .  .+. . rVx$m,, , , I + - + ( e  #@aI I I - 1  

where a is a new skolem function, 
+ 3 : ( ,  s , a e , ,  ,3x$x, e * ) + + ( a  s e I $ k 1 3 x $ ~ *  I 1 1 1  

where * is a new Prawitz d 
Other lqical schemata: 

atom: (, , ,,x,,,,+,,,,x,,,.) ++ 

And : (,,,and B and,,,) * (,,,and,,,) 

[ (  ..., x ...+...#yiB... land ... and( ..., x .e+e~e.yn~eal10 
in n' ' where 8 is any one of the substitutions which makes 

tautologous the greatest number of sequents starting 
with the first sequent and progressing towards the nth 
sequent, For example, an instance of this schema is: 

E (P " + Pa,Pb) and (Q* + Qb) and (R* +- Ra) I +-+ 
CF& + ~ a l  

Note that the Prawitz d y variable * was instantiated 
to b, not to a, because the substitution (*:=b) unifies 
the first two sequents,whereas (*:=a) unifies only the 
first sequent, 

Finally we note that if all sewents can be made 
tautologous by some substitution then is returned, 

The schemata V + and =+j are applied only as last resorts, 
Furthemore, all other schemata are applied before the unify 
schema, 

The fact that only assertion equations are ever eliminated 
by = schema hplies a preference, for sequents containing 
only emations, not to have more than one goal equation, The 
reason fox- this preference is that there is no logical items 
which allows two goal ewations to interact to produce a ,  
Thus one of the goals would probably be irrelevant, 

2411 infamed reader will recall that these propositional 
rules are used in Wilng's algoritM in the LISP 1-5 manual El3, 
and that Wang C21 used the other rules restricted to the de- 
cidable case of where only skolem constants, but not skoiem 
functions, were necessary, The general idea of unification is 
due to Prawitz C31 who used rules similar to all the rules 
given here except for = + and unify, His unification rule 

86 



leads to a complete logic, ours does not, 

2 - 2  Arithmetic Knowledge 

Our theorem prover has knowledge about ten arithmetic symbols 
which are Listed below with their English translations: 

zero 
one 
successor 
funny predecessor (PO = 0) 
plus 
funny minus ((o ' X I  = 0 )  
times 
less than 
Less than or equal to 
divides 

The items of arithmetic knowledge, some of which are lemmas be- 
cause they do not involve ellipses, and some of which are 
schemata are listed below, It should be noted that certain 
items, as indicated, are applied only to goals, or only to as- 
sertions, Such items have been carefully chosen with these 
restrictions in mind, so as to minimize the introduction of 

Definitions : 

S x = L + x  
P x = x Z l  
x.(y +-+ %h yy+u = x if it is a goal 
x<y ++ 3u x+(u+l) = y if it is an assertion 
xQy +-+ %3u y+ (-a+l) = x if it is a goal 
xdy ++ 3ue x+u = y if it is an assertion 
2 = Sl 
3 = 52 
etc, 

Ptems for equality: 

A 9 :  x S y = o + - + x = o h y = ~  
Ale: o = x + y - x = o ,  y = o  
ALL: x@y = o ++ x = 0 v y = o 
W12: o - xey -c", x = 0 v y = 0 

Al3: x+y=I+-+ ( x = o , y = I )  v ( x = E  , y = o )  
Al4: I = x+y ++ fx = o , y = I) v (x - I , y = o) 
2415: xey = 1 ca- x = E , y==l 
816. b = x s  y <-+ x=l , y = l  
Wl7: o = l ++ n 
a18: 1 = o ++ 

819: o = o + - + a  
2x20: l = = l - ~  

- A 2 1 :  ... + X 4- ... - - .." + X + ... - ... + ..* - @ & 8  4- 



This East item is t h e  cancellation schema of addition, which 
can be stated as follows: 'The sentence containing two occur- 
rences of the sane tern each connected via any number of plus 
signs to an outernost equality sign is equivalent to the sen- 
tence obtained by cancelling those two occurrences of that 
tern"'. For example: 

Items for divides: 

~ 2 2 :  x l l  .c-3 x = l if it is a goal 
A23: olx ++ x = o if it is a goal 
A24: I j x  +-+ ~8 if it is a goal 
A25: x l o  ++.p it4 if it is a goal 
A26: xl.-.x-,, ++ S if it is a goal 
A27 : x 1 y 4-- Q u  x e u  = y if it is an assertion 

Lemmas for plus: 

hi281 x-to = x 
A 2 9 :  o-tx = x 
A 3 0 :  fx+y) i z  = x+ (y+zj 
A31: x+y = y+x ow certain occasions* 

Lemas for times r 

X " 0  = o 
oex = 0 
X"1 = X 
a-x = x 
x -  (y+z) = ( x - y f  +(xez) 
(x+yl .z = f x * z ) + f y * z )  
(xey? @ Z  = x e  (yez) 

x e y  = y 5 x  on certain accasians* 

Items for minus: 

for exaple: A + B 2 C + A  = B C 

L a a s  for case analysis 

8413. ; q Cx-yd-+=+-(??a; , x = = ~ + y ~ z  rgz) , (3u x+u=y, " 40) it it is a goal 
24.45: $Csg-yl++(.-lz x=z+yA+ziv(3u sg+u=y,+o] if it 1s an asser- 

tion 

"iqerely a2 hplementation hack to save comes in asplying 
associativity Semas A36 and A38, 



Factor iza t ion  schema: 

This l a s t  item i s  simply tbe  opera t ion  f o r  f ac to r ing  o u t  x ,  
A n  exmple  is:  

These l e m a s  a r e  used only when a l l  e l s e  f a i l s ,  

Proof by cont radic t ion:  

a47. x = y - " ~ 3 %  X~I-I-U = y ,%3w y+l+w = x 
i f  it i s  a goa l  and a l l  e l s e  f a i l s  

The proof by con t rad ic t ion  h e u r i s t i c  i s  e s s e n t i a l l y  a  method 
of allowing i n t e r a c t i o n  between two goal  equations,  I t  does 
t h i s  by transforming one of the  equations i n t o  a s s e r t i o n  equa- 
t i o n s ,  thus  allowing the  ex tens iona l i ty  schema = -+ t o  be used, 

Magnitude h e u r i s t i c :  

1148: x+y = u+y ++ ( 3 2  x+z = u ,v+z = y) v (3w u-tw = x , y+w==v) 
i f  it is  an a s s e r t i o n  and a l l  e l s e  f a i l s  

The j u s t i f i c a t i o n  t h a t  t h i s  l a s t  lemma i s  indeed a theorem 
can be seen by observing: 

We give  below a protocoE produced by our theorem prover,  

E x a p l e  H-432:  No even number equals  any odd number. 

+ nu 2.A = (2*B)+L 
2.a = (25~)+1 + 
A+A = ( Z e B ) + l  + 
A924 = (B+B)+L a 
A+A = 1 + ( B + B )  + : t h e  commutativity hack A31 

4- : magnitude h e u r i s t i c  A 4 8  



%+CJ =A ,. A+C2=B+B +- 

l+e =a,wae =B+B + 
2 2 

(1+C2) +C =B+B + 
2 

C +(l+C2j=B+B + 2 : again t h e  cannmutativity hack A 3 1  

ji : magnitude heuristic A48 



time = 432 millisec 

4, RESULTS 

In order to deternine whether our theorem prover was very cap- 
able of proving arithmetic theorems, we had it attempt to prove 
a test batch of 87 arithmetic theorems which was used by the 
SUMS project E4,51, The overall result was that 86 of the 
theorems were proven in a total time less than 14 seconds (us- 
ing a DEC LO computer with a KAlO central processing unit), 
The only theora of t̂he test batch that the theorem prover 
failed -to prove was BEVS: 200+200 = 400 which caused an over- 
flow on an internal stack of the LISP system, This was caused 
by the fact that the theorem prover represents numerals in unary 
notation, 

A selection of the ~eorems which were proven is given below: 

Theorm time (ms) 
LaEl.2: (Pa B) C  = (A C )  - B 303 
~ ~ 1 3 : :  (a +- B) 2 c = (A 2 e )  + (B 2 (C 2 A)) 151 
23.~9 :: C ~ B ~ A "  ( B L c )  = ( A + c )  7 5 
~ ~ 1 0 :  A ~ C , B ~ C ~ A " B =  (c"] " ( c " ~ )  7 6 
Wl4: A d B +-+ A  d SB , = ST: 284 
Hyi7 : % " (A + 13% = (1 A) * (1 G) 189 
hY15: 2 G A ,  2 6 B 3 A + B b A  * B 208 
~$28: A ~ B  , 3 A I B  e 9 4  
M 3 2 :  2  A = ( 2  * B) i- 1. 432 
WEV8: 2 6 A A A < 4 * A = 2 v A = 3  496 



Our i n t e r p r e t e r  f o r  mathematical symbols i s  implemented i n  342 
l i n e s  of LISP Ell source code, The items of  mathematical 
knowledge a r e  encoded a s  e i t h e r  formal sentences o f  our mathe- 
mat ica l  l anwage  o r  a s  LISP functions.  The l o g i c a l  items a r e  
implmented i n  531 l i n e s  of  LISP source code and the  a r i thmet ic  
items, with $he exception of a few d e f i n i t i o n s  encoded a s  formal 
sentences,  a r e  h p l a e n t e d  i n  336 l i n e s  of  LISP source code, 

I n  the  case  of items imglemented a s  formal sentences,  our 
mathematical i n t e r p r e t e r ,  using i t s  p a t t e r n  matching f a c i l i t i e s ,  
works more o r  l e s s  a s  described i n  sec t ion  2, But i n  t h e  case 
of an item encoded i n  a LISP funct ion  t h e  i n t e r p r e t e r  passes the  
expression it i s  evaluat ing t o  t h a t  LISP funct ion ,  and expects  
an equivalent ,  o r  e w a l ,  expression t o  be re turned,  

The run t h e  s t m c t u r e  of the  theorem prover i s  a s  fol lows:  

TO 
(1K i s  2 words of core memory), 

LISP i n t e r p r e t e r :  9K 
Mathematical I n t e r p r e t e r  
and Logical items: 6 K  
Arithmetic items: 2 K 
The 87 t e s t  theorems : 2K 
Free c e l l s :  T I K  

30K 

Most of the  LISP funct ions  a r e  compiled, 

6 ,  CONCLUSION 

We have experimented with our theorem prover and have found it 
t o  be capable of proving a f a i r l y  wide range of  theorems i n  
elementary a r i m e t i e ,  This provides reasonable evidence t h a t  
t h e  techniques used by our theoum prover,  such a s  t h e  many 
t r u t h  value preserving transformations,  a r e  q u i t e  use fu l  f o r  
this domain, A more d e t a i l e d  discussiafi of  t h i s  theorem 
prover i s  given i n  661 , 
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l 
MECHO ; YEliX ONE 

This is a progress report on the MEGHO project originally 
announced in D,A,I, Working Paper No, 8, Bundy, Luger and Stone, 
1975, The project is to write a computer program which can 
solve mechanics problems stated in English, This is motivated 
by a desire to understand how it is possible to form a mathe- 
matical model of a real world situation. A problem, typical 
of those solved by our program, is given and the natural lan- 
guage analysis, eqcration extraction and the solution of the 
problem discussed, 

0 MOTIVATION 

This work is motivated by a desire to understand how it is 
possible to change the representation of a problem in order to 
make its solution easier, In particular how it is possible 
to go from the natural language statement of a problem to a 
mathematical model from which the problem can be solved, 
Mechanics seems a suitable area to study this because it pro- 
vides a rich source of problems which are stated in English 
using a limited domain of discourse and which are hard enough 
to be interesting without being intractable, 

Secondary motives for studying mechanics problems are "chat 
they (a) provide an opportunity to study how semantic knowledge 
(of physics) can be used to guide the search for the solution 
to a problem in pure mathematics (equation solving) and (b) 
there may also be educational spinoff from our formalization 
of the intuitive physical knowledge required in problem solving, 
This knowledge is not normally stated in text books, but is 
essential for solving the problem, and is often overlooked by 
the unsuccessful problem solver, 

Our initial approach to solving mechanics problems has been to 

% As all 'che best projects seem to need a silly name 
( W C m R ,  D E m M L ,  PmRP ... j we have called ours PEGHO, short 
for mCHanics Oracle, - - 



divide the task into parts and to tackle each of the problems 
relatively independently, The reasons for this approach are 
explained in Bundy, Luger and Stone (19751, Accordingly we 
have written programs to 

(a) Translate the syntactic parse of a problem statement into 
a surface-level meaning representation, 

(b) Extract equations from a deep level meaning representat- 
ion, 

ic) Solve the resulting simultaneous equations, 

This preliminary work has enabled us to build up our de- 
scriptive theory, That is, we are developing an ontology for 
each of the meaning representations and are getting a better 
idea of the kind of inferences required to go from one repre- 
sentation to another, We also have a better understanding of 
how the inferencing should be controlled (i,e,, about the 
search strategy) , 

The second section is divided into three parts, These 
describe the natural language analysis (A), equation extract- 
ion using the "Marples Algorithm" (B) and the solving of the 
equations ( C ) ,  The third section discusses the merits of 
PROLOG in this project, 

2 A IWGHANICS PROBLEM ANE ITS SOLUTION 

The following mechanics problem is used throughout this paper 
to illustrate the action of our programst- 

The distance between two stations is 2000 yards, An 
electric train starts from rest at one station with a 

2 
uniform acceleration of Al ft/sec ; it comes to rest 
a$ the other station with a uniform retardation of A2 

Z 
ft/sec . The speed for the intermediate portion of 
the journey is constant, Find the constant velocity if 
the journey is to be completed in three minutes, 

A, Natural Language Analysis 

The existing natural language program is written in POP-2 and 
consists mainly of a hierarchical (Bundy 8 Stone, 1975) data- 
base and a set of functions that make use of the database, 
The database is very important as it contains khe infomation 
used to guide the parse, At the moment the prograrn only 
partially perfoms the task outlined below, 

We depend on semantics to dis-mbiguate any parsing problems, 
and we presently concentrate on developing mechanisms to deal 
with semantics rather than syntax, The program as it stands 
accepts as input an embedded list structure that is similar to 
the output from a simple syntactic parser, 



Syntactic Parse Program Input 

(DISTANCE 

(YDS 2000) 

The basic seateglr is seaightforward, Each clause is ex- 
mined seventially, The key word in each phrase (noun for 
noun phrase, verb for verb phrase) is looked at first, These 
words, generally representing entities or relationships, will 
each have at least one major entry in the database, This 
entry contains infomation such as which entities can be ob- 
jects of relationships and which have certain attributes or 
entities associated with them, For example, acceleration is 
a quantity, and quantities are known to have a measure, a unit, 
and a direction, In the case of an entity, the words on the 
same phrase level are checked against the database to see how 
they can be used to expand the definition of the entity. For 
example, in the clause 

f (TRFIIN ELECTRIC) (STBRTS (REST) (STATION O W )  ) 
(ACCELERATION UNIFOm FT/SEC Al)), 

ACCELEMTIOM as a quantity is first recognized as an atwibute 
of a particle. UNIFOm is2defined as 'TONSTAPaT"",n attribute 
of a quantity; and FT/SEC A1 is recognized as a particular 
instance of a vantity, Fahen it was recognized that a part- 
icle (the TRAIN) had been put into motion, it was noted 'chat 
there should be a corresponding acceleration, If one assumes 
that Al is the appropriate accelerationfluthe following assert- 
ions can be made: 

JPERIODl refers to a period of t h e  at the start of which the 
motion of the train begins) 

FOP a relationship, any previously mentioned entities are 
exmined to see if they qualify as argvments, As the rest of 
the clause is parsed, new entities are also tested for suita- 
bility as argments, 



In the third clause: ((IT) (COMES-TO-REST (STATION OTHER) 
2 

(RETARDATION TJPdIFORY (FT/SEC A2f 1 ) , 

"IT" is recqnized as a pronoun referring to a solid object. 
""Corn-TO-mST" is a verb that indicates the completion of a 
period of motion of a solid object, This would allow the £01- 
lowing assertion: 

MOTION (IT,PERIOD2) , 

But before making this assertion, the data structure is search- 
ed for a referent for "IT'" The "TRAIN" is the only solid 
object presently described as being in motion, " "I'band 
"%RAINt'  can be equated, and. the following assertion made: 

510T16N (TRAIN, PERIOD2) 

After the first pass a focal point for the problem is estab- 
lished, in this case the journey of the train. Any isolated 
pieces of the data structure are examined in a second pass to 
see if they can be Linked to this overall structure- "' ,r;e 
first clause implied these assertions: 

PATH (D@,STATIONl,STATION2) 
mASURE (D@, 2@@) 
UNIT (B@ ,YDS) 

These assertions were not directly related to anything. On 
the second pass STRTIONI and STATION2 are seen as endpoints of 
PATH@, the pa+& taken by the train, and 

EQUAL (PATH@, I?@) can be asserted, 

The structure is carefully checked for contradic~ions, and 
eventually will be passed on to the equatioa extractor in the 
fam of PROLOG clauses: 

J O W E Y  (wIN,EPISODE,PATH@) 
SEGmNT (EPISODE,PERIOD~,PERIOD~~PERIOD~~NIL) 
INITIAL (PEXIODl , DEPARTLX 1 
INITIAL (PERIOD3, C W w  
INITIAL (PERIOD2, CHmGE2 ) 
FIzvaL (PERIOD% _XWIVAL) 

etc , 

B, The Marples Algorithm 

A l l  programs for solving applied mathematics problems employ 
some device far extracting equations from a semantic database, 
Oftec tkis is very sinaple as in CharniaX s sroqrm~ which ex- 
tracted all possible equations It is 2ossible to do better 
than C?is by avoiding irrelevant equations, The best explan- 
ation we have seen of how to do this is Marples' description 
(Marples 19741 of the behaviour of engineering students, Our 
algorithm is based oz his description, 

9 7 



Our algoritfun d i s t ingu i skes  between symbolic q u a n t i f i e r s  f o r  
which so lu t ions  a r e  required (sought unknowns such a s  t h e  '"on- 
s t a n t  ve loc i ty"  i n  the  example above) and those which can leg-  
i t i m a t e l y  appear i n  such so lu t ions  (givens such a s  accelera-  
t i o n s  Al and A 2 1 ,  The f i r s t  sought unknown i s  removed from the  
l i s t  of sought unknowns and an equation i s  formed which con- 
t a i n s  it, I n  genera l  t h i s  can be done i n  severa l  ways, We 
p r e f e r  equations which involve only sought unknowns o r  givens 
and do no t  i n t r d u c e  any f u r t h e r  intermediate unknowns, Un- 
fo r tuna te ly  we may be forced t o  introduce some intermediate un- 
knowns i n  which case these  a r e  added t o  the  end o f  the  l i s t  of  
sought unknowns, The socght unkncwn f o r  which we have j u s t  
solved i s  added t o  the  l i s t  of  givens and a record of the  
equation we have j u s t  Zomed is  remem5ere6, The process i s  
repeated recursrvely  u n t i l  t he re  a r e  no f u r t h e r  sought unknowns 
t o  be solved f a r ,  The equations a r e  then subjected t o  an "in- 
dependence" check, t o  make su re  the  same equation does no t  ap- 
pear twice and t h a t  only two (of a poss ib le  f i v e )  cons tant  ac- 
c e l e r a t i o n  equations a r e  used, 

Equations a r e  a c t u a l l y  formed by t h e  PROLOG procedure 
'I%Gi(EEQNu* each c lause  of which corresponds t o  a c e r t a i n  phys- 
i c a l  formula, For example, consider  the  c l ause  f o r  cons tant  
acce le ra t ion ,  v = u f a , t  (present  v e l o c i t y  equals  t h e  i n i t i a l  ve l -  
o c i t y  p lus  the  acce le ra t ion  anultiplied by the  t i m e ) ,  

+ ~ ~ E Q N  (*V = *U + :kA, "T, (CONSTACCEL,~) . ("2 ' "OBJ) ,"US) 
- ACCEL (*OBJ, *A, *PI - ~ W I I ' S E D  (CONSTACCEL, 1, 
*Po "OBJ,  "US) 

- I S V E W A i t  ("A) - DIFF ("A, "ZERO) 
- PERIOD (*PI - D W T J O N  (*P, *T) 
- INITVEL ("OBJ, *U, *PI - FINVEL ("OBJ, *V, "PI . 

'P%AKEEQNr' i s  the  name of tke  procedure, "V = *U . , *US 
is t3e  c a l l i n g  p a t t e r n  The r e s t  of the  c lause  i s  tile body, 
t7:4ere - ACCEL ("OBJ, *A, $ 9 1  e t c ,  a r e  sub-routine c a l l s .  
'CONSTAG@EL,1" is  the  name we give  t o  thhe r e s u l t i n g  equation,  
*US, t he  l i s t  of equations already produced, is  t h e  only input  
t o  the  procedure, These a r e  both used by the  independence 
checking procedure "WUSED"", 

The c lause  can be read a s  fo l lows,  
"We can aake an equazioc V = U+A T provided: A i s  rke ac- 

ce1erati.cn of some objec% 6B3, dur;ng some period of mme, P; 
CONSTACCEE,E i n  s i t u a t i o n  P,OBJ i s  independent of a l l  eguat- 
rons used so  f a r ;  vec tor  A 1s constant ;  A i s  d i f f e r e n t  from 
ZERO; P i s  a period;  T i s  t h e  dura t ion  c f  P; U is  t h e  i n i t -  
i a l  v e l o c i t y  cf Q B J  i n  2er iod  P a ~ d  V i s  the  f i n a l  v e l o c i t y + "  

These f a c t s  are usual ly  checked i n  the semantic database,  
akthough t k e  l a s t  two might involve sane t r i v i a l  i ~ f e r e n c e s ,  
The equations ext rac ted  from t h e  exazqle considered above a r e :  



EQUATIONS - EXTRACTED 
v = ZERO + agl,  TII 
Tl@ = T I 1  + (TI2 + (TI3 + @ ) )  & 

V . TI2 = D2 & 

ZERO = V + AQ3, T I 3  & 

= D l  -+ (D2 + (D3 + (8) 1 
D l  = ZERO . T I l  + 1 / 2 . A Q l .  T I 1  : 2 S! 

D3 = V  . TI3 4- I / 2 ,2443. TI3 : 2 & 

TRUE 
( ' : '  i s  exponentiat ion) 

The u n i t s  (of ve loc i ty ,  t ime, e t c , )  a r e  then standardized and 
the  equations a r e  s impl i f i ed .  The following PROLOG c lause ,  
including the  l i s t  of sought unknoms, i s  s e n t  t o  t h e  equation 
solver  : 

The s t r i n g  a t  the  end of t h e  seven equations i s  t h e  l i s t  of 
"sought unknowns" , 

C, The Equation Solver 

This program i s  capable of  synbo l i ca l ly  solving s e t s  of s i m -  
u l e n e o u s  a lgebra ic  equations f o r  a given l is t  of  unknowns, 
The f i r s t  s t e p  i s  t o  s e l e c t  one of the  equations and one of 
the  unknowns and t o  so lve  the  equation f o r  the  unknom, The 
so lu t ion  is  then s u b s t i t u t e d  i n  t h e  remai-ning equations and 
the  process repeated u n t i l  t h e  l a s t  equation i s  solved f o r  the  
l a s t  unknown, A t  t he  moment t h e  equation t o  be salved and the  
unknom t o  be solved f o r  a r e  s e l e c t e d  by stepping sequen t i a l ly  
through t h e  l i s ts  of each u n t i l  a p a i r  i s  found f o r  which the  
unknown i s  solvable by t h e  program, The order  i n  which t h e  
e m a t i o n s  were ex t rac ted  (previous s e c t i o n ) ,  de te rn ines  the  
order  wi th in  "the l is ts ,  Later  it i s  hoped t o  make t h i s  pro- 
cess  more i n t e l l i g e n t  by having the  program fo rnu la te  an over- 
a l l  p lan  o r  optimm order  f o r  the  s o l u t i o n  of these  eqtlations, 

The bulk of  t h e  p r o g r m  i s  concerned with solving one 
equation f o r  one unknown, The s t r a t e g y  c o n s i s t s  of  success- 
i v e l y  applying members of  a s e t  of r ewr i t e  r u l e s  t o  t h e  equat- 
ion ,  A t  p resen t  khere a r e  61 such r u l e s  i n  t h e  program, bu t  



s ince  the  program i s  wr i t t en  i n  PROLOG, an approximation t o  
predica te  log ic ,  add i t iona l  r ewr i t e  r u l e s  may be added a t  any 
time, The r u l e s  a r e  no t  applied a t  random and t h e  computation 
i s  guided by indexing them i n t o  s e t s  l a b e l l e d  a s  use fu l  f o r  a 
p a r t i c u l a r  s t r a t e g y ,  For example, a  s t r a t e g y  known a s  i s o l a -  
t i o n  i s  appl ied  t o  an equation a s  soon a s  the re  i s  j u s t  one 
occurrence of the  unknown i n  t h a t  equation,  The idea  behind 
t h i s  s t r a t e g y  i s  t o  change the  equation t o  one of the  form X=T 
where X i s  the  unknown and T i s  a  t e r n  no t  containing t h e  un- 
known, Only the  r ewr i t e  r u l e s  marked "useful  t o  i s o l a t i o n q p  
a r e  invoked by i s o l a t i o n ,  A t y p i c a l  r ewr i t e  r u l e  use fu l  f o r  
i s o l a t i o n  is  "Replace log(U)=V by U=e:VW, 

Other s t r a t e g i e s  used by a super-strategy c a l l e d  the  bas ic  
method a r e  known a s  c o l l e c t i o n  and a t t r a c t i o n ,  Col lec t ion  has 
the  job of c o l l e c t i n g  together  occurrences o f  the  unknown and 
thus  reducing the  number of occurrences of  t h e  unknown i n  the  
equation,  Thus a  t y p i c a l  r ewr i t e  r u l e  l abe l l ed  a s  use fu l  f o r  
c o l l e c t i o n  i s  "'replace 2 , s i n  U.cosU by s i n  2UW, 

AtWaction br ings  occurrences of  the  unknown ' k l o s e r  to-  
ge the r" ,  thus preparing the  way f o r  c o l l e c t i o n ,  Typical ly,  t o  
a t t r a c t  U and V i n  the  expression U,W+V,W we use the  r ewr i t e  
r u l e  " replace  U,W+V,W by (U+V) , W" , 

The bas ic  m e ~ o d  implemented i n  the  program t r i e s  t o  apply 
the  s t r a t e g i e s  of  i s o l a t i o n ,  c o l l e c t i o n  and a t t r a c t i o n ,  re-  
cu r s ive ly ,  I n  addi t ion  t o  the  bas ic  method, the  program has 
the  c a p a b i l i t y  t o  recognize c e r t a i n  s p e c i a l  c l a s s e s  of equations 
such a s  l i n e a r  o r  quadra t ic ,  and can a l s o  make a  change o f  un- 
known, Thus when solving the  equation a ( s i n  x ) : 2  + bsinx +c 
= 0 f o r  x  the  p r o g r m  f i r s t  s u b s t i t u t e s  y  f o r  s inx  and then 
recognizes t h a t  the  r e s u l t i n g  equation a0y:2+by+c = O i s  a  
quadra t ic  i n  y ,  

Technical f e a t u r e s  of  the  p r o g r m  include  a  p a t t e r n  matcher 
which knows about ~e  c o m u t a t i v i t y  of add i t ion  and mul t ip l i c -  
at ion,and a  package f o r  regarding t e r n s  dominated by add i t ion  
o r  mul t ip l i ca t ion  funct ion  symbols a s  "bags" 

4 EWERIENCE WITH PROLOG 

I n  most of our mechanics work -to d a t e  we have used t h e  experi-  
mental progr ing  language PROLOG, f i r s t  developed a t  
Marsei l le  (Roussel, 19751, and cur ren t ly  being improved a t  
Edinburgh (Warren; 1975, 19761, We have w r i t t e n  two p r o g r m s  
i n  PROLOG and a r e  i n  a  p o s i t i o n  to draw some conclusions based 
on our  experiences,  

bJe were very pleased with both t h e  expressive power and 
speed of  PROmG,  I t  o f fe red  a l l  the  normal f a c i l i t i e s  of  
func t iona l  l a n p a g e  l i k e  LISP o r  POP-2, with no s ign i f i cank  
l o s s  of speed, The provis ion  of p a t t e r n  d i r e c t e d  invocation 
and non-deteminism r e s u l t e d  i n  smaller ,  more t r ansparen t  sub- 



rout ines  i n  our progr ing and a consequent reduction i n  pro- 
ing e f f o r t ,  Th earch mechanism was f a s t e r  than any- 

thing we could have wr i t t en  i n  a  s h o r t  t ime, We found PROLOG 
very easy t o  l e a r n ,  

The b igges t  drawback was t h e  space requirements, A t  t he  
present  time PROLOG i s  ava i l ab le  a t  the  Universi ty of Edinburgh 
i n  two s i z e s ,  5OK and 75K, The 7 5 K  PROLOG can only be used i n  
unsocial  hours, E a r l i e r  vers ions  of our programs exhausted 
the  5OK PROLOG, The l a t e s t  vers ions  now exhaust 7 5 K ,  Because 
the  PROLOG d e f a u l t  i s  t o  be prepared t o  backtrack t o  every 
choice po in t  unless  s p e c i f i c a l l y  t o l d  n o t  t o ,  it uses a  l o t  of  
space a t  run time recording these  choice p o i n t s .  These choice 
po in t s  a r e  kepteven i f  PROLOG has been t o l d  no t  t o  backtrack t o  
them, Warren p lans  t o  c o r r e c t  t h i s  f a u l t  (Warren, 19761, 

The second major drawback is  t h a t  the  debugging a i d s  a r e  
p r imi t ive ,  e spec ia l ly  i n  the  e a r l y  vers ion  of PROLOG ( S V I )  
which we a r e  rising* Warren has now issued an improved ver-  
s ion  (SW) which, together  with some f u r t h e r  planned improve- 
ments (Warren, 1976) seems t o  meet most of our c r i t i c i s m s ,  I n  
genera l ,  we f e e l  t h a t  PROLOG is  an exc i t ing  new language, f u l l y  
j u s t i f y i n g  f u r t h e r  development t o  make it a v i a b l e  a l t e r n a t i v e  
t o  o t h e r  A,I, languages, 

Y AND CONCLUSIONS 

The achievements of  the  PIECHO p r o j e c t  so f a r  include th ree  
separa te  prograsns t h a t  r e spec t ive ly :  

l j  p a r t i a l l y  implement the  t a sk  ou t l ined  i n  the  n a t u r a l  
l a n p a g e  sec t ion ,  

2 )  implement the  Marples algorithm f o r  the  extpact ion  and 
independence checking of equations and the  conversion of 
these  i n t o  a uniform s e t  a f  u n i t s ,  and 

3)  implement the  "bas ic  method" (Bundy, 1975) f o r  success- 
f u l l y  solving sequences of simultaneous equations,  

The most important t a s k s  f o r  t h e  f u t u r e  a r e  concerned with 
providing i n t e l l i g e n t  l i n k s  between these  programs, The f i r s t  
des i rab le  l i n k  would be between a s y n t a c t i c  pa r se r  and the  
e x i s t i n g  n a t u r a l  l a n p a g e  programs, For ins tance ,  contextual  
i n f o m a t i a n  could be used i n t e l l i g e n t l y  t o  determine which of 
seve ra l  e n t r i e s  f o r  one word would be the  most a~spropr ia t e  i n  
the  pa r se ,  The f i n a l  goal  would be t o  have one p r o g r m  -that 
perfomed the  ' k syn tac t i c ' hnd  'kernantic" pars ing  simultaneously, 
exchanging infurnat ion  kecween the  t w o ,  

The gap between the  d a t a  s t r u c t u r e  obta inable  from the  
n a t u r a l  language inpu t  and the deep l e v e l  database necessary 
f o r  ex t rac t ing  equations w i l l  eventual ly  be bridged by in -  
ferences  invoked a t  t h i s  equation e x t r a c t i n g  s t age ,  This w i l l  



i nev i t ab ly  slow down the  Marples algori thm, This s i t u a t i o n  
could be improved by employing h e u r i s t i c s  designed t o  reduce 
the  time spent  forming i r r e l e v a n t  equations,  One poss ib le  
h e u r i s t i c  might be t o  d iv ide  problems i n t o  types corresponding 
t o  the  chapter  headings i n  appl ied  mathematics textbooks. 
Associated with each problem type would be an ordered l i s t  of 
equation names, I f  the  problem type could be i d e n t i f i e d  by 
contextual  cues the  associa ted  eguations would be fonned f i r s t ,  

Another l i n e  of improvement would be t o  search f o r  optimal- 
i t y  a s  well  a s  relevancy and irredundancy i n  the  equations ex- 
t r a c t e d ,  For ins tance ,  we could p r e f e r  equations which i n t r o -  
duced the  smal les t  number of intermediate unknowns, 

F i n a l l y ,  the re  a r e  f u r t h e r  ques t ions  concerning the  a b i l i t y  
of PROLOG i n  t h e  MECKO P r o j e c t  t h a t  can only be answered i n  
l i g h t  of the  f u r t h e r  development of the  s torage  and debugging 
fea tu res  of the  language (Warren, 19761, 
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PBOCESSmG NmSPUm, STORIES: SOME THOUGWS ON FIGHTING 
AXD STYLISTICS 

This paper explores t w o  aspects of s tc ry  understanding: ( a )  
the represent ation of h m m  motivations and intentions; (b ) 
different s t y l i s t i c  mechanisms f o r  inter-rebating pairs  of 
sentences. The Tamer aspect i s  exwned,  by attempting t o  
represent some o f  the concepts necessary t o  understand a 
'Bf ightingft episode i n  a short newspaper s tory about a c i t .6l  
war, The ba t t e r  aspect i s  used t o  emphasize tha t  some o f  the 
inferences necessary t o  understand a par t icular  story- may be 
guided by ~ ~ s t r u c t u r d f Q p r o p e r t i e s  of the s tory which rule  out 
c e s t a k  eqecta.t icns.  Finalliy, a possible synthesis of these 
two  aspects i s  suggested. 

Recent work an s tory comprehension has emphasized the 
fmportmce of representations of human motivations md 
intentions (e  ,$, Abelson, 1975; Gharniak, 1975; Meger, 975; 
Schaslk, 1975; Schmidt, 1 9 7 5 ) ~  There have also been at-tempts t o  
take advmtage of character is t ic  s t ructural  properties cf 
s tor ies  ( e e g ,  folk t a l e s )  t o  help g d d e  comprehension 
( ~ u m e a a r t ,  1 975) . Newspaper stor2e s pose m interest ing 
cbl lenge ,  because they d e d  with complex pabi t ica l  motivatims 
a d  intentions,  m d  they are s t r u c t u r d y  qui te  different  from 
the fable-like s tor ies  %sld paragraphs tn~hich have bee= popular 
in A1 research. This paper bvestigates a few of the concepts 
which may be necessary t o  c o ~ r e h e n d  s tor ies  5nvalving episodes 
such as 'Vfightbg" a d  then mgues tha"c,e need a deeper mder- 
staslxng nct only of the behaviour of the in a 
story,  but also of the behaviour cf the wri ter  of a story,  
Ariter-behaviou1- i s  discussed: i n  terns 07??ZYZces foj- maintain- 
ing intersentent ial  cohesion* The mdyses  presented below 
'me '"pa.ssiveat or  "post hocn, h that  they 20 not prescribe 
precise story-processing mechanism, but rather  h in t  a t  the 
direction such mecbpam_fsms might -take , 

" r e  Problem 

Given a newspaper story, a colnprehensio~ system ,rhrjdd. a t  l e a s t  
be able t o  canstruct in te rna l  representation wMch re f l ec t s  
the causal ( o r  other associative) l inks  %etween the events, 
particpants, a n d  set t ing mentioned the s tory,  



Such Links often req-&re complicated iriferences, and t h e i r  
f orm,"ion my represent the very ac t  of "comprehensionf"cf ., 

Eeger ,  1975). To i l l u s t r a t e  th is ,  l e t  f s  look a t  an actual 
newspaper storE " 

n L30 + &J KILLm 3 CTJIL $rm 
A t  l e a s t  250 people are reported k i l l ed  i n  fo-m days 

of f ight ing 'between r i v d  gangs in Angola. 
And more than 700 have been injured i n  the capi ta l  Luanda. 
T?ia%ting - b- fxared be.;;TAreen three natf 0ndis-t groups i n  the 

u r i c %  coz~t::5~:; trz;-;sii;i pAd go~~er;ment, 
iXagcla i s  2ue becone independent of Po~%ug& in 

No v-emb e r , 

(Znference A): The  kill" and "injure" episodes both occur 
~ ~ e - t h i n  the scope of the smie f ' f ightff  episode 

(3zerence ~k The three grovigs referred t o  i,~ the stcry- 
each desire 2 chmge in the control of the 
govermnt  from Portugal t c  themselves; these 
desires are mutudly exclusive, and are the 
cause of Eqe f ightiag 
,-- 

myn rAte c e n t r d  q u e s t i ~ n  ~ e f r e  asfig i s :  whaht le  the relafiion- 

ships mong dl the events (and par t ic ipants)  mentioned i n  the 
story? A program which cauld infer  (A) and (B) above would go 
a long way towards clarifying such relations-hips, and thus 
towards comprehending the s tory ,  Ifhat does a story-comprehender 
oeed t o  h o w  i n  order to  i n f e r  these relationships? KnowZedge 
&cut UfightLqgii, f ?na+r io l~s~ i smf l ,  X Q ~  ! ? C P v i l  Icay~ti W o d d  
c;er*,ai~Ly be 5sef.d. Lr, adJi6,ion t o  $bLs, kqoFi1edge a3out the 
str.izcture of neFTspzper s to r i e s  coydd peri2aps help t o  piece 
together the r e l a t i ; n s ~ p s  s tated i n  Inferences A arzd B e  

ii ,. mh+ iAAs stsy3r gv~eared iz The $-LC.. ?rd M q r ,  1975. EL iiie f f p o ~ & z i f  
& .-n--$-. 

OF igtabloidji papers ~ d ~ i l e  often gu3.2-t.j~ of atrocious ~rri.;;ing, 
tend t o  presrxppose l e s s  howledge on the par t  of the reader 
t h m  do the "serious$f papers, and thus contain s to r i e s  P R T ~ ~ G ~  
are nore eas i ly  h~qcz.e<. by a corrouter ,.-,odel %rit4?, 2 

I n p n e q o a - n z  9-2 W P <  7-a y- 
* 

\ LAuu-.vi- iA$j  $,+ ,ulitic& ba@kgrs:xid., Nc.te ",a5 t 3 2 ~  ~ t ~ l > -  
xppeared before nhgoiatf b e c m ~  a household word? The tjrpe 
of processing which takes place i n  a p o l i t i c d l y  n e v e  model 
would be more l i k e  tha t  of a persoi? who had never beard o f  
;izLgola it - - n - 9  t.ii;uld be 7 i k e  +'+P:- a~ - d-J.Qt, of the read-e-ps of tkLs 



This l a t t e r  type of h m ~ l e d g e  ("discourse knowledge") might 
not be as importa7; as the former type (tfdo howledgesf ) , 
but the ti50 together should place powerful constrainC~ on the 
scope of M e r e n c e s  t.ahich must be attempted in order t o  
es tabl ish associative l inks  mong elements of a s tory,  k t ' s  
f i r s t  take a look a t  hcw "domain k~owLedgeu would help t o  
es tabl ish such l inks,  md then go on t o  show hcw ptdiscourse 
howledgeTf would be of fur ther  assistance. 

Bow c m  we draw a l ink  between the f~kiU9f "injure" events 
i n  the f i r s t  two sentences of the Angola story (i .e.  make 
bference  A ) ?  It c e r t a i d y  seems reasona5le tha t  h o d e d g e  of 
the concept of  tffighiingf! shotdd lead, d i r ec t ly  o r  indirect ly ,  
t o  knowledge of the poss ib i l i t y  of "kil l ing" o r  "injmingff 
MTng place Such howledge might take the form of a schema 
which contained a '$stepwise kdexed. dgoritl?mff (Rieger, 1975) 
indicating various d t e r n a t i v e  courses a par t icu lar  instance 
of f ight ing might f d l o w .  We can zhkk o f  such a schema as a 
se t  of rewrite r~sles ,  the skeletori of which would be somethtng 
l i k e  th is :  

As Heger  emphasizes, our knowledge of which course 
of events t o  expect i s  idluenceci by m y  fac tors  which must 
be made expl ic i t .  For ample,  if the part ic ipants  i n  the 
FIGEIT are friends,  we would expect TELL or maybe BIT; i f  
SHOOT did occur, however, we wc?:Jd s t i l l  recognize it as a - 
f f L e g i t b ~ t e B h c t i i ) n  (and we would ant icipate  cer tain 
r&fieat ions of a XHC)OT episode hvolv igg  fr iends)  Such a 
representatiox~ of FIGFIT would, of comse, make i t e a s y  t o  
recognize ttfnJu-rew and @ k i l l @  as occurring witl?lfn the scope of 
a f i g h t  episode. UMortun~tely,  t h i s  representation m s  the 
risk of trippgng up whenever i t  encomters a sequence o f  events 
xh<ch was net mticfpated by the schema. It i s  not c l ea r  that  
a p 8 @  of humm behaviourd, sequences e m  be successfully 
mpped o ~ t ~  even though some highly standardized o r  r i t u d i z e d  

A ,  I,S ,Be paper, '&id99 ti3w Imow qxite a b i t  abeut Angoha, The 
de~ielopmnt of a s tory f ro~n day t o  day i s  an m o r t a n t  aspect 
of the cl?m-rs!iei,si?r: of newspaper s tor ies ,  Su-L w i l l  no k ne 
&3dt w i t h  here. 



sequences do occur. Clearly- we need a way t o  capture such - 
r e g d w i t i e s ,  while 8% the  same time allowing unexpected 
variations t o  occur. 

A useful way t o  do t h i s  I s  t o  i-epreserit. the ~3t iv&Gons a d  
intentions which underlie various actions, so tha t  expectations 
regarfing part icular  sequences of a c t i m s  can be derived from 
the m x e r l y k g  representation. This %pproach has been 
emphasized by Abelson (1973; 1975)~ and also doninsted Eeger  $ s  
e a r l i e r  work (197b). _Uthough i " c y  lead- t o  cunibersome 
uung~dedv b f  arenees, sv-ch an approach i n  principle can handle 
(i. e .  trmderstasldf" a g ~ e a t e r  var iety o f  action sequences, 
because it i s  l e s s  comxitted to  a par t icu lar  set  of expected 
actions.  Abebson's "conflict  theme", f o r  instance, i s  highly 
reLevant t o  the kind of processhg required to  understand the 
f ight ing i n  our Angola s tory.  His theme emphasizes the g o d  of 
each participant as tha t  cf (roughLv) thwarting the ether 's  
goal, & shows tha t  t h i s  i s  done by each participant re&mving 
some s t a t e  wMcli wa~1d have enabled the ~ppcnent t o  achieve 
his iher  goal, - 

Figure 1 shows a representation of "fighting" w-Uch attempts 
t o  elaborate on the  confl ic t  theme described above, =d to  make 
expl ic i t  the possible causes of the f ight ing ,  

The s ty le  of representation i s  tha t  used by M o m  e-t d . 
( I 975), i e . !'active sevnavltic net-tbsorksff, In these netwarks, 
ovals represeh~t predicates, and the arrows point t o  the 
argwnents. The arrows are label led both f o r  user/reader 
convesllfence f a r  data-base m d p u l a t i 3 n  purposes ( r e l a t i  ms 
m a y  be traversed in e i the r  direct ion)  , These ffpredicatesf9 
are not o d y  data structures,  but may also contain executable 
code ( t m i c d l y ,  the def ini t ion of a predicate i s  given i n  
terns of "decor~os i t ion  rulest$ t i~Ech e i ther  asser t  o r  ver i fy  
the existence of more primitive conceptual structures i n  the  
data base).  h the d i a g r a s ,  the argment-label (i .e.  arrow- 
l abe l )  "Au stands f o r  v8@tant", meant t o  encompass the  notions 
of 'tagentBp =d "experiencer" . The l abe l  fBOB stands f o r  ?rob jectfl 
md the l abe l  !IS" stands f o r  ~ f s ~ - b Q e c t f ~ ~  - The p a r t i c d a r  
selection of pr in i l ives  was motivated. by the  se t  used by 

h l ~ a r t  (17 75) , 
The dotted l ines  i n  Figure 1 divide it in to  q ~ a d r m t s  f o r  the 

purpose of s w l i m n g  the eqL1mation. The en t i r e  f igure 
depicts a ?'state o f  %PfaLrs@, which we can t P L d  of as a snap- 
shot of a " typical  Li-staitf?in the course of a f i g h t .  The 
lower l e f t  hand q~adran t  represents the f ac t  t ha t  X is Doing 
something (we donf t  yet k ~ o w  what) which CAUSES a CwGE from 
some s t a t e  (which is DESIFm by Y) t o  some unspecified. s t a t e .  
The bower r ight  quadrxrxt depicts the f a c t  tha t  P i s  D03.n.g 
precisely the same thing t o  X, Thus, each i s  CAUSing the Loss 
of a s t a t e  DESIREd by the  other, The par t icu lar  s-tales 
i;aval.ved might be, in Koelsonim terms, s t a t e s  which enable 



F2gure I : Representaticn of a !'typical instantfr i n  the  
course of sfightingfr. The dotted l ines  d i d d e  
the f igure into quadrants f o r  the  purposes of  
simplifying the ewlanadian given i n  the t ex t .  



the a&- perfom&a,~ce of other actions, For such s ta tes ,  we 
in fe r  tha t  they are DESIREd by the person f o r  whom they are 
necessary, 

-7  me zpper l e f t  aua6rm.t r e v e d s  t h a t  X r s  SGmO~T about the 
CFAYGE i s  CkJJSEd ?$T the conjil_qction (!!&\Q*) of two  t ~ n c q -  &a B 

the CKWlVGE i t s e l f ,  md X b  DESIRE f o r  the h i t i a l  (now l o s t )  
s tz te .  Xfs SOPBOW DTITXTEs AJJGEI? (a t  Y, shorn i n  
parentheses ti: 2,v~id crossing l i n e s  i n  the d i a g r ~ i ) ,  This 
A.lYGER i n  %urn MOTZVBTEs 1% selltie behadour i n  the lower l e f t  
quadrant ( 2  .e , CAUSlng the loss  of a s t a t e  DESIKEd by P) . The 
upper r ight  qusdrm-t i s  con~lenenka:q~ A t o  the ?*per l e f t  
quadrant, TNiLh the roles oi' 1 and Y reversed. This f igh t ,  then, 
i s  simply a sequence o f  r e t a l l i a t ion .  Note tha t  since figure 
'i represents 8 s a z ~ s h o t  - of 2 ty-picd iinstaqt e n b g  the course 
of a f i  Ed, the a c t u d  i~< iz t ion  of .Tigh+ L e e ,  the  ? ? 8 - ~ 2  4' .z- - U5 

deedtt wEch star ted i t  off,  need not i t s e l f  have been 
Y(-JTFkTATXrj by 30FJ9@r ~ q d  ,mCdTu = 

ISOW;, ~ch8-b hm~e we gained. by d l  of t h i s  m n t d  gymaastics? 
To begin with, the structure presented in. Figure 1 provides a 
f olmdation f o r  representing a wide range of possible variations, 
causes, and repercussions of "fightifigH episodes* Ir_ a sense 
t h i s  i s  t r i v i d l y  true,  s h e e  airncst any hu action could be 
thought of as Doing somthing which CAUSES a CFmGE of some 
~ b d x ? !  3~1e wodd l i k e  t o  take advatage of t h i s  generd  type 
of representatioa, yet s t 3 2  m & n t ~ n  m- expectation f o r  
s ~ e c i f i c  outccrmes (as  in the T f ~ w r i t e  d e s ' f  shown ea r l i e r .  ) - 
Tkijs ccydd be done by specif:yLng z se t  of poss ib i l i t i e s  
wherever general actions o r  s t a t e s  are shown i n  the d iagrm,  
T h s ,  @st&altr md "shoct" e o d d  be poss ib i l i t i e s  i n  place of 
the ""?I associated with the d "DOfF action i n  the diagram; 
possible s t a t e s  tha t  might be affected wodd be @possession", 
md fthedthn. The definitfons o f  specific actions wodd 
ens-are tha t  they are lip4ked xi", specif s t a t e s  (e  . .g, frs tedrf  
would be linked tj i th @possessicnrr), Any such action-possibil i ty 
would have associated with it a r e t a l l i a t o m  cow-teractim- 
p3ssibbIity, Ln other words, p s s s l b i ' t i e s  f o r  f i i z n g  in 
deta i l s  of the Power l e f t  quadrm.t of figure 7 would be linked 
t o  poss ib i l i t 2 . e~  f o r  filling fn d e t G l s  of the  lower r i g h t  
wadrkqt ; Fa+dicfiar suggestions f o r  r e t d l i a t ~ . r y  actions 
wo-ad be those %Eeh  &fected ;kates ccnpe,ra3.i31e t t ,hcse  of ",he 

original  ac"cion (~3.g. health, pussession.), or those which 
ti.,qarted $he o r i g i n d  action by rezo?5ng one of i t s  enabling 
c G 2 ~ + +  m-* q 

b i i  V l i  L, * 

Since the s tates  md actions are only suggested, a cer tain 
dezree - of flexibility i s  rr,dnt&ned, yet it i s  easy t o  
recognize "ki"Jli: x ~ d  ;iinfure;i as oc@urrbg  ;qttMn the scope cf 
a, %$fl.ghtBf episode (because f fk i l l t f  and rTinjuree c m  be defined 
as involving CHANGES i n  s t a t e  o f  health, which we know t o  be 

% *  7 - - a s t a t e  ~~~~~ r - g n t  9~ dfect,ed i;~ the csurse of Gfightinaff), - 



This gives us (the re la t ive ly  siraple) Inference A, which was 
one of our -barget inferences f o r  demonstrating comprehension, 
The crucial  thing now i s  t o  show t h a t  Inference B (about the 
cause of the fighting) can be derived from the sane represen- - 

ta t ion as depicted i n  f igure 1, and thus fur ther  jus t i fy  the 
representation as capturing an m o r t a n t  part  of what people 
h o w  about flfighthgft  This requLr~es tha t  Y's behavi.our i n  
Yrie lower r ight  quadrant of figure 1 be hypothetical. ( i . e ,  i n  
the futwre) from X's point of view. X and Y share a common 
DESIRE t o  a t t a i n  sorr~ s t a t e  (such as c o ~ . t r o l  of the government), 
then P p s  attailment of that  s t a t e  may very well preclude X's 
attdnment of i t .  TMs a.rodd effect ively CAUSE SORROW (upper 
l e f t  p a d r a t  of f igzlre 1 ), leading t o  ANGER %~hich would 
MOTIVLXTE r e t d l i a t i o n  against P, arnd then a full-blown f igh t  
would be rnde r~qy-~  Since Y f s  behaviom i s  hy-potheticd, 
hmever, the anticipated SOBXOIJ and ANGEE w i l l  PIOTTVATE X t o  
thwart Yts actfon, ra ther  than reta.lliate a g d n s t  it. The -- - 
representation f o r  t h i s  i s  precisely the  saxxe as tha t  show 
f o r  r e t d l i a t i o n  (2. e.  the lower l e f t  quadrant of f igure 1 ) : 
X CAUSES the loss  of a s t a t e  DESLREd by Y-- i n  t h i s  case the 
part icular  s t a t e  i s  some s t a t e  which wodd have enabled Yts 
hypothetical action t o  be performed. Given t h i s  andys is ,  a 
search f o r  the causes of ttfig1~.-&ingn covld concentrate on 
DESmd- s ta tes ,  p a r t i c d a r l y  those m-dergoing some CFMGE. 
Although a discussion of representations f o r  "gave 
@ccnttrol~, f9nationaHisrn't3 and tkivi1 wart! i s  beyand the scope 
of the present p a p  r, we cavl momentarily pretend t h a t  the 
appearmce o f  !$civil  uartt, tfnationalistfP, ~ t r a n s i t i o n d  

nt",  m d  'Findependent" i n  the  Ango 
intrcduced o r  activated some notion of DEX s t  a% e s involving, 
sayt @controlpt of ~ ~ g o v e m e n t ~ ,  Since the 
involved, three se t s  of DES s t a t e s  ex5 s t  - The a t  t a-fnment 
of "control@ by one group TJ preclude "control" by mother 
group, thus CilUSing the los s  of a DES s ta te ,  thus CAUSing 
SORRCM3 e tc  . t h i s  m m - e r ,  we can a t  l e a s t  see a possible 
way t o  i n f e r  the cause of f ight ing ( i  .e. Merenee  B) . Tbis 
ide rence  i s  our second cr i te r ion  f o r  demonstrating comprehen- 
sion of the Angola s t o ~ - ,  

This representdion, then, i s  a step i n  the direct ion of 
be.hg able t o  handle a wide range 3f possible actions m2tkd.n 
the scope of some episode, while shvl"ceously being able to  
understand the events which caused a given episode t o  come 
about. the case of the Angola storyp, we have @kill" and 
Bfinju-rew occurring tsitk-fn the scope of a "fight" episode 
(h fe rence  A ) ,  ~\rM.le we d s c  have a s e t  o f  overlapping desires 
as a possible cause of the fighting (Inference B), 

Mote tha t  the mech&sms discussed so f a r  have r e l i ed  
en t i r e ly  upon a representa-tim of the way cer tain types of 
h m m  i n t e r a e t k n s  proceed. Even gusposing tha t  .we thoroughly 



understood hmm motivations md intentions,  how important 
would t k i s  knowledge be i n  terms of set t ing up expectations t o  
help guide the processing of a story? For s o w  kinds of 
s tor ies ,  sach as fables, these expectations could be quite 
useful i n  helping to  span "inferential. gaps" in the stom, 
sl-rce fables  tend t o  proceed in the same sequence as the r e d -  
w o r l d  events they depict .  Other kinds of s tor ies  (e.g. news- 
paper s tor ies )  are strl~cturaEry quite d i s t inc t  from f a l ~ l e s ,  
since f i d e l i t y  t o  real-wor2d sequences need not be observed. 
It may be the case that  expectations based on howledge of the 
behadour of pa r t i c ipmts  in a s t o w  would. have t o  be tempered 
by expectatio owledge of the behavicur of the 

of a. st or?^, as ref lected in the structure of the ks& 
ed. Let f s take a look a t  how the l a t t e r  vmie ty  of 

expectations ('?disc 3wse k n o d e d g e ~ ~ )  c o d d  be of a s s i s t a c e  
i n  dra~~xing Inferences A B i n  our Axgola s tory,  

While S t  i s  tempting t o  t r y  t o  characterize discourse knowledge 
by constructing a '$text gr  rvg ( c f .  van DiJPkJ 1973; Btofig 
1973)~ t h i s  dt inaately has same drawbacks as the 'rbehaviour- 

mentioned e a r l i e r  - it i s  t o o  r e s t r i c t ive .  Yet 
and. teAs do e-xhibit a de f in i t e  "cohesion" which 

d is t ingdshes  them from arbitrahry- s t r ings o f  sen5ences. The 
cohesrlse rela~; icn between pairs  of sentences can be thought of 
as a  stylistic^^ device, f o r  there are m - y  different  ways of 
m n t & i q  cohesion, and each technique serves a different  
purpose. Row can we characterize different  cohesive devices, 
and how do such devices affect our expectations daring text- 
processing ? 

Let 's  begin by regarding a story as a ~~movt.efp i n  which a 
variety of t ech iques  are av%i%able f o r  a c t u d l y  presenting the 
red-world sequence of events, Thus, a s t o m  could be a 
tBstraight runBt, k- which case it would re la te  some observerrs 
view c:f the  events 8s they oec-mred. ?!tori? l ike ly ,  a story would 
be a nco~pressed-%be ccrraposi"cfon" or  vftime-edit" i n  wEch case 
careful editing: has resvlted 5.a st icking together seqences i n  
the order i n  which they occv-r -in r e d  l i f e ,  but l e a d n g  gaps 
f o r  reader (viewer) t o  f i l l  i n  inferent ia l ly ,  This i s  the 
tpno 'f case, am3 i s  illv.strated, f o r  e x ~ l e ,  by the following 
pa i r  of sentences: 

Nary %eft  New %rk on Friday, headed f o r  S t ,  Louis, 
She arrive6 i n  S t ,  Louis on Safurd.ay night, 

Other types of t ransi t ion are possible. For instance, de ta i l s  
my be Mguighted  by 'Izooming" i n  on them. This my be done 
e i the r  as a;p, "action-zoomt' o r  a "frozen-zoom'?, ~nThere the f.3-mr 



refers  t o  a d e t a a  of a sub-action within the scope of some 
la rger  action (event), and the l a t t e r  re fers  t o  a close-up of 
some itern, participants,  or location within the flfrozenff 
image of a given scene. Thus, the followrfng sentence-pdr 
(from Xeger,  1975) involves action-zoom as weU as a time- 
ed i t :  

Pete s tole  J%Tre.?s ca t t l e .  
Jake sadded h is  ( ~ & e ' s )  horse. 

Table 1 shows a s ry of t h f s  type of a n d y s i s  applied t o  
s e v e r d  a f f e r e n t  s tyles  of cohesive t rans i t ion .  Note that  
these t ransi t ions can occur within a s ingle  sentence, and tha t  

P 

s e v e r d  ~ f f e r e n t  types of t ransi t ions my 'be involved witbin 
o r  between sentences. 

- .  
Table 1 

I I m  Ex~unpLe 

I .  S t r g g h " c  real-time action - 

2. t h e - e d f t  compression of r e d  N a r y  l e f t  Xew York on 
sequence by e d i t k g  Friday, headed f o r  
out i d e r r a b l e  de- 2 ; : ~ ~ ~  g;: Louis t d s  6 

on Saturday night. 

3. flashback (re-  jump back t o  w b i @ r  Mary l e f t  New York on 
verse t h e - e ~ t  ) event Friday, headed f o r  

S t ,  Louis. She had 
only spent 3 hours in 
New YOTIC, after having 
come down by bicycle 
f r o m  Boston. 

Zoom specify de ta i l s  

a. action-zoom specfly d e W s  sf Pete was saddling 
m- action his horse. F i r s t  he 

put a blanket on the 
horse ps back, then he 
Xifted the saddle o f f  



Tabbe 1 (continued) 

N%nze 

the ground and 
placed it on top of 
the blanket,  

b e  coqonent-zoom specify d e t d l s  of Pete took out hris 
some item, wdle"c  It was 
participant,  o r  br ight  yellow, with 
location. red polkadot s . 

5. Perspec,tive reveal b ackground 
(opposite of zoom)* 

a *  action- reveal. l a rger  scope Pete saddled h i s  
perspective of action i n  which horse in m attempt 

a given a.ction i s  t o  get t o  town mci 
enbedded. get the she r r i f .  

& _  Coqonent- reveal broader Pete saddled h is  
perspective scope of item, horse, Everyone 

Location, o r  e l se  on s t r ee t  
p a r t i c i p m t  of an laughed a t  hfm, 
action, 

6, Deep-focus specifyfng ( f p c l a r i -  Me did it, a t  d d -  
fflngtg) d e t & l ( s )  d g h t ,  i n  the 
which s a d t m e o u s b y  kitchen, with a 
put an event ( o r  knife, t o  a loaf of 
component) ink! bread. 
perspective 
(@contextff ) 6 This 
i s  a classic  zase of 
L3cd-global. 
i n t e rac t  5x1. 

7. Space-edit ( c u t )  gptirnelessfl jump t o  
another (possibly (see below) 
s i n d t m e o u s )  scene/ 
event; special cases 
shown below. 



Table 1 (continued) 

a ) .  pan ( " p ~ r e d -  
sub-elamnt cut!?), ftsmoothrl t rans i t ion  Everyone a t  the 

t o  re lated scene/ party was having 
event, usuall;~ fun. 
involves some re- Pete was loaded. 
Lated subaction o r  M a r y  was d ~ i n g  the 
sub-components of boogaloo , 
larger  scene/event, 

b) parfred-action cut "cleverrf t rans i t ion  Mancy took out her 
derice, using re- wallet .  Evelyn 
l a t ed  actions t o  took out her base- 
Sil* the two b a l l  ba t .  
scene/ events . 

c ) . pgred-component l i k e  paired-action Marcello took out 
cut but link involves h i s  wallet .  

e omponent s own wallet  had 
(par t ic ipmts ,  long since f a l l e n  
location) of an apart .  
action. 

Given the variety of t rans i t ion  devices which are available 
(and Table 1 i s  by no means exhaustive), it seems fair t o  say 
tha t  the "trick" sentence-pers studied by A I  researchers 
r e d l y  const i tute  a special  case (e  ,g,  Fhi?ger's catf le- thef t  
example, given ea r l i e r )  . meet ations based purely on 
sequences of 1-ed-world events m%y- be quite useful f o r  tybng 
together time-edits, and idormation about sub-actions mithin 
other actions my be handy f o r  f i t t i n g  together action-zooms 
(and par t icu lar ly  combined action.-zoom/time edi t s ) ,  as i n  the 
c a t i l e  t h e f t  e x q l e .  I\levertheless, i t  would be rash f o r  a 
model t o  make predictions if a p a r t f c d a r  si,yXe precluded 
the  poss ib i l i t y  o f  the actual  fulfi l lment of those p r e ~ c t i o n s !  
In newspaper texts ,  s tor ies  tend t o  begin with some item of 
in t e res t ,  and then expand upon th i s  item with elaborate 
interszetions o f  action-perspective sh i f t s ,  frozen-perspective 
sh i f t s ,  action-zooms, frozen-zooms, pans, and flashbacks, 
Seldom. i s  there a sianple forward t h e - e d i t  , 



Knowledge of s t y l i s t i c  tendencies c a  help influence the s e t  
of expectat2or;s about what m y  appear next i n  a segment of 
text ,  a d  i t  i s  here t h a t  a t ex t  processor c o d d  cap i ta l ize  on 
'$discourse I;aiowledge@. To i U u s t r a t e  t h i s  point ,  l e t t s  look a t  
a var ia t ion of the  firs-i; two sentences from the  h-gola s t o q ~ :  

A t  l e a s t  250 people are reporJceci X-ed in fom (32~s of Y-ing . 
And more than 700 have been 2;-ed. 

The point of using the d 
cer ta in  mount. of cohesi s mainzained, even with the d 
verbs, Moreover, E, par t icu la r  s t y l e  of cohesion i s  s t i i l  
exhibited-- namely, a. fppann  from X, which i s  one sub-action of 
Y, t o  Z, which i s  another sv-b-acti~n of Y e  

The way i n  which a par t icu la r  cohesive s ty l e  i s  recognized 
remains uriclear a t  the  moment. Nevertheless, i f  we have reason 
t o  suspect t ha t  event Z i s  rkrithfn the scope of event Y, without 
even bowing cwythkg about P and Z, then Threfve simplified the 
task of arr iving a t  Inference A (2 . e .  real iz ing tha t  "injure!" 
occurs within the scope of the main "Sighting" episode). This 
i s  not t o  say tha t  howledge o hesive s ty les  i s  any more im- 
portm-t than h c d e d g e  about h in teract ions .  It merely em- 
phasizes another source of knowledge which can serve t o  narrow 
the  range of attempted inferences during s tory  processing, 

Inference I3 (about the cause of the  f igh t ing)  could be 
ass is ted by the recognrEtion of one of the  following cohesive 
devices: flashback, perspective, or  deep-focus. Each o f  these 
devices car, potentially- p r o ~ ~ d e  answers t o  the questfon: BW-y 
did t h i s  par t icu la r  event happen?@ The th i rd  sentence of the 
_Angola s tory ( ' ~ F i g h t i ~  f l a r e d  between three n a t i o n d i s t  groups 
i n  the  African countryfs t r m s i t i o n d  govermentff ) f i l l s  i n  de- 
t d l s  about %rho5 -- where, a d ,  why, - md thus i s  a deep-focus tran- 
s i t i o n .  This analysis assumes tha t  a Rtransi t iond gove 
could somehow lead to  f ight ing,  and thus r e l i e s  more heavily on 
knowledge of fpgoverm-ent@ @nationalism@ t h a  it does on 
howledge of cohesive s ty le .  However, i.? the inference-making 
mechanisms ever need some assistance, there  i s  a plausible 
argwnent on gro7m6s 3f cohesion tha t  " t r ans i t%ond  gcve 
may have something t o  do with the cause of the f igh t ing ,  even 
if  we do not know what @ t r m s f t l o n a l  goverrunentu means. SbL- 
l a r l y ,  " c h e  four th  sentence (@Angola i s  due t o  become indepenk 
dent o f  Portugal i n  ~ove:n3ser") i s  l inked cohesively t o  the r e s t  
of the s tory  by mans c f  a fiperspectfvew s h i f t  ( f e e .  providing 
backgmund context)  =d helps to  mswer both ~%bhy i s  the 

n t  "cransiti o n d ? ' W d  i s  there fighting?'! 
Inference B, about the cause of the  f ight ing,  can thus be 

ass is ted by knowledge of cohesive devices, though t o  a l e s se r  
extent than Inference A. F c m d i z a t i o n  of ImowIedge about 
s t y l i s t i c  mechanisms should prove handy as a n  a i d  t o  establish- 



ing the type of %ssociative l inks  (e .ge Inferences A and B) 
which are  the c r i t e r i a  f o r  successful conprehension of a s t o v e  

$his paper has ex ed the roles of rtdomarin knowledge'! and 
"discourse hawle i n  ccqrehending a short newspaper s tory,  
The proposed representatLon f o r  domain howledge ( i . e .  know- 
ledge of h ~ m a r  motivations and intentions) has moderately f i rm 
footing i n  current A1 methodology, The d-iscussion of d-iscourse 
knowledge ( i a e  b-owledge of co5esiv-e devices) i s  or" necessity 
mainly classif icatory,  but it does attempt t o  sho~$~ how the 
different  cohesive devices c o d 2  actutilly help t o  draw crucial  
ixxferences during s tory processing 

h o ~ h e r  way of approaching the problem of discourse know- 
ledge would be t o  examine the speaker's (writer 8 s )  intentions 
during discottrse. The wr i te r t s  desire  t o  convey informa%ion t o  
the  reader may motivate her t o  wri te  things i n  a par t icular  way. 
SknultaneousliJr, her desire  t o  s e l l  newspapers (or t o  please her 
boss who obliges her t o  attempt t o  s e l l  newspapers) may motivate 
her t o  wri te  things i n  a s l ight ly  dLfferent way. If tke reader 
knows %ha,% part icular  desires on the p u t  of the wri ier  mani- 
f e s t  themselves .in di f ferent  s t y l i s t i c  ways, then she can take 
advantage of t h i s  knowledge by using i t  t o  help piece together 
sequences of t e x t .  The different  types of in te rsentent ia l  re- 
lationships,  as outlLned above, would  then contain an under- 
lying basis, namely the w r i t e r ? ~  Inientions.  Knowledge of 
u n d e r l ~ n g  motivations and intentions would provide a system 
with much greater  f l e x i b i l i t y  f o r  d e d i n g  d t h  vmia"cons than 
would a simple l i s t  of the different  kinds of i n t e r s e n t e n t i d  
relat ions.  W l e  the f i r s t  par t  of "cis paper shows some 
progress in. specifying aspects of motivation md intention, 
there i s  s t i l l  an enormous gap between tha t  and the principles 
of cohesion and s t y l i s t i c s  discussed i n  the second par t  0% the 
paper. TYis gap r e  ns as a target  f o r  future work, 
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R i  cky Emanue l 
S y l v i a  Weir 

CATALYSLNG COmgICATLON I N  BiU AUTISTIC CHILD I N  A LOGO-LIKE 
LEARNING EMVL RONKENT 

A-bstract, The f a s c i n a t i o n  f o r  machines shown by a u t i s t i c  
c h i l d r e n  can be e x c l o i t e d  i n  a  LOGO-based l e a r n i n g  environment ,  
We r e p o r t  an e - q e r i e n c e  w i t h  a  seven-year-old a u t i s t i c  c h i l d  
whose a c t i v e  and e n j o y a b l e  e x p l o r a t i o n s  i n  c o n t r o l l i n g  t h e  
LOW t u r t l e  formed t h e  b a s i s  f o r  t h e  development of language 
,/"or c o m n i c a t i o n ,  both verbal m,d nonuerbaZ, The s t r i k i n g l y  
r a p i d  e f f e c t  produced invo lved  two f e a t u r e s  seldom shown by 
t h e  c h i l d ,  V I Z ,  t h e  o n s e t  of spontaneous language b a s e d  on 
d e s c r i p t i o n s  o f  t h e  t u r t l e ' s  b e h a v i o u r ,  and t h e  ac t ive  seeking 
o u t  of social  intermci=ion, We argue  t h a t  t h i s  f o l l o w s  f rom 
t h e  s e l f - v a l i d a t i n g  e f  f e e t  of u n d e r s t a n d i n g  and b e i n g  under- 
s t o o d ,  i , e ,  s h a r i n g  a s e n s e  o f  r e l e v a n c e ,  and t h a t  t h i s  i n  
t u r n  fo l lows  from t h e  h i g h l y  s t r u c t u r e d  b u t  c r e a t i v e l y  open- 
ended n a t u r e  of t h e  LOGO environment ,  i n  which t h e  c r u c i a l  
s t e p  of "'seeing what i s  r e l e v a n t ' '  i s  made t r a n s p a r e n t l y  e a s y ,  

Kepords a Autism, LOW, p e r c e p t i o n ,  l e a r n i n g  environment ,  

AUTISM 

I n  1943 Kanner d e s c r i b e d  e l e v e n  c h i l d r e n  whose o u t s t a n d i n g  
fundamental  d i s o r d e r  was " t h e  c h i l d r e n ' s  i n a b i l i t y  t o  r e l a t e  
themselves  i n  t h e  o r d i n a r y  way t o  peop le  and s i t u a t i o n s i "  
(Kanner 1 9 4 3 ) ,  S i n c e  t h e n  t h e r e  have been many c a s e  r e p o r t s  
of t h e  syndrome of  early childhood autism, c h a r a c t e r i s e d  by 
a  background of s e r i o u s  r e t a r d a t i o n ,  i n  which i s l e t s  of normal 
o r  e x c e p t i o n a l  i n t e l l e c t u a l  f u n c t i o n  o r  s k i l l  may a p p e a r ,  
The c h i e f  f e a t u r e s  a r e  "autism" i , e ,  a  d i s t u r b a n c e  of i n t e r -  
p e r s o n a l  r e  l a t i o n s h i p s  as shown by a l o o f n e s s ,  an a p p a r e n t  l a c k  
of i n t e r e s t  i n  p e o p l e ,  an avoidance of eye-to-eye gaze ;  
profound a b n o r m a l i t i e s  i n  language development;  and a  v a r i e t y  
of r i t u a l i s t i c  and compulsive phenomena e ,  g ,  an i n t e n s e  p re -  
occupa t ion  w i t h  p a r t i c u l a r  o b j e c t s ,  s t e r e o t y p e d  m a n n e r i s m  and 
a  s u s t a i n e d  r e s i s t a n c e  t o  change i n  t h e  environment ,  (Creak 
1961; R u t t e r  19681, 

Not a l l  a u t i s t i c  c h i l d r e n  show a l l  t h e s e  b e h a v i o u r a l  mani- 
f e s t a t i o n s  and indeed  o t h e r  c h i l d r e n  can show some of t h e s e  
c h a r a c t e r i s t i c s  a t  some s t a g e  i n  t h e i r  development,  I t  i s  
t h e  p a r t i c u l a r  combinat ion of t h e s e  f e a t u r e s  and t h e  d e g r e e  t o  
which they  a r e  e x h i b i t e d  t h a t  d i s t i n g u i s h e s  an  a u t i s t i c  c h i l d  
from o t h e r  c h i l d r e n ,  



WHY CHOSE TO STUDY AUTISM 

To come i n t o  c o n t a c t  w i t h  an  a u t i s t i c  c h i l d  i s  a  r i v e t i n g  
e x p e r i e n c e ,  The combination of a l e r t n e s s  and m u l t i p l e  cog- 
n i t i v e  d e f e c t s ,  e s p e c i a l l y  t h e  g r o s s  impairment of l anguage ,  
compels a t t e n t i o n  i n  a  way t h a t  t h e  subnormal c h i l d  does n o t ,  
F u r t h e r ,  t o  ponder why a u t i s t i c  c h i l d r e n  come t o  shun humanity 
a s  t h e y  do,  i s  t o  r a i s e  t h e  q u e s t i o n  of t h e  s o u r c e  o f  t h e  
impulse  towards c o m u n i c a t i o n  i n  normal c h i l d r e n .  J u s t  a s  
t h e  s t u d y  of p e r c e p t u a l  i l l u s i o n s  i s  i n t e r e s t i n g  l a r g e l y  
because  i t  sheds  Light  on t h e  p r o c e s s e s  of p e r c e p t i o n ,  s o  t h e  
exaggera ted  behav iour  p a t t e r n s  o f  a u t i s t i c s  may be  a b l e  t o  
i l l u m i n a t e  a s p e c t s  of i n t e r p e r s o n a l  behav iour  and of c o g n i t i v e  
a c t i v i t i e s  such as  language and l e a r n i n g ,  

We favour  T r e v a r t h e n ' s  view (1974) t h a t  t h e  spontaneous  
social g e s t u r e  i s  normal ly  a  f e a t u r e  of ve ry  e a r l y  i n f a n t  
development and t h a c  t h i s  i s  c l o s e l y  a s s o c i a t e d  w i t h  t h e  
development of SELF AS AGENT, A s i m i l a r  a s s o c i a t i o n  between 
a  c h i l d P  s  cogni t ive  development and an environment where h e  
can b e  t h e  AGENT OF HIS OWN LEARNING c h a r a c t e r i s e s  t h e  work 
w i t h  computers i n  e d u c a t i o n  a t  M e  I .T. ( P a p e r t  1973) and i n  our  
own l a b o r a t o r y  (Howe and O'Shea 1976) ,  Our approach t o  t h e  
a u t i s t i c  c h i l d  s e e k s  t o  b r i n g  t o g e t h e r  t h e s e  two i d e a s ,  I n  
t h i s  r e p o r t ,  we g i v e  t h e  t h e o r e t i c a l  b a s i s  f o r  o u r  methods and 
d e s c r i b e  a  rewarding e x p e r i e n c e  w i t h  David, a  seven-year-old 
a u t i s t i c  c h i l d ,  over  a  p e r i o d  of s i x  weeks, Both t h e  remedial  
t h e r a p e u t i c  p o t e n t i a l  and t h e  p o s s i b i l i t y  of i l l u m i n a t i n g  
a s p e c t s  of c o g n i t i v e  development seem t o  us t o  be of i n t e r e s t ,  

BACKGROUND TO THE PROJECT 

The b a s i c  a s s u q  t i o n  r lnder lying o u r  approach i s  :- 

ALL BEHAVIOUR IS  E N L N G F U L ,  ELEVANT AND VALID FOR THE 
PERSON CONCERTED, 

To expose o u r  view of  t h e  p o s s i b l e  s o u r c e s  o f  such meaning, 
w e  need t o  c o n s i d e r  one of t h e  A r t i f i c i B l  I n t e l l i g e n c e  ( A . 1 , )  
accounts  of p e r c e p t i o n  (Clowes 1973; Winston 1975) a s  a  
c o n s t r u c t i v e  h y p o t h e s i s - t e s t i n g  sys tem i n v o l v i n g  e v o c a t i o n  of 
o r g a n i s e d  memory, The e lements  of such an o r g a n i s a t i o n  a r e  
i n t e r n a l  models o r  schemata ,  and a  computa t iona l  account  of 
p e r c e p t i o n  p rov ides  t h e  means whereby s t i m u l u s  f ragments  can 
a d d r e s s  a  s e t  o f  p o s s i b l e  models and a  model can a d d r e s s  t h e  
s t i m u l u s  p a t t e r n ,  Tha t  i s  t o  s a y ,  i t  i s  i n  terms of i n t e r n a l  
models t h a t  s t i m u l u s  f ragments  a c h i e v e  r e l e v a n c e ,  

Our p e r c e p t i o n  i s  thus  always mediated by o u r  model of t h e  
world  i , e ,  we can on ly  i n t e r p r e t  r e a l i t y ,  n o t  p e r c e i v e  i t  
d i r e c t l y ,  Two peop le  can c o n s t r u e  t h e  same s i t u a t i o n  d i f f e r -  
e n t l y  s i n c e  they  have d i f f e r e n t  wor ld  models,  As Clowes p u t s  
i t :  



"We can n o t  SEE, We can on ly  SEE-AS ." 
He goes on t o  say :  

"The view of behav iour  analogous t o  t h i s  i s  t h a t  i t  i s  
e x p r e s s i v e  of purposes  suppor ted  by meaning ... Even 
t h e  most b i z a r r e  behav iour  p a t t e r n s  a r e  meaningful  
because  they  a r e  based  upon an i n t e r p r e t a t i o n  of t h e  
s i t u a t i o n a l  s t i m u l u s  ,'" (Clowes 19 73) 

I t  rs 5y  a b s e r ~ r i n g  an i n d i v i d u a l ' s  b e h a v i o u r ,  b o t h  v e r b a l  
and n o n v e r b a l ,  t h a e  we can b e g i n  t o  s p e c u l a t e  about  h i s  o r  her  
i n t e r n a l  models,  b o t h  s h a r e d  and i d i o s y n c r a t i c ,  The A - I ,  
view of p e r c e p t i o n  grew o u t  of work on " o b j e c t "  o r  " t h i n g f s  
p e r c e p t i o n  4 w h e ~  i t  comes t o  'Yinterpersonal ' \ercept ion,  t h e  
re levzr i t  i n t e r n a l  models w L E 1  be  t h o s e  which r e p r e s e n t  our  
r e l a t i o n s h i p s  t o  our  " s i g n i f i c a n t  o t h e r s "  i ,e , our  i n t e r -  
p e r s o n a l  schemata ,  Weir (1975) e x p l o r e s  some of t h e  consequ- 
ences  f o r  pe rson  p e r c e p t i o n  of t h e  view t h a t  t h e r e  always i s  a  
seeing-as p r o c e s s  going on,  d u r i n g  which we, n e c e s s a r i l y ,  add 
i n f o r m a t i o n  t o  what i s  g iven  t o  t h e  s e n s e s ;  we make a t t r i b u -  
t i o n s ;  we project, C l e a r l y ,  when we move from o b j e c t  per-  
c e p t l o n  t o  pe rson  p e r c e p t i o n ,  t h e  amount o f  p r o j e c t i o n  w e  do 
i s  g r e a t l y  i n c r e a s e d ,  s i n c e  the i d i o s y n c r a t i c  e x p e r i e n c e  o f  
i n d i v i d u a l s  p l a y s  a l a r g e r  p a r t  i n  making s e n s e  of h i g h l y  
a d i g u o u s  c u e s ,  However, t h e r e  remains a  l a r g e  a r e a  of what 
might be  c a l l e d  "shared p r o j e c t i o n s "  ",orresponding t o  s h a r e d  
wor ld  views,  on t h e  b a s i s  o f  which we communicate w i t h  o t h e r s ,  
Our h y p o t h e s i s  1s t h a t  a u t i s t i c  c h i l d r e n  do n o t  communicate 
j u s t  because  they  l a c k  such s h a r e d  p r o j e c t i o n s  i n  t h e i r  per-  
c e p t i o n  b o t h  o f  peop le  and of t h i n g s ,  

The connec t ion  between t h e  i n t e r n a l  models and t h e  s u r f a c e  
behav iour  of an i n d i v i d u a l  was a c e n t r a l  concern of Freud,  and 
i s  r e v e a l e d  i n  h i s  view of t h e  symptom as  a  d i s g u i s e d  b u t  
meaningful  c o m u n i c a t i o n ,  (For  a  d i s c u s s i o n  of t h i s  n o t i o n  
s e e  Rycraf"e968 ) Looking f o r  t h e  meaning gf a symptom 
ra tker  t%m, its cause, i e ?  t h e  semantic problem of g i v i n g  
meaning t o  behavrour ,  i s  r a e h e r  l i k e  t h e  problem of under- 
s t a n d i n g  a  f o r e i g n  language,  We do n o t  look f o r  t h e  "cause'" 
of a p e r s o n ' s  p a r t i c u l a r  l i n g u i s t i c  b e h a v i o u r  i f  h e  speaks  a 
l a n g u a g e o t h e r  t h a n c u r a w n  I t x a k e s  l i t t l e s e n s e  t o s e a r c h  
f o r  t h e  ae t ioPogy  of s p e a k i n g  French 

AS Szasz  (P972)  s a y s ,  "$ye can on ly  ask w i t h  "mental  ill- 
n e s s " ,  a s  w i t h  language,  how i t  was l e a r n e d  and what i t  
means", 



The l e a r n i n g  paradigm t o  which we s u b s c r i b e  s e e s  t h e  learner 
as a model bu i lder ,  P a p e r t ' s  view of  l e a r n i n g  a s  implemented 
i n  h i s  LOGO sys tem ( P a p e r t  1973) a s s e r t s  t h a t  a  c h i l d  l e a r n s  
by a c t i v e l y  e x p l o r i n g  h i s  environment ,  a  P i a g e t i a n  n o t i o n ,  
Th is  e q l o r a t i o n  i n v o l v e s  b u i l d i n g  models o r  t h e o r i e s  of t h e  
wor ld ,  on t h e  b a s i s  of which h e  g e n e r a t e s  p r e d i c t i o n s ,  and 
which h e  con t inues  t o  r e f i n e  i n  t h e  l i g h t  of f u r t h e r  e x p e r i -  
ence ,  J u s t  a s  i n  p e r c e p t i o n  t o  which i t  i s  i n t i m a t e l y  
connected,  t h e  l e a r n i n g  p r o c e s s  i s  concerned w i t h  knowing what 
i s  r e l e v a n t  i n  a  s i t u a t i o n  i e e e  knowing which a s p e c t s  t o  
i n c o r p o r a t e  i n t o  t h e  schemata b e i n g  c o n s t r u c t e d  o r  ex tended ,  

L6PIAT DOES ALL THIS WALQ FOR OUR WORK ? 

What i t  means i s  t h a t  one cannot  d i s m i s s  a s  i n v a l i d ,  t h e  some- 
t imes b i z a r r e ,  seemingly meaningless  behav iour  of a u t i s t i c s ,  
o r  f o r  t h a t  m a t t e r ,  any p e r s o n ' s  b e h a v i o u r ,  Behaviour i s  a  
meaningful  e x p r e s s i o n  of t h e  p e r s o n ' s  i d i o s y n c r a t i c  e x p e r i e n c e  
of t h e  w o r l d ,  The "symptoms" o f  a u t i s t i c s  a r e  t o  b e  s e e n  a s  
a  s e r i e s  of communications. We must a s k :  Why does a c h i l d  
behave t h i s  way i n s t e a d  o f  some o t h e r  way ? Only by decoding 
t h e  communication w i l l  we b e  a b l e  t o  a p p r e c i a t e  t h e  p a r t i c u l a r  
p e r c e p t u a l  van tage  p o i n t  from which t h e  a u t i s t i c  c h i l d  views 
t h e  w o r l d ,  And i n  t u r n ,  i f  we a r e  t o  h e l p  him t o  b e  recep- 
t i v e  t o  our  c o m u n i c a t i o n s ,  we need t o  speak l e s s  ambiguously 
- t o  a i d  i n  h i s  p e r c e p t i o n  of what i s  r e l e v a n t  i , e ,  t o  a i d  h i s  
unders tand ing ,  I f  t h e  p e r c e p t i o n  o f  r e l e v a n c e  i s  s h a r e d ,  
t h i s  can form a  b a s i s  f o r  communication, 

And what of h i s  d e s i r e  f o r  c o m u n i c a t i o n  w i t h  us 7 "This 
i s  what I have found, Le t  me t e l l  you about  i t ." We have 
a l r e a d y  s t r e s s e d  o u r  b e l i e f  t h a t  i t  i s  on ly  i n  c i rcumstances  
where t h e  c h i l d  i s  t h e  agen t  of h i s  own l e a r n i n g  t h a t  sponta-  
neous communicative b e h a v i o u r ,  s o  consp icuous ly  a b s e n t  from 
t h e  r e p e r t o i r e  of t h e  behav iour  of an a u t i s t i c  c h i l d ,  w i l l  
b e g i n  t o  m a n i f e s t  i t s e l f ,  Our t a s k  i s  t o  p r o v i d e  an environ-  
3 e n t  which can g e n e r a t e  t h e  f u l f i l l i n g  e f f e c t  of u n d e r s t a n d i n g  
and b e i n g  unders tood ,  

Having s t a t e d  o u r  b i a s e s ,  we can p roceed  w i t h  a  d e s c r i p t i o n  
of o u r  p r o j e c t ,  

OUR PETHODS 

A c e n t r a l  component o f  o u r  method i s  t h e  c h i l d ' s  i n t e r a c t i o n  
w i t h  a  computer,  P a p e r t  (1973) has  d e v i s e d  a  LOGO l e a r n i n g  
environment t o  e n a b l e  a  c h i l d  t o  communicate w i t h  a  t u r t l e  
i , e ,  a  computer-control led  d e v i c e  moved about  t h e  f l o o r  
accord ing  t o  a  s e t o f  i n s " c u c t i o n s  (a program w r i t t e n  i n  LOGO) 
e n t e r e d  i n t o  t h e  computer from a  t y p e w r i t e r  t e r m i n a l ,  It  h a s  
a  pen on i t s  u n d e r s i d e  which can be  lowered o r  r a i s e d ;  w i t h  



t h e  pen down, t h e  t u r t l e  l eaves  a  t r a c e  of i t s  p a t h  as i t  moves 
a long ,  A LOGO environment h a s  been s e t  up i n  our  l a b o r a t o r y  
by D r  Howe f o r  use  i n  an ongoing p r o j e c t  based on t h e  i d e a s  of 
l e a r n i n g  o u t l i n e d  above, and o u r  p r e s e n t  s t u d y  would n o t  have 
been p o s s i b l e  w i t h o u t  a c c e s s  t o  such a  sys tem,  

We have adopted a  v e r s i o n  of LOGO which,  i n s t e a d  of u s i n g  a  
t e l e t y p e w r i t e r  a s  an i n p u t  d e v i c e ,  employs a  BUTTON BOX consi -  
s t i n g  o f  16 b u t t o n s ,  The b u t t o n  box and t h e  t u r t l e  a r e  conn- 
e c t e d  t o  a  s m a l l  computer (Honeywell 3161, Each b u t t o n  
r e p r e s e n t s  a  t u r t l e  CO D e , g .  FORWARD, BACKWARD, LEFT, RIGHT, 
PENUP, PENDO1.T and HOOT, Pushing t h e  b u t t o n  causes  i t  t o  
l i g h t  up, a s  w e l l  a s  command t h e  t u r t l e  t o  e x e c u t e  t h e  r e q u i r e d  
a c t i o n ,  The b u t t o n  l i g h t  i s  e x t i n g u i s h e d  when t h e  command h a s  
been execu ted ,  There  a r e  a l s o  " n u m b e r ' 2 u t t o n s  which t h e  
c h i l d  can use  i n  c o n j u n c t i o n  w i t h  t h e  command b u t t o n s  t o  cause  
t h e  t u r t l e  t o  e x e c u t e  t h e  command t h e  r e q u i s i t e  number of times, 
Th is  I C O N I C  v e r s i o n  of t h e  p r i n c i p a l  i n s t r u c t i o n s i n  t h e  LOGO 
p r o g r a m i n g  Language has  been c o n s t r u c t e d  f o r  use  as  a  pre-  
l i d n a r y  i n t r o d u c t i o n  t o  LOGO, as  w e l l  a s  i n  our  s t u d y ,  
D e t a i l s  o f  t h e  language,  t o g e t h e r  w i t h  a  d e s c r i p t i o n  of t h e  
ICONS we use t o  r e p r e s e n t  t h e  t u r t l e  commands, can b e  found 
i n  Du Boulay and Emanuel ( l 9 7 5 ) ,  

REASONS FOR OPTING TO WORK WITH A COPPUTER, and i n  p a r t i c u l a r ,  
w i t h  t h e  LOGO system,  

Some of t h e  advantages  of u s i n g  a  computer w i t h  a u t i s t i c  
c h i l d r e n  a r e  s t r e s s e d  by Colby when he  d e s c r i b e s  t h e  sys tem h e  
used w i t h  non-speaking a u t i s t i c s  f o r  o v e r  f o u r  y e a r s ,  Colby 's  
aim was t o  use  t h e  computer a s  a c a t a l y s t  t o  s t i m u l a t e  language 
development,  and t o  t h i s  end h e  used games which i n v o l v e  
combining computer-control led  d i s p l a y s  o f  p i c t u r e s  and l e t t e r s  
w i t h  t h e i r  sounds .  The c h i l d  i s  t h e  ACTIVE agen t  i n  e o n t r -  
o l l i n g  t h e  machine,  which i n  t u r n  i s  " u n t i r i n g ,  p r e d i c t a b l e ,  
always s a y i n g  t h e  same t h i n g s  t h e  same way, n e v e r  angry and 
never  boredg'  (Colby 1973) .  Furthermore,  a  s m a l l  amount of 
e f f o r t  produces  a  l a r g e  e f f e c t ;  t h e r e  i s  no  r i s k  of f a i l u r e  
and no n o t i o n  o f  a  r i g h t  o r  wrong answer (Colby and Smith 1 9 7 l ) ,  

A l l  b u t  f o u r  o f  t h e  s e v e n t e e n  c h i l d r e n  h e  and h i s  c o l l e a g u e s  
worked w i t h  were  judged t o  have improved i n  language develop- 
ment a f t e r  between 50-100 h a l f - h o u r  s e s s i o n s ,  A l l  t h e s e  
c h i l d r e n  confirmed t h e  c l i n i c a l  o b s e r v a t i o n  t h a t  a u t i s t i c  
c h i l d r e n  o f t e n  show a  f a s c i n a t i o n  for o b j e c t s  and machines 
which they p r e f e r  t o  p e o p l e ,  We t o o  wished t o  c a p i t a l i s e  on 
t h i s  f e a t u r e ,  and,  s i m i l a r l y ,  we wanted t h e  c h i l d  t o  b e  more 
a c t i v e  i n  t h e  environment s o  t h a t  wha tever  happens ,  he can s a y :  
P I  I d i d  i t  and nry doing  i t  make a  d i f f e r e n c e "  ( B e t t l e h e i m  1967) .  
Indeed we wanted t o  go f u r t h e r  t h a n  Colby by i n c r e a s i n g  t h e  
range of p o s s i b i l i t i e s  f o r  a c t i o n  a v a i l a b l e  t o  t h e  c h i l d ,  over  
and above t h e  cho ice  which game t o  p l a y ,  i . e ,  o f f e r i n g  t h e  



c h i l d  scope f o r  c r e a t i v e  agency, I n  a d d i t i o n ,  and c r u c i a l l y ,  
we wanted t o  ac t i ve ly  f a c i l i t a t e  the perception of  a shared 
relevance as Q basis  for haman in terac t iov ,  

We s a i d  e a r l i e r  t h a t  p a r t  of l e a r n i n g  i n v o l v e s  knowing what 
t o  r e c o r d  i n  t h e  s i t u a t i o n ,  I n  a  complex s e t t i n g ,  i t  i s  d i f f -  
i c u l t  t o  s e e  what i s  r e l e v a n t  and what i s  n o t .  A u t i s t i c  
c h i l d r e n  have a  n o t o r i o u s l y  d i f f e r e n t  s e n s e  o f  r e l e v a n c e  t o  u s ,  
Th i s  i s  r e f l e c t e d  i n  t h e  h i g h l y  i d i o s y n c r a t i c  n a t u r e  of t h e i r  
language and Kanner (1946) s t r e s s e s  t h e  importance o f  t r y i n g  
t o  d i s c o v e r  t h e  c o n t e x t  i n  which any p a r t i c u l a r  a p p a r e n t l y  
"meaningless" p h r a s e  was a c q u i r e d ,  One of t h e  c r u c i a l  
f e a t u r e s  of t h e  LOGO environment i s  t h a t  i t  i s  r e l a t i v e l y  easy  
t o  i s o l a t e  t h e  s a l i e n t  f e a t u r e s  because  t h e s e  cor respond  t o  
t h e  o n l y  e lements  i n  t h e  t u r t l e ' s  s t a t e  which t h e  c h i l d  can 
change V I Z  t h e  posit ion of  t h e  t u r t l e ,  i t s  heading and t h e  
s t a t e  o f  t h e  pen,  Thus t h e  c h i l d  knows "where t o  look",  
Knowing t h i s  e n a b l e s  him t o  b u i l d  up a  d e s c r i p t i o n  o r  a  model 
which h e  can t h e n  use  as  a  b a s i s  f o r  a c t i o n ,  

The range o f  p o s s i b i l i t i e s  f o r  a c t i o n  i .e ,  t h e  way t h a t  more 
complex sequences  of a c t i o n s  and t h e i r  d e s c r i p t i o n s  can be  
c o n s t r u c t e d  from s imple  b u t  powerful  p r i m i t i v e  commands, i s  
c r e a t i v e l y  open-ended, I t  i s  a l s o  struckured w i t h  t h e  k i n d o f  
r e g u l a r i t y  which c h a r a c t e r i s e s  t h e  t h i n k i n g  of a u t i s  t i c s  ,* 
Furthermore t h e  e x e c u t i o n  of t h e  t a s k  i s  t r a n s p a r e n t  because  
i t  has  been e x t e r i o r i s e d ,  I f  t h e  sequence of commands g iven  
by t h e  c h i l d  f a i l s  t o  e l i c i t  t h e  response  be was a f t e r ,  i t  i s  
e a s i e r  f o r  him t o  s e e  why, t h a n  would b e  t h e  c a s e  i f  h e  was 
pe r fo rming  an i n t e r n a l  t a s k ,  

Fur the rmare ,  we hope t o  g e t  a  s y n e r g i s t i c  e f f e c t  between t h e  
a v a i l a b i l i t y  of such d e s c r i p t i o n s  and a n o t h e r  f e a t u r e  of t h e  
s i t u a t i o n  VIZ t h e  f a c t  t h a t  c o n t r o l l i n g  t h e  t u r t l e  i n v o l v e s  
t h e  i d e a  t h a t  i n  o r d e r  t o  use  t h e  t u r t l e  t o  ach ieve  some over- 
a l l  g o a l ,  t h e  c h i l d  must g i v e  i t  a  d i r e c t e d  sequence of ind iv -  
i d u a l  commands, Th is  could  a c t  a s  a  model f o r  t h e  c h i l d  i n  
terms of which t o  g rasp  a  n o t i o n  of communication, The p o i n t  
i s  t h a t  j u s t  a s  l e a r n i n g  i s  n o t  s o ~ e t h i n g  someone does t o  you 
b u t  something you g e t  f o r  y o u r s e l f ,  s o  communication i s  some- 
t h i n g  you a r e  a c t i v e l y  invo lved  i n ,  n o t  something t h r u s t  upon 
you, 

*Examples of t h i s  k i n d  o f  t h i n k i n g  : h i c k  i n v o l v e s  an over- 
c o m i t t a l  t o  r e g u l a r i t y ,  a r e  g iven  by Park  (1968) i n  h e r  
r e v e a l i n g  and i n f o r m a t i v e  book about  h e r  a u t i s t i c  d a u g h t e r ,  
E l l y ,  E g e  usirzg a very  good r u l e ,  E l l y  g e n e r a t e s  Z E R O T i  
and ONETY when t o l d  about  TIEPJT; and TEIIRTI ,  



OUR E P E  RIENCE WITH DAVID 

David (born  l e 8 , 6 7 )  a t t e n d s  a  s p e c i a l  u n i t  f o r  a u t i s t i c  c h i l d -  
r e n  i n  Edinburgh,  He p r e s e n t s  a  c l a s s i c a l  p i c t u r e  of a u t i s m  
w i t h  no ev idence  of b r a i n  damage, 

Before  beg inn ing  o u r  work w i t h  David we observed him a t  t h e  
a u t i s t i c  u n i t  i n  Edinburgh, He had l e a r n e d  t o  r e a d  and w r i t e  
through behav iour  m o d i f i c a t i o n  t e c h n i q u e s .  His  r e a d i n g  was 
s u r p r i s i n g l y  good b u t  ve ry  un id imens iona l  and mechanical  i n  
t e x t u r e  a s  was h i s  coun t ing  and r e c i t a l  of s imple  poems, It 
was d i f f i c u l t  t o  avoid  t h e  impress ion  t h a t  much of  t h i s  
invo lved  a  k i n d  of r o t e  l e a r n i n g  and t h a t  t h e r e  was a  r e a l  
l a c k  of unders tand ing ,  We found h i s  s o c i a l  behav iour  i n  t h e  
u n i t  i n h i b i t e d  and withdrawn, He avoided eye c o n t a c t  and 
responded t o  q u e s t i o n s  w i t h  a  s t i l t e d  h i g h  p i t c h e d  '"unnatural 
vo ice" ,  He a l s o  showed a  r e l u c t a n c e  t o  commit h i m s e l f  t o  
a n y t h i n g ,  A s t r i k i n g  f e a t u r e  i s  t h e  o c c u r r e n c e  r e p e a t e d l y  
throughout  h i s  e x t e n s i v e  c a s e  n o t e s  o f  s t a t e m e n t s  of t h e  form 

'has  n e v e r  made a  spontaneous  s t a t e m e n t  t o  u s ,  e x c e p t  
under s t r e s s  $ 

' speech  h a s  t o  be  prompted every  t i m e 8  
'no  s p o n t a n e i t y  - has  t o  b e  asked a g a i n  and a g a i n '  

We saw David 7 t imes over  a  p e r i o d  of 6 weeks;  each  v i s i t  
l a s t e d  abou t  an hour  and was v i d e o t a p e d ,  We a l s o  k e p t  a  
r e c o r d  of t h e  sequence o f  b u t t o n s  h e  p r e s s e d ,  Due t o  l i m i t -  
a t i o n s  i n  s p a c e ,  we cannot  go i n t o  d e t a i l  about  a c t u a l  s e s s i o n s  
w i t h  David, For  a  f u l l e r  d e s c r i p t i o n  of t h e s e  s e e  Weir and 
Emanuel (1976) , 

There  a r e  s e v e r a l  themes d e s c r i b e d  below, which a r o s e  i n  
v a r i o u s  g u i s e s  d u r i n g  t h e  i n d i v i d u a l  s e s s i o n s  , 

Themes : 

The movements o f  t h e  t u r t l e  cor respond  t o  t h e  c h i l d ' s  own body 
movements, P a p e r t B s  view of  l e a r n i n g ,  a s  implemented i n  t h e  
LOGO environment ,  emphasises t h e  f a c t  t h a t  u n d e r s t a n d i n g  new 
i d e a s  depends on t h e  a b i l i t y  t o  r e l a t e  them t o  a l r e a d y  e x i s t -  
i n g  schemata ,  and,  i n  p a r t i c u l a r ,  t o  such schemata  as have 
been developed d u r i n g  t h e  c h i l d ' s  a c t i v e  e x p l o r a t i o n  of h i s  
environment ,  i , e ,  t h e  c h i l d ' s  r e p r e s e n t a t i o n s  of h i s  own move- 
ments i n  s p a c e ,  The p r o c e s s  of a c q u i r i n g  u n d e r s t a n d i n g  i s  
f a c i l i t a t e d  by t h e  d e l i b e r a t e  s t r u c t u r i n g  of t h e  l e a r n i n g  
environment ,  and i s  t r a n s p a r e n t l y  d i s p l a y e d  i n  David 's  c a s e  by 
t h e  way h e  always acted  o u t  t h e  b e h a v i o u r  of t h e  t u r t l e  by 
r e f e r e n c e  t o  h i s  own e x i s t i n g  body schemata ,  

Some examples of t h i s  phenomenon were h i s  a c c u r a t e  i m i t a t i o n  
from t h e  v e r y  b e g i n n i n g  o f  t h e  h o o t ;  opening and c l o s i n g  h i s  
eyes  i- synchrony w i t h  t h e  b u t t o n  l i g h t  going on and o f f  each 
t ime he  pushed it w h i l s t  v o c a l i z i n g  "open your  e y e s ,  c l o s e  your  
eyess ' ,  We f i n d  sequences  of a l t e r n a t e  b u t t o n  push ing  and 



cor responding  t u r t l e  a c t i o n  preceded o r  fo l lowed  by David him- 
s e l f  moving i n  space  and v o c a l i s i n g  t h e  l a b e l s  of t h e  b u t t o n s ,  
For  example,  he  would s h u f f l e  h i s  c h a i r  backwards and forwards 
and s a y  "back . . . '"'"fmardd,, ,'"after making t h e  t u r t l e  execu te  
t h e s e  a c t i o n s ,  o r  r a i s e  and lower h i m s e l f  i n  h i s  c h a i r  s a y i n g  
"penupf' and ""pendown". He f r e q u e n t l y  poked h i s  b e l l y  b u t t o n  
b e f o r e  e x e c u t i n g  t h e  a c t i o n  w i t h  h i s  body, thus  i d e n t i f y i n g  
h i s  b e l l y  b u t t o n  w i t h  t h e  b u t t o n s  on t h e  box as t h e  i n s t r u m e n t  
of t h e  a c t i o n ,  

Thus t h e  new schemata he cons e r u c t e d  w h i l e  "p lay ing"  w i t h  
t h e  t u r t l e  e n c a p s u l a t e d  t h e  connec t ion  he  made between h i s  own 
a c t i o n s  and those  o f  t h e  t u r t l e ,  During t h i s  c o n s t r u c t i o n  
p rocess  we observed t h r e e  s t r i k i n g  phenomena, i , e .  

( a )  He began t o  p r e d i c t  e v e n t s  on t h e  b a s i s  of a  growing 
unders tand ing  of t h e  r e l a t i o n s h i p  between h i s  b u t t o n  push ing  
and t h e  t u r t l e ' s  b e h a v i o u r ,  For  example, he  pushed h i s  b e l l y  
b u t t o n ,  s a i d  "hoot" and t h e n  pushed t h e  h o o t  b u t t o n ,  

(b) There  was an e lement  o f  communication i n  t h e  way h e  
c r e a t e d  e x p l i c i t  ac t ing-ou t  sequences  as  i f  t o  "demons t r a t e r '  
h i s  u n d e r s t a n d i n g  t o  u s ,  While a c t i n g  o u t  some a s p e c t  of t h e  
t u r t l e ' s  behav iour ,  David would a c t u a l l y  seek  eye c o n t a c t  and 
v o c a l i z e  t h e  a c t i o n s  h e  was per fo rming ,  a s  i f  he  were  making 
an " a c t i o n  speech".  

(c)  He began t o  v o c a l i z e  h i s  thoughts  spontaneously d u r i n g  
h i s  t u r t l e  p l a y  and t h e s e  spontaneous u t t e r a n c e s  made immedi- 
a t e  s e n s e  t o  u s ,  Fur the rmore ,  t h e s e  v o c a l i z a t i o n s  i n v o l v e d  
d e s c r i p t i o n s  a t  an i n c r e a s i n g l y  h i g h e r  l e v e l  of complexi ty ,  
r e f l e c t i n g  t h e  p r o g r e s s i v e  d i f f e r e n t i a t i o n  and re f inement  of 
h i s  schemata ,  For  example,  h e  began by u t t e r i n g  s i n g l e  words 
l i k e  " t u r t l e g ' ,  " tu rn" ,  " l e f t ' ' 3  ' 9 r a w i n g f s ,  e t c ,  L a t e r  h e  
c o n s t r u c t e d  and v e r b a l i z e d  t h e  e n t i t i e s  " ' t u r t l e  goes backwards 
and forwards  ... backwards and forwards"  (whi le  push ing  cor re -  
sponding b u t t o n s ) ,  and t h e  e n t i t y  " l e f t  and r i g h t "  ', L a t e r  he 
l i n k e d  t o g e t h e r  a l l  h i s  p r e v i o u s  d e s c r i p t i o n s  of t h e  t u r t l e  
f u n c t i o n s  and s a i d  "Emanuel, make t h e  t u r t l e  goes forwards  and 
backwards and l e f t  and r i g h t ,  up and down , , , hoot"  ', A f t e r  
s y s t e m a t i c a l l y  s t e p p i n g  through t h e  number b u t t o n s  i n  con- 
j u n c t i o n  w i t h  t h e  h o o t  b u t t o n ,  he  v o l u n t e e r e d  t h e  m e t a c o m e n t  
"See how it works", C r u c i a l l y ,  t h e s e  u t t e r a n c e s  were aecoEp- 
a n i e d  by a  s e r i e s  of S O C I A L  GESTURES, e , g ,  a c t u a l l y  s e e k i n g  
eye  c o n t a c t ,  t u r n i n g  towards t h e  pe rson  b e i n g  a d d r e s s e d ,  

These remarks c o n t r a s t  s h a r p l y  w i t h  t h e  e s s e n t i a l l y  p r i v a t e  
n a t u r e  of much of h i s  u s u a l  monologue, such a s  i t  i s ,  For 
p e r i o d s  becoming l o n g e r  and more f r e q u e n t ,  we s h a r e d  a s e n s e  
of r e l e v a n c e  w i t h  him, c e n t r e d  on t h e  t u r t l e  "p lays ' ,  During 
ehese  communicative moments h e  showed a f r e e  f low of  a f f e c t  
and looked as  Chough he was e n j o y i n g  h i m s e l f ,  He spoke i n  a  



warm, v i b r a n t  low-pitched v o i c e ;  h e  would chuckle  and hum t o  
h i m s e l f ;  a c t i v e l y  seek  eye  c o n t a c t  and even become rumbust- 
i o u s l y  e x c i t e d ,  I n  s h o r t ,  h e  was e m o t i o n a l l y  committed. We 
l e a r n e d  t o  recognise  a  p a r t i c u l a r  s e t  o f  c i rcumstances  which 
i n t e r r u p t e d  t h i s  communicative i n t e r a c t i o n ,  When t h i s  
happened h e  swi tched  from t h e  s e l f - i n i t i a t i n g ,  spontaneous  boy 
t o  t h e  a l i e n a t e d ,  i n h i b i t e d ,  s t i l t e d  c h i l d  we had known p r e v i -  
o u s l y ,  There  was a  r e t u r n  of eye c o n t a c t  avoidance;  he  
adopted t h e  p r e v i o u s l y  d e s c r i b e d  h igh-p i t ched  mechanical  v o i c e ,  
s a y i n g  "yes p l e a s e t Y  i n  response  t o  a l l  o u r  q u e s t i o n s  and he 
ceased a l l  spontaneous  a c t i v i t y ,  We c a l l  t h i s  h i s  " p a s s i v e  
p u p i l "  r o l e ,  It  seemed a s  i f  David had developed a t  l e a s t  
two MODELS OF HIMSELF i n  r e l a t i o n  t o  o t h e r s ,  i , e ,  he  u s u a l l y  
adopted one of two r o l e s ,  i , e ,  h e  was e i t h e r  t h e  " p a s s i v e  
pup i l "  o r  was "emot iona l ly  committed"', 

The s w i t c h  o c c u r r e d  i n  a  number o f  s i t u a t i o n s  i n  which he  
was p r e v e n t e d  from b e i n g  t h e  f r e e  a g e n t  of h i s  own a c t i v i t y ,  
For  example, when we i n t r o d u c e d  t h e  number b u t t o n s  t o  him and 
asked him t o  r e c o g n i s e  t h e  numbers w r i t t e n  on t h e  b u t t o n s ,  h e  
swi tched  i n t o  t h i s  " p a s s i v e  p u p i l "  r o l e ,  We were i n t r u s i v e l y  
r e q u e s t i n g  him t o  pe r fo rm i n  a  s i t u a t i o n  which s h a r e d  f e a t u r e s  
w i t h  h i s  behav iour  m o d i f i c a t i o n  e x p e r i e n c e s ,  He was b e i n g  
" taugh t"  and d i d  n o t  q u i t e  unders tand  what was b e i n g  expec ted  
of him, Another s i t u a t i o n  which evoked t h i s  "pass ive -pup i l "  
r o l e  was when we asked him t o  do something h e  was n o t  q u i t e  
s u r e  h e  cou ld  manage, and d i d n ' t  want t o  expose h i m s e l f  t o  
f a i l u r e ,  For  example, i n  an e a r l y  s e s s i o n  we asked him t o  
use  t h e  t u r t l e  t o  knock down a  s k i t t l e ,  He comple te ly  
ignored  t h e  r e q u e s t ,  However, i n  t h e  n e x t  s e s s i o n ,  when we 
were o u t  of t h e  room, he  s k i l l f u l l y  manoeuvred t h e  t u r t l e  t o  
knock down a  s k i t t l e ,  However, h i s  r e l u c t a n c e  t o  commit him- 
s e l f  i n  o u r  p resence  d imin i shed  a s  o u r  c o m u n i c a t f o n  grew, 

When we as  o b s e r v e r s  saw David adopt  h i s  "emot-ionally- 
committed" model i t  evoked our  model of a u t h e n t i c i t y ,  We 
f e l t  t h i s  was ehe t r u e  s e l f  o f  David,  N o t i c e  haw e v o c a t i o n  
of models was going on a t  s e v e r a l  d i f f e r e n t  l e v e l s ,  V I Z ,  
David 's  p e r c e p t i o n  of t h e  s i t u a t i o n  he  was i n ,  i n c l u d i n g  t h e  
o b j e c t s  and o u r  behav iour  towards him, o u r  view of  t h e  s i t u a -  
t i o n  and o f  David's  behav iour  i n  i t  and our  view of o u r  
p e r c e p t i o n s  and h i s  p e r c e p t i o n s  - an  i n t e r p e r s o n a l  s i t u a t i o n  
of t r u l y  L a i n g i a n  p r o p a r c i o n s  (Laing 1971)  , 

BI S CUS S I O N  

Much of what we have Learned from our  s i x  weeks e x p e r i e n c e  
w i t h  David emerged a f t e r  t h e  a c t u a l  e v e n t  when we pored  over  
t h e  v i d e o t a p e  o b s e r v i n g  David,  o u r  own r e a c t i o n s  and t h e  i n t e r -  
r e l a t i o n s h i p ,  The v i d e o t a p e  had t h e  b e n e f i c i a l  e f f e c t  of 
e x t e r i a r i s i n g  o u r  own p e r c e p t i o n s ,  



Underpinning t h e  method we have used i s  t h e  n o t i o n  t h a t  
somewhere a long  t h e  l i n e  i n  t h e  a u t i s t P s  development,  t h e r e  
was a  l a c k  of a  s e n s e  of s h a r e d  r e l e v a n c e  i n  h i s  r e l a t i o n s h i p s  
w i t h  t h e  peop le  around him, His  r e a c t i o n  t o  a  wor ld  f i l l e d  

w i t h  a  l a c k  o f  u n d e r s t a n d i n g  and n o t  b e i n g  unders tood ,  was t o  
develop a  range o f  s o p h i s t i c a t e d  wi thdrawing t echn iques  and 
n e g a t i v i s t i c  behav iour .  We have n o t h i n g  t o  s a y  about  how such 
a l a c k  o f  s h a r e d  r e l e v a n c e  cou ld  have a r i s e n ,  We t h i n k  we 
have l e a r n e d  a  l o t  about how t o  reduce t h i s  and abou t  t h e  
b e n e f i c i a l  consequences which f low from such a  r e d u c t i o n ,  One 
l i t t l e  e x p e r i e n c e  of mutual  u n d e r s t a n d i n g  can produce a  v e r y  
b i g  e f f e c t ,  

The s t r i k i n g  f e a t u r e  abou t  our  s t r u c t u r e d  and open-ended 
environment ,  i s  t h e  speed w i t h  which i t s  e f f e c t s  were  observed ,  
and t h e  apparen t  t o t a l  p e r s o n a l  involvement  which David d i s -  
p layed  when he  i n t e r a c t e d  w i t h  i t ,  He r a p i d l y  b u i l t  u p a c t i o n  
sequences  and d e s c r i p t i o n s  through r e f e r e n c e  t o  h i s  own body 
schemata ,  which we assume have developed very  e a r l y  i n  l i f e ,  
Ac t ing  o u t  behav iour  has  been r e p o r t e d  by t h e r a p i s t s  such  as  
B e t t l e h e i m  (1967) ,  who concurs  wi t% h i a g e t  i n  h i s  view t h a t  any 
l e a r n i n g  i n  e a r l y  developmental  s t a g e s  h a s  t o  come th rough  
b o d i l y  e x p e r i e n c e ,  David's  a c t i n g  o u t  behav tour  i s  remini-  
s c e n t  of P i a g e t ' s  s i x t h  s t a g e  of sensor i -motor  t h i n k i n g  
( F l a v e l l  l 9 6 3 ) ,  David e x p l o i t s  t h e  s u b t l e  r e l a t i o n s h i p  be- 
tween h i m s e l f  a s  a g e n t  I n  c o n t r o l  of t h e  t u r t l e  as  i n s t r u m e n t ,  
and t h e  t u r t l e  i n  t u r n  a s  i n d i r e c t  a g e n t ,  when f o r  example h e  
manoeuvres i e  t o  knock down an o b j e c t  i n  i t s  p a t h ;  and h e  
e l a b o r a t e s  t o  make h i s  hand an agen t  c o n t r o l l i n g  h i m s e l f ,  
The r e l e v a n t  f e a t u r e s  of t h e  s i t u a t i o n  a r e  i s o l a t e d ,  i . e ,  t h e  
r e l a t i o n  between t h e  t u r t l e  movements and t h e  b u t t o n s  i s  t r a n -  
s p a r e n t l y  obvious ,  and t h u s  r e a d i l y  a c c e s s i b l e  t o  him, S i n c e  
we s h a r e  t h i s  w i t h  him, t h e  p o s s i b i l i t y  of c o m u n i c a t i o n  i s  
h e i g h t e n e d ,  

A s  soon a s  t h i s  s h a r e d  s e n s e  of r e l e v a n c e  was l o s t  we 
observed David s w i t c h  i n t o  h i s  "pass ive -pup i l "  r o l e ,  The 
f a c t  t h a t  he could  change r o l e s  l i k e  t h i s  showed h i s  a b i l i t y  
t o  p e r c e i v e  and r e a c t  t o  s u b t l e  i n t e r p e r s o n a l  s i t u a t i o n a l  
s t i m u l i  i n  a  way which t h e  " 'perceptual  d e f i c i t "  t h e o r y  of 
a u t i s m  (Wing 7.966) does n o t  seem t o  r e c o g n i s e  ( p e r c e i v e ) ,  
An example of t h i s  r o l e  s w i t c h  ( e v o c a t i o n  of d i f f e r e n t  model 
of s e l f )  was when David p e r c e i v e d  and r e a c t e d  t o  t h e  s i m i l a r i t y  
between our  environment and t h e  s c h o o l  s i t u a t i o n ,  r e f e r r e d  t o  
above, 

A s  f a r  a s  David's  s o c i a l  c o m u n i c a t i o n  i s  concerned,  we 
s h a r e  w i t h  B e t t l e h e i m  t h e  view t h a t  

" A u t i s t i c  c h i l d r e n  come t o  l i f e  on ly  when we a r e  a b l e  t o  
c r e a t e  c o n d i t i o n s  o r  o t h e r w i s e  be t h e  c a t a l y s t s  t h a t  
induce  them t o  a c t i o n  on t h e i r  own b e h a l f  ... Speech 
i n  t h e  s e n s e  of c o m i l n i e a t i o n  s imply cannot  b e  f o r c e d  
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A BESTRIBWED ACTIVITY PROCESSING SYSTEM FOR A, I ,  

T h i s  paper  i s  concerned w i t h  t h e  development of a ,  p r i m a r i l y  
hardware,  knowledge system w i t h  common s e n s e  l i k e  c a p a b i l i t i e s  
which e v e n t u a l l y  may prove more u s e f u l  t h a n  ' l o g i c a l  deduct ion '  
sys tems ,  To t h i s  end t h e  f o l l o w i n g  s e c t i o n  makes some observa-  
t i o n s  about human i n t e l l i g e n t  behav iour  and r e f o r m u l a t e s  t h e s e  
i n  'machine t e r m s 8 ,  A f t e r  t h i s ,  two themes a r e  developed ( i )  a  
s imple  s e t  of c o n t r o l  p r i m i t i v e s  f o r  a  d i s t r i b u t e d  system., and 
( i i )  t h e  development of " ' p r i o r i t y "  and "'relevance" schemes t o  
t h e  above s t a t e d  g o a l ,  What h a s  been o m i t t e d  from t h i s  paper  
i s  a  d e t a i l e d  d i s c u s s i o n  of p rocessor -p rocessor  dead ly  embra- 
ces  and g e n e r a l  network message s a t u r a t i o n  ( a l t h o u g h  t h e s e  a r e  
touched upon) ,  T h i s  i s  a  d e l i b e r a t e  omiss ion on t h e  grounds 
t h a t  s p a c e  p r e c l u d e s  d e t a i l e d  d i s c u s s i o n  of t h i s ,  The a u t h o r s  
w i l l  be  commenting e l s e  where on t h e s e  a s p e c t s ,  

MOTIVATION 

P r i m a r i l y ,  o u r  n o t i o n  o f  i n t e l l i g e n c e  d e r i v e s  from human 
behav iour ,  hence it i s  worthwhi le  t o  c o n s i d e r  some i n f o r m a l  
s t a t e m e n t s  about  h m a n  problem s o l v i n g  and s e e  what r e q u i r e -  
ments t h i s  innposes on an a r t i f i c i a l  sys tem,  

The f a l l o w i n g  s t a t e m e n t s  a r e  o f f e r e d  n o t  because  t h e y  a r e  
i n d i s p u t a b l e  ( i f  t h e y  were r e s e a r c h  would be  ve ry  b o r i n g )  b u t  
because  t h e y  sum up problems t h a t  we a r e  i n t e r e s t e d  i n ,  

( i )  A person  s e l e c t s  a  few s o l u t i o n  t e c h n i q u e s  t h a t  a r e  
b e l i e v e d  t o  be u s e f u l  f o r  any g iven  problem, 

( i i )  Peop le  r e f o r m u l a t e  and c o n s o l i d a t e  t h e i r  knowledge t o  
produce new a s s e r t i o n s 1  about t h e  world  even when n o t  
s o l v i n g  s p e c i f i c  problems,  

( i i i b  A pe rson  i s  'aware o f '  many a s p e c t s  of t h e  environment 
s i m u l t a n e o u s l y  and can be  aware of many a s p e c t s  of a  
problem s i m u l t a n e o u s l y ,  In  t h i s  s e n s e  a p e r s o n  i s  'multi- 
theme' , 

(iv) A person  can r e c o g n i s e  ' o l d '  problems and use  t h i s  t o  
a r r i v e  a t  r a p i d  s o l u t i o n s  t o  them, 

l 
Note t h a t  by a s s e r t i o n  we mean any a s s e r t i o n  o r  theorem i n  

t h e  PMNER s e n s e  (Hewit t  1969) - s i n c e  a  theorem i s  o n l y  an 
a s s e r t i o n  w i t h  a v a r i a b l e  t r u t h  v a l u e ,  



(v) A person  i s  r a r e l y  a t  a ' t o t a l  l o s s '  f o r  an approach t o  
a  problem, 

( v i )  A  person  can argue by ana logy ,  
( v i i )  Knowledge i s  s t o r e d  i m p l i c i t l y  and e x p l i c i t l y  i . e ,  a s  

motor i n f o m a t i o n  and a s  sensory  i n f o r m a t i o n ,  

From t h e  above we may form r e s t r i c t i o n s  on an  a r t i f i c i a l  
sys tem t h a t  i s  t o  perform w e l l  i n  s i m i l a r  a r e a s  a s  a  p e r s o n ,  
S p l i t t i n g  t h e  s t a t e m e n t s  above i n t o  more u s e f u l  groupings: -  

(I) from - i & - ii we have: knowledge i s  i n  some s e n s e  a  dyna- 
mic e n t i t y  which i s  reviewed c o n t i n u o u s l y  ( s e e  Kanna 
(1975) )  and i s  r e p r e s e n t e d  by b o t h  p r o c e d u r a l  and tex-  
t u a l  ( i , e ,  d e s c r i p t i v e  o r  sensory)  i n f o r m a t i o n ,  

(8-6) from - iii: t h e  sys tem must have many p a r a l l e l  p r o c e s s e s  
a c t i v e  s imul taneous ly  t h a t  a r e  dynamical ly  coup led ,  

(111) from - -  i v ,  v  & - v i :  knowledge can be recovered  from memory 
by t o t a l ,  and semant ic  matching of i n f o r m a t i o n  
w i t h  memory, T h i s  i n  g e n e r a l  w i l l  be c a l l e d  r e t r i e v a l  of 
knowledge, 

( I V )  from i: a  problem s o l v e r  must conduct a  r a p i d l y  s e l f -  
p run igg  s e a r c h  of p o s s i b l e  s o l u t i o n  s t a r t  p o i n t s  and 
should f o l l o w  t h e  one t h a t  i t  b e l i e v e s  most promising,  
i , e .  t h e  one t h a t  h a s  t h e  h i g h e s t  b e l i e f  v a l u e .  

I n  o r d e r  t o  f u l f i l l  t h e  above l o o s e l y  s t a t e d  s p e c i f i c a t i o n  
t h e  '"activit ies system'' was fo rmula ted ,  

ACT E V E T I E  S SYSTEM 

An " a c t i v i t i e s  system" i s  a  d i s t r i b u t e d  knowledge system com- 
posed of a  r e g u l a r  network of p r o c e s s i n g  e lements ,  c a l l e d  
a c t i v i t i e s ,  

An a c t i v i t y  i s  a p r o c e s s o r  w i t h  memory and s o f t w a r e  t h a t  
s u p p o r t s  a  l o c a l  ( t o -  t h e  a c t i v i t y )  d a t a  b a s e  of a s s e r t i o n s  
about t h e  "world"', A c t i v i t i e s  may p a s s  messages t o  t h e i r  
n e a r e s t  ne ighbour  i n  o r d e r  t o  r e q u e s t  o r  p r o v i d e  i n f o r m a t i o n ,  
(The ne ighbour  w i l l  p a s s  on i n f o r m a t i o n  t o  more d i s t a n t  a c t i -  
v i t i e s  i f  r e q u e s t e d ) ,  When a c t i v i t i e s  a f e  n o t  t a l k i n g  t o  t h e i r  
ne ighbours  t h e y  c o n s o l i d a t e  t h e i r  own d a t a  b a s e s  by ( i )  d e r i -  
v i n g  new a s s e r t i o n s  from t h e i r  c u r r e n t  a s s e r t i o n s  and ( i i )  
" n o t i c i n g "  g e n e r a l  messages t h a t  c a r r y  i n f o r m a t i o n  about  n e t -  
work a c t i v i t y  and upda t ing  t h e i r  d a t a  b a s e s  a c c o r d i n g l y ,  

The above mentioned d a t a  b a s e  i s  a  s imple  e n t i t y  which when 
given a  symbol s t r i n g  r e t u r n s  a  l i s t  of  v a l u e s  f o r  t h a t  s t r i n g ,  
t h e s e  v a l u e s  a r e  a r b i t r a r y  symbol s t r i n g s  which may b e  con- 
s t a n t s ,  v a r i a b l e s ,  l i s t s ,  p rocedures ,  e t c ,  The v a l u e s  a r e  
o b t a i n e d  by a  f e t c h  i n s t r u c t i o n  and s u c c e s s i v e  e lements  a r e  
o b t a i n e d  by n e x t  ( n o t e  t h a t  t h e  c u r r e n t  e lement  may be  acces-  - 
sed by p m e ) ,  The e x a c t  mechanics of t h e  o p e r a t i o n  o f  t h e s e  
p r i m i e i v e T i s  i r r e l e v a n t  i n  t h a t  t h e y  could  be implemented by 
say  C O W I m R  ( ~ u s s m a n  & MbDermott 1972) p o s s i b i l i t i e s  lists 



and genera tors  o r  P L A S U  (Hewitt $975) message sending techni-  
ques ,  The fol lowing de f ines  t h e  requi red  d a t a  base ope ra to r s  
(a)  Add to (x ,y ) :  add s t r u c t u r e ( x , y )  t o  d a t a  base wi th  name x  

and va lue  y .  
(b)  De le t e lx ) :  remove s t r u c t u r e  with name x, . , -- 
(c) ~ e t c h ( ; )  f e t c h  va lues  of x ,  
(d) Next (x) :  g e t n e x t v a l u e  on l i s t  x ,  
P 

(e) Same f x > .  - t ake  cu r r en t  va lue  from l i s t  x, 

Act iv i ty  Comunicat ion 

As previous ly  s t a t e d  a c t i v i t i e s  t a l k  t o  one another;  t h i s  i s  
achieved by the  pass ing  of pi?oyrms between a c t i v i t i e s  which 
a r e  evaluated by the  r e c e i v e r ,  To enable u se fu l  rep ly  a con- 
t e x t  i s  given t o  t he  message which t h e  r ece ive r  can use i n  
making a reply Every process  of an a c t i v i t y  i s  given a  c o n e x t  
name; i f  t h e  process  i f  suspended the  context  can 5e  used t o  
r e t u r n  i t  t o  a c t i v i t y ,  A s e t  of con t ro l  p r imi t ives  f o r  message 
sending and con t ro l  i s  given below, A l l  parameters a r e  passed 
b y  value and the p r imi t ives  QQ and YQ a r e  used t o  a l t e r  t h i s ,  
( f )  a(.> & UQ(x): QQ b e h a v e T l i k e  ?LISP QUOTE except  t h a t  i f  
when wi th in  a  s i n g l e  l e v e l  of QQ's a - UQ i s  met then t h e  argu- 
merit of VQ i s  eva lua ted  and i n E r t e d ,  v i z ,  QQ(Add t o  UQ(W) S) 
where W=* would be assessed as  QQ(Add t o  * S) 

( g >  : Suspend the  cu r r en t  process  and s t o r e  i n  d a t a  
base under the context  name. 

(h) S t a r t ( x ) : S t a r t  (o r  r e - s t a r t )  t he  context  x ,  
( i )  R i l l ( x )  : Throw away the  process  x, - 
( j )  --- Sendfx,y):Send message y t o  d e s t i n a t i o n  x  a z a c h i n g  

source name and context  t o  t he  message (no te  a 
message may be s e n t  t o  a l l  a c t i v i t i e s  by s e t t i n g  
x=GM(general message) ) , 

(k) Context: The cu r ren t  context  name and a  pseudc p r i r n i t i ~ ~  --- 
(1) ( ~ ) : G e t  source and o r i g i n a l  context  of process  and 

rep ly  wi th  message y  t o  i t .  

These p r imi t ives  a r e  used t o  supplenent  any s u i t a b l e  prograx- 
ing  language, The system o u t l l n e d  so  f a r  has  t he  b a s i c  require- 
ments f o r  s p e c i f i c a t i o n s  I & I1 and p a r t  of 111; we now proceed 
t o  develop t h i s  t o  f u l f i l l  P I 1  and I V  i n  the next  s e c t i o n ,  

F i r s t l y  we introduce a new s t r u c t u r e  t o  t h e  d a t a  base of each 
a c t i v i t y *  t h i s  ns t h e  a s t i v i t n e s  i n t e r e s t  l i s t ,  This  de f ines  
t he  type and degree of i n t e r e s t  of each a c t i v i t y  i n  terms of 
o t h e r  a c t i v i t i e s  ( c , f ,  semantic n e t s ) ,  This  i s  s t o r e d  as  a  
l i s t  sf  p a i r s  <knteresc ,  extenx> where e x t e n t  takes  t h e  range 
[3,11. This  l ~ s z  de f ines  t h e  , f u z z y  s e t  of i n t e r e s t  a  ch 
a c t i v i t y  and we w i l l  in t roduce  a  new p r i m i t i v e  matc here  
9 i s  a l i s t  of i n t e r e s t s ,  t h a t  t e s t  t h e  i n t e r s e c t i o n  of p a - d  



t he  a c t i v i t i e s  l i s t  of i n t e r e s t s ,  I f  the i n t e r s e c t i o n  i s  above 
a a c t i v i t y  def ined threshold  the  p r imi t ive  has no e f f e c t ,  i f  
i t  i s  below it  however, t h e  p r imi t ive  k i l l s  t he  cu r r en t  pro- 
ce s s ,  This  allows con t ro l  of processes  i n  a c t i v i t i e s  by r e l e -  
vance, A more genera l  ve r s ion  of =(p) i s  a l s o  needed(i  . e ,  
i t  does no t  k i l l ) '  

Another pseudo p r imi t ive  i s  introduced which incorpora tes  a  
send and matchk, t h i s  i s  the  event  p r i m i t i v e ,  I t s  a c t i o n  i s  
t o  ca r ry  a  ' fuzzy d e s c r i p t i o n '  of an event ,  ( i , e ,  a  s e t  of 
i n t e r e s t s )  and t o  inform the event sender of those a c t i v i t i e s  
which match the  i n t e r e s t ,  P u t  another  way, i t  t e l l s  t he  a c t i -  
v i t i e s  which match the  d e s c r i p t i o n  t h a t  an event  of i n t e r e s t  
has happened so  t h a t  they can reques t  f u r t h e r  i n f o m a t  i o n ,  
Such event  messages a r e  s en t  when e i t h e r  some a c t i v i t y  n o t i c e s  
a  change i n  t he  ' e x t e r n a l  world'  o r  when i t  de r ives  a  h ighly  
be l ieved  a s s e r t i o n ,  

Hence a  mechanism e x i s t s  by which a c t i v i t i e s  can ga in  infm-  
mation about non-local a s s e r t i o n s  of the network and so  
dg.namically a s se s s the  relevance of i t s  l o c a l  a s s e r t i o n s  t o  t h e  
network requirements ,  

Since many messages w i l l  be  pass ing  around t h e  network some 
means of message p r i o r i t y  i s  r equ i r ed  i n  which low p r i o r i t y  
messages a r e  suppressed o r  queued i f  when pass ing  through an 
a c t i v i t y  they have a  p r i o r i t y  lower than the  cu r r en t  th reshold  
a t  t he  a c t i v i t y ,  This  th reshold  i s  simply a  func t ion  of the 
amomt of message pass ing  the a c t i v i t y  i s  doing a t  t h a t  moment, 

Self-pruning i s  implemented by using an approach s i m i l a r  t o  
t h a t  used i n  FUZZY (Ee Fa ivre  1374) and FUZZY PLmMER (Klung 
1974) v i z ,  by inco rpora t ing  a - p r i o r i  "be l i e f  values" and 
"resultaniz ( ca l cu la t ed )  b e l i e f  va luesPB i n  a s s e r t i o n s  and by 
ceaseing a  l i n e  of 'p roof '  when the  " r e s u l t a n t  b e l i e f  value" 
f a l l s  below a  given Level,  

Hence a c t i v i t i e s  may be allowed t o  i ~ v o k e  many a c t i v i t i e s  
i n  p a r a l l e l  and of t hese  only those t h a t  a r e  "highly be l ievedsS 
w i l l  cont inue and propagate t o  more a c t i v i t i e s ,  It i s  therefore  
obvious t h a t  some a c t i v i t i e s  w i l l  r e ce ive  messages simul- 
taneously and hence a  p r i o r i t y  scheme i s  necessary ,  The ac t iv -  
i t y  queues a w a i t  messages and s e l e c t  t h e  h ighes t  p r i o r i t y  
messages f o r  a t t e n t i o n  f i r s t ,  A good choice of p r i o r i t y  i s  t he  
product of t h e  "be l i e f  value" of the message ( a s  suppl ied  by 
the  East a c t i v i t y )  and t h e  relevance of the  message defined by 
the  va lue  of the fuzzy i n t e r s e c t i o n  computed by matchk f o r  
event messages and u n i t y  f o r  d i r e c t  messages, It i s  now pos- 
s i b l e  t o  de f ine  the message p r i o r i t y  mentioned above as a  
func t ion  of t he  sending a c t i v i t i e s  p r i o r i t y  o r  "be l i e f  i n  i t s  
cu r r en t  process" hence: - 



P r i o r i t y  = r e l e v a n c e  x b e l i e f  
Message P r i o r i t y  = f ( P r i o r i t y  source )  

The b e l i e f ,  o r  p r i o r i t y  of s o u r c e ,  i s  d e f i n e d  a s  t h e  " r e s u l -  
t a n t  b e l i e f  va lue"  which s t a r t s  of a t  a  v a l u e  g iven  a t  p r o c e s s  
i n i t i a l i s a t i o n  and i s  r e c a l c u l a t e d  a s  new a s s e r t i o n s  a r e  
i n t r o d u c e d  from t 5 e  d a t a  b a s e ,  

To a l l o w  s e l e c t i o n  of u s e f u l  and r e l e v a n t  a s s e r t i o n s  from 
t h e  d a t a  b a s e  of an  a c t i v i t  d ~ r i n g  problem s o l v i n g  we u s e  4 Y v a l u e s  a t t a c h e d  t o  a  r e c o r d  :- 
( a )  A-pr io r i  b e l i e f  - a  dynamical ly  a s s e s s e d  r e l e v a n c e  v a l u e ,  
(b) R e s u l t a n t  b e l i e f  - t h e  S e l i e f  v a l u e  used i n  c a l c u l a t i n g  

the e f f e c t  of i n c o r p o r a t i n g  t h e  a s s e r t i o n  i n  t h e  p r o c e s s  : 
t h i s  may be  a c o n s t a n t  o r  a p rocedure  

bc) G e n e r a l i t y  v a l u e  - how many t h i n g s  can t h e  a s s e r t i o n  be  
expec ted  t o  apply  t o  - i t  i s  a  f u n c t i o n  of t h e  c o n s t r a i n t s  
on v a r i a b l e s  i n  a s s e r t i o n s ,  

(d) Work v a l u e  - the  amomt of e f f o r t  invo lved  i n  u s i n g  a n  
a s s e r e i o n ,  

( K , f i ,  a l l  v a l u e s  i n  range [ o ,  ll ) 
During c o n s o l i d a t i o n  a c t i v i t i e s  s e l e c t  h i g h l y  "be l i eved"  low 
" 'general i ty"  and low "'work" a s s e r t i o n s  and app ly  them t o  
d e r i v e  new a s s e r t i o n s  about  the x,rorld, In  =any ways t h i s  i s  
analogous t o  r h e  a c r i v i t i e s  s e l e c t i n g  t h o s e  a s s e r t i o n s  t h a t  
they  "wish" t o  b e l l e v e  l i k e  PLMYER " t h a n t e "  w h i l e  r e g a r d i n g  
t h e  r e s t  a s  " thconse" ,  

The s i m p l e s t  method of cho ice  i s  t o  t a k e  t h e  p r o d u c t  of 
(1-"generaLity'" and (1-"work") and app ly  an a s s e r -  

t i o n  i f  t h i s  v a l u e  i s  above same t 5 r e s h o l d  s e t  f o r  t h e  a c t i v i t y ,  
I f  w e  make message send ing  t a k e  a l a r g e  anount of "work" then  
t h i s  w i l l  e f f e c t i v e l y  l i m i t  t h e  number of  a c t i v i t i e s  t h a t  w i l l  
r e q u e s t  e x t e r n a l  d a t a  from o t h e r  a c t i v i t i e s ,  (Here a c h o i c e  o f  
a  t h r e s h o l d  l e v e l  dependant a n  r e g i o n a l  message p a s s i n g  i s  
s e n s i b l e )  , 

I f ,  however, t h e r e  a r e  a c t i v i t i e s  i n  t h e  sys tem such t h a t  
most s f  r h e i r  a s s e r t i o n s  a r e  message s e n z i n g ,  t h e n  sone of 
t h e s e  w i l l  become a c t a v e ,  When such an a c t i v i t y  h a s  a  h i g h  
i n i t i a l  "p-s ior i ty"  then  messages from i t  can spread  o v e r  t h e  
sys tem c o n s t f  t u t i n g  a  "themei' o f  cam put at lo^ i n  a  nanner  
independanc of t h e  e x t e r n a l  environment ( i n  r h e  s e n s e  t h a ~  i t  
i s  n o t  n e c e s s a r y  f o r  t h e  environment t o  t r i g g e r  i t ) ,  

Hence, such an a c t i v i t y  cou ld  be  concerned w i t h  some a s p e c t  
o f ,  s a y ,  danger  t o  t h e  sys tem and i t  would t r y  t o  seek  o u t  f r m  
i t s  ----" g l o b a l  knowlelge p o s s i b l e  changes and a c t  b e f o r e  t h e y  
became a c t u a l i t i e s  En any systern a  l a r g e  nuober  of "themes" 
could  co-ereist ,  soze  Fna te ,  and sone s t i z u l a t e d  i n t o  e x i s r a n c e  
by t h e  environment ,  

I 
T h i s  i s  i n  some ways s i m i l a r  t o  t h e  work of  Becher (1973) .  



Suppose now t h a t  t he re  i s  an inpu t  t o  t h e  system and t h e  
input  processing a c t i v i t i e s  send ou t  event  messages, These 
messages, i f  s u f f i c i e n t l y  important t o  t r a v e l  ac ros s  t he  sys- 
tem, a r e  f u z z i l y  matched wi th  o t h e r  a c t i v i t i e s ,  The matched 
a c t i v i t i e s  rep ly  i n  o rde r  t o  ge t  the d e t a i l e d  'program' f o r  
a c t i o n ,  Many d i f f e r e n t  a c t i v i t i e s  may ge t  the same o r  s i m i l a r  
programs (problems) and produce d i f f e r e n t  types of answers 
from them, Hence d i f f e r e n t  a c t i v i t i e s  can be regarded as  con- 
s i d e r i n g  d i f f e r e n t  aspec ts  of the sane problem. 

Although i n  t h i s  example the  cause was taken as  ex t e rna l  i t  
i s  equal ly  poss ib l e  f o r  i t  t o  be i n t e r n a l ,  t h a t  i s ,  due t o  an 
' i n t r i n s i c a l l y  a c t i v e B  a c t i v i t y  t h a t  conta ins  a h ighly  (a- 
p r i o r i )  bel ieved a s s e r t i o n  of t he  form ' f o r  any X i f  X i s  
"highly bel ieved" send an event message8,  

DEADLOCKS 

Deadlocks a r e  of 2 types:- 
(A) message pro tocol  l e v e l  deadlocks which i s  the  'normal '  

s e t  of deadlock problems encountered i n  "packet switched 
n e m o r k s *  and t h e r e f o r e  no t  d e a l t  with here  except  t o  say 
t h a t  under the  r e s t r i c t i o n s  of a r e g u l a r  network these  
problems a r e  e a s i l y  surmountable s i n c e  ( a )  i f  a c t i v i t i e s  
can communicate between processors  i n  a ' c e l l '  of a  regu- 
l a r  network prevent ing  deadlocks then ( b )  a c t i v i t i e s  can 
communicate between c e l l s  prevent ing  deadlock and hence 
comunica t e  t o  any po in t  i n  t he  network, 

(B)  r e c u r s i v e - a c t i v i t y  processes ,  I n  which an a c t i v i t y  sends 
a  message d i r e c t l y  o r  i n d i r e c t l y  t o  i t s e l f  f o r  assessment ,  
This  i s  resolved by the  f a c t  t h a t  each ' a s s e r t i o n s  appl i -  
c a t i o n  t o  a  process  reduces the  ' b e l i e f  i n '  the  process  
and s o a r e c u r s i v e  process  e i t h e r  terminates  n a t u r a l l y  o r  
the  a c t i v i t y  handl ing i t  g ives  up and throws away t h e  
process  due t o  lack  of b e l i e f :  This  a l s o  takes  p l ace  f o r  
co-recursive a c t i v i t i e s ,  

It i s  be l ieved  t h a t  the  system ou t l i ned  he re  i s  capable of 
""intelligent behaviours '  as  def ined  i n  t h i s  paper ,  and a t  
p resent  an at tempt  i s  being made t o  i nco rpora t e  p a r t  of i t  
i n t o  an a c t u a l  system, 

The a c t i v i t i e s  scheme shows a  b a s i c a l l y  d i f f e r e n t  approach 
t o  the  problem of knowledge r ep resen ta t ion  in-so-much-as i t  
dea l s  wi th  a  d i f f e r e n t  dichotonry of r e p r e s e n t a t i o n ,  Many d i s -  
t i n c t i o n s  have been made ( e , g ,  intrinsic/extrinsic~proceduraI/ 
pred ica t e  ca l cu lus )  : t h i s  paper p re sen t s  another ,  which i s  
perhaps more fundamental, t he  "a~tive'?~gspassive"'  d i s t i n c t i o n ,  
It  i s  argued t h a t  t he  a c t i v i t i e s  system i s  a  n a t u r a l  and 
necessary  ex tens ion  of procedural  knowledge systems (Winograd 



1972) and of H e w i t t ' s  Ac tor  systems (Hewite 9973) ,  Some may 
argue t h a t  t h e  d i s t i n c t i o n  betwee2 "active" and "pass ive"  sys-  
tems i s  s l i g h t  and t h a t  a n y t h i n g  t h a t  can be  done " a c t i v e l y ' "  
can a l s o  be  done ' ~ a s s i v e l y i f ,  T h i s  can on ly  b e  answered i n  t h e  
manner which Hewit t  meets h i s  c r i t i c s  - such e q u i v a l e n c e  i s  
t r i v i a l  - i t  i s  a  m t t e r  of t h e  e a s e  of i ~ p l e m e n t a t i o n  of an 
i d e a ,  some f i t  w e l l  w i t h i n  a  "2ass ive"  f r a a e ,  o t h e r s  n o t .  
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ULLP: A P m G R M  FOR BANDLmG COWERSATIONS 

%.%at is it that happens ~x22eiz ive get i-~k cci~versatioir ~ t h  someone? 
t b d  hopi 3fd we get t h e ~ e  ::q the first Fnzcz 3 h d  how dc TVB get out 
of it d e n  weBve decided we've had enough? h d  how c%cp we change 
the subject? And why do we sometimes feel that people are bre&ing 
the rules m d  m&ing us mogred? 

The intzksle interest sf these m d  Inany other related questions 
a b u t  ~~nx7e+satiofn, PIUS th8 fa@% that they all seem t~ be concerned 
with q u e s ~ ~ ~ s  of the f c r ~ -  'Zow do people achieve sueh and such a 
goal? o r  m y  do people feel X in situation Y ?  ' suggesbd that they 
could form the basis of a good AX project whose central concern was 
with the p r a p a t i c s  of conversation conversation (and not as  a 
vehicle kho~gh whi~k. 8~r-s other abill3es of a progamco skould be 
displayed> as In Winograd. 2 -  Col%ay), This ;position paper i s  a short 
introductioa 5c our ideas a b u t  how sueh a program might 'rn written, 

Others have considered similar problems (Powers 1974, Bmce 
1915), grid we have learned a lot from their work, 

The genera2 Idea is to ,S-~it egraelves LC 2 ?-%;arty conxrersat!ons 
btvyeen the program md the user displzyed over termimls 
(see blow) The conversational setting will be a fictitious 
coektdl party at which b t b  the user and the p r o g r m  are fmestsfe  
Initially EZe pagram v-2- hme built i:nk T: certain ~ ~ i o i ~ a t  of 
knowledge a 'm~t  the o21cz gzssts presszi, ~ s c h  as  the?: naxnes, 
what theit dc a cow they 222 3&&43d to t x .~e  sther (e, g X 
detests Y), Its howrledge of %he user will be (ta stzrt ~~t11) an 
e q t y  skeleton upon which more facts abut him can gradudly. bb? 
hmg as  Qlly* elicits more idomlaeon, At the end of a session, 
therefo~s,  w2ll ha3is ; 2.9re refihqei. d e a  of w h ~ t  the Lser is 
_&e, It wcik5 slearly 'zz 3eslrabie to z ~ r z ~ g e  for $Ye skzcge of 
such pers-,zz- fnfor=at,c:: gdned ta IZ~ A:~51ed in a sensi3k way, 
e ,  g, in the form of a 'predous O G C ~ S ~ O ~ S  data base, This, like the 



initial model of other e e s t s ,  could form part of the background to 
fufiher co91rrersationse The building up of conversationally r e l e v a t  
descriptions of people will therefore be an impr t an t  facet of this 
project, although to date most of our efforts have been concerned 
-with the way the hmdling of conversation itself is likely to proceed, 

We wmt Ully to be a friendly and reasonably co-operative 
conversational pa rbe r ,  who is politely nosey, We can sm up his 
desirable properties as  follows, 

UEly should: 
(1) Try to find out as  much as  possible a b u t  the other and the 

cocktdl party Bwor%df i, e, the other people in it, This seems tc~ 
entail that he has m idea of what sorts of thing i t  is apprc~priate 
to ask about, 

(2) Be p l i t e  (m1ess provoked), 
(3) Try to imrease the level of intimacy (but consistently ~ 4 t h  (2)), 
(4) Be prepared to respond appmpriately to the ini"tative of the 

other e, g, chmges of subject, possible 'closingsf (Sacks and 
Schegloff (1973))  e k e ,  a d  to take the initiative if the oecasion 
demmds it, 

(5) Try to keep the conversation at 3 level which i t  mderstands, 
(6) Be always capable of produelng some fairly appropriate r e spnse ,  

even if i t  is mable to ~aunderstmd something said to it, It should, 
for exmple ,  be prepared to 'bE&f i ts  way throughf if this shows 
a reasonaMe chame of paflng off ((it wonBt always, of course), 

(7) Treat asse&ions by the other with 'caref, For exmple ,  where 
xa a s s e r t i o ~  by the other has been rejected, fu&her assertions 
by him may simply not be believed, (more a b u t  this mechmism 
below). 
Of course, merely stating these maxims e v e s  HZO clue a s  to how 

they might b achieved, We hope that the discussion in the 
remainder of this paper will help to define a. f rmework  in which 
their sense could be expressed in a; reasonably precise way, 

A p s s i b l e  eonversation with U ly  might k @ n  like tMs: 

P 1: Hello how are  you? 
U1: I'm fine, but e r ,  who are  you ? 
B2: You mesa you don't r e m e m b r  me "7 
U2: REMEMBER YOU? I c m v t  see you, 
P3: Of course, sorry, I tTs Pate 
U3: Pat! Hey how's Jackie ? 

Figure 1 



This conversation is zm artifact, though we would nahrally 
prefer to use ge~aine trmscriptions, To this end we are 
implementing a pilot system for obtdning real dzta from terminals, 
Given that figure 1 does display some conversational stmcture, 
however, our malysfs wquld proceed in the follodng m m e r :  

P 1: Hello, how are you? 

%ello' greets: Roughly '1 xm here, I wmt to talk to you9, 
'How are you?: Taken literally, an adequate mswer to this 

question could be extended, However, we feel that a more likely 
interpretation is that this is a peice of institutionalised politeness, 
the full version of which is - How are you- Fine, How are you? - 
Fim, Ritualis such as these seem to have important social 
function (Gffmm), m d  their ssipificmce will be discussed in 
greater detail blow, 
A plausi"nle constraint on the use of this ritual is that the 

pa&icipwts already know each other, or at least have met before 
(not $00 recently, however), Thf s is a. piece of evidence hvhich 
entitles Ully, hearing 'how are youf, to ider that the other was 
ta&ing as though he already h e w  him, But clearly to ascover 
whether this claim "Es fmilia&ty 4s warrmted, Ully needs to know 
who the other is, 

U1: I'm fine, but er, who are you ? 

Politeness calls for the completion of the first half of the rit~ral 
(I'm fine), just as it stmctures the remainder of the uaerance: Ully 
has a problem - he doesaat know who P is, yet by asking his name 
m d  ewsing his ignorance he runs the risk of insult, becmse 
generally it f s a blunder to forget someone's name, 'But erP, then, 
si-als hesitation in the face of a potentiallj~ embarrassing question 
(m exarpkple of a conversational Yactic'), . 

At this point P has been asked a direct question whlch at face 
value requires a factual mswer esntaininag the vita1 item of 
wrsonal information, However, P knows that he has met U before, 
1.nd he therefore also knows thzt he has a right ta expect U to 
emember his name, P88 last uttermce conflicts ~6th this 
:pectation (despite the attempt at politeness), and 
PI: You m e m  you doaft remembrhexpresses a slight 
Egnationa by $b1m1ingt Uly for demmding idorm~tion he aught to 
w i, e, hefs not saying 'you don't remember mef, but (1) you ask 
who P m, (2) 1 know 'i~sre~ve met before - IBm suqrfsed at your 
tion which c a ~  only be explained if I assume you've forgotten me, 
ling on your part, This intepretztion is in part aided by 



preps ing  'you meanB, a d  the 'fising iiltonationv conveyed by the 
f"s (mother 'tactict, see blow), 

mly's next uaeranee 

U2: EEMEMBER Y O U U  can% see you 

has to be perceived as zm adeqate  mswer to P f s  'objectian', i, e, 
blame for not remembering P g s  n m e ,  Pet as far as IJIlgr is 
concerned, its reason for asking U1 still holds, 60 that P 7 s  
objection must seem mjustified, %me defence is therefore called 
o r  The first move is to question the 'topical centrey s f  the p r e ~ o u s  
uttermce 

- REMEMBER YOU? 

San&ng alone, this would mmalEy be constmed by the hearer a s  
a request for further justification (see zaslder tactics blow),  but 
when immediately followed with mother u4;terance by the same 
spe&er, this second t r ee race  tends to be perceived as  a reason for 
the first, And i t  does not seem too implausible to suggest that the 
p r s p m p ~  mderstm&ng of the relationships hetween the concepts of 
seeing, r emembdng  gin the a b v e  sense), a d  knodng the n m e  of 
should be sdficient for it to mderstmd 

not seeing P as a reason for not k n o ~ n g  P T s  n m e  

md not knoMng P t s  n m e  as  a reason for m t  
'remembring' P, 

Bence, immediately focallowhg:: I c a r t  see you. 
How P, realising that his 'objectionf is ean%~arrmted, chooses ta 

(1) Accept Ullyfs last uttermce as a reason for the inappmpriatenegs 
of his last utterance 

- of course 

92) ApoZogse for the embarrassment c ~ u s e d  

- so r r g  

(3 )  Convey the vita% item of idormagan 

- it% Pat 

r'S%ly now knows who he is taLking to9 and 18 in a position to -@.look P 
up (on the assmption that bowledge gained a b u t  pad-icular people 
i s  kept). Fin&ng m entry 



- Pat! 

greets by using m address term, 
A plausible item of i d o m a t i o n  kept a b u t  Pat  could be that his 

wife's name is Jackie (glemed from some previous cowersation), 
and it is a fairly well established convention to ask after close 
relatives (especially if, for example9 they haven% been well), so 

- Hey, how's Jackie? 

The hey is prefixed to si,qal a change of topic (though this is only 
one of i t s  uses - it  c m  Aso precede an unexpected (by the hearer) 
interruption for exmple) ,  

We a re  aware of the shortcomings of this analysis: it assumes 
that many problems have been solved, such a s  how to identify what 
the current topic i s ,  why P is prepared to 'apolo@se for the 
embarrassment eaused', m d  how Ully comes to see his o m  
embarrassmell;t a s  a cause of P P s  apologye Neverthelessp we don% 
feel these problems a re  insoluble, and only by pedorming analyses 
of this sort  will we come to r e d i s e  the kind of reasoning ability a 
p r o g r m  like Ully will need to have, 

THE MEANmG OF UTTERANCES IN CONTEXT 

There doesn't seem to be m y  direct comection &tween the 
' sp tac t ic  formf of an ugermce (i, e, declarative interrogative 
imperative) a d  i t s  conversational fuction,  It's no use, that i s ,  
treating a question, say, simply a s  a request for infomatfon, This 
is just too weak, because i t  fails to distinguish btween the different 
puqoses  tcz which "cke interrogative form can be used, Questions c m  
convey all kinds of messages; they c m  invite ge, g, why donat yo11 
come over toglight ? ) $  they can confer p l l t eness  on a commmd (e, gr 
could you close the door?)) ,  they can (of course) request further 
idormation a b u t  some established topic ag well (e, g, what kind of 
a gxy is he ?)), m d  chmge the dominmce pattern after a previous 
question (e, g, you mean you ha%% remember me?),  
A better way to aanalyse ?the question7 is to g e h  little closer to 

the puwoses and goals which lurk beneath - then we might be able to 
see more clearly the relationship between particular sp t ac t i c  forms 
a d  the effective expression of a spe&erfs intentions, By 
re%fecti~re' is intended m t  only that the utterance should convey the 
essential info rmationp but also that i t  should be vcomf~r"ibbEe ' by 
paying respect to those interests of the listener to which respect is 
due. For example, 'can pea close the door "a is more polite than 
?close the doorf because i t  allows the addressee (notionally at least) 
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the o p p o m d t y  of refusing, Like g e ~ i n g  up when a lady comes into 
the room exhich already has some f ree  seats ,  "&he politeness l ies in 
the possible world where there are no seats left in the one ease, o r  
where the person has some reason for not shutting the door in the 
other, 

There seems to .be some evidence for the consideration of &he 

other's "rights ' a s  m importmt determining factor in politeness, We 
s t ress  the malog$r with the distinction between publie and private 
property fn the physical sei-rse, mi. the rituals which sur romd our 
social interactions wit%; these, build; up to avoid treading on each 
other" skrr i tory ' ,  This mit1og-y also clarifies the way in which 
politeness seems s~z intimately b v a d  up wtth 'intimacyf: the closer 
we a r e  sosially the -isnore liberties I can take with your property 
d thou t  causing offence, h d  this notion of closeness may itself be 
complex, involving, for instance, how long we have k n o w  each other, 
our relxgve age, sew, md social statxts, the amount sf persoml  
2nforrnatio:rz we hmre revealed to each &her, md so on, 

This has a direct bearing on why 'mly is e-mbarrassed in figure 1 
a b u t  forgetting P k same: people who know each other's names a r e  
in some sense closer t h m  those who donye They a r e  in possessfon 
of a 'gift: xihich each has bestowed upon the other, and forgetting 
someone's azame is like leaving behind "ie hat ~ ~ h i c h  they've just 
given you for a present, 
rifY ' NOTION O F  Z@i\iTE3SATIOXklL STATE 

Being committed to the idea that r~nderstmding u t t e r a c e s  requires 
m active search for explmations in terms of the belief states sf -the 
g a ~ i c i p m t s ,  we ~ ~ c U ~ d  suggest that the flow of a conversatioa C~IQ be 
fruftfuli~i d e s c r i b d  as a se4usnce ei 'stakes . A state of the 
c o m e r s a t i o ~  is a mutaraly accepted set  of relationships existing 
beheen  -11e parCcipznts a t  a @ven z a ~ s m e ~ t ~  - for  ex~rnp le  , whose 
tu~ig  i t  is :c s p e w *  ~7ho i s dc_=inm: (2, g. if A has askea a quest',on 
which B is mswering, then A is dominant although B is spedklng, 
The concept of dominance is similar  In some ways to 'tempoq in 
zhessj, the level ci ;xl i tensss cur~e~k2.y  apprcpriate (4ievel' Is ,  we 
realise, r athlker naive: i t  suggests a aumer icahca le ;  whereas 
politeness clearly secupies a more structural role), the d e n e e  of 
~~ztimacy 5shveen tks par t ;~ ,pants~ the shared assumpticns the 
paz3icipx:ts have zrd the ZY-:rent :c2-c of z ~ a ~ e r s a t ~ ~ f i "  UIiy wfll, 
a t  any momeazt, have beliefs a b u t  the converszLtional state, 
emressed as assertions a b u t  these relationships, 

The ldee of state a4180 s~iggests  2 starting p i n t  for 2 ta;.bonoLrry of 
~onversat~ona a 'move( (&ffman 191 L ) is the smaliest u%erance o r  
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1, 9ach pa+ hgs a p ~ z x L d  e%dd m-d a &L.&yd end The 
p ~ ; x ? ~ d  en& la-, the 0 ~ 6  S ~ I ~ % O X ~ . C ~ : ~  neszees% $0 the  top sf 
the  mad, Fhs l e m k  af a par',, saa 
pm-d-asta &a m& be greater Lhm its d d k h ,  

2, The t m18% be wider %ha% any 02 the upper 1L~b-- 
par7";,2, md esecih sP %%lwei in tax*. mst Be wider Lhm its 
cs~wacted 1~1 SL f 2mb-pzu U 8 o  &he head and tm& 
m t  be wider %ha the necke 

3 ,  Fhs he& m ~ t  be g~ea%er b e e a  t;hm the  neck m d  %he 
lovsr  lihb-gd:rte must < 2 ~  ?-wgez :sdhzm theja sasocia5ed 
hacc.w s r  f e e -  

&, hatoanicuy carneeled p&s m& a v s ~ l a p  h the right 
mis fs defhed  by spec*% gonee b each p m t  

theAu ~ ; . p e c f ~ 1 ~ ~ &  pa i r s  o f  &ones, zne in esoC par%, which 
ms2 2r mst , Tie-e A o r  The d s 2 M t i ~ ~ :  sf a sati.dac- 
toqy" join% bet3rsen c a  tklgh is sho-mb An f i p e  2, 
Logether rsith som lea & n e w  mtisese. 

mis pzgpet wds2 i s  fairlr wbi"-,8z;y, bu% sometbhg raore 
% s i r l  G ECB' ke use& ~ " 3  exc2dde eases like 
~ i w a  3 :&a w85 32% wMeh people w z  aQra fLsx%oPe (aa per- 
aeivers l )  fs t h t  they e l  dlow Boas reX&tion~ ar p r o p & i ~ n ~  
t o  be &~etohed pmvided %he r e s t  m e  ~em~n&blb. me hpXLea- 
%low s? th: - s  vix ?@ diae:~es%d la%e-~ 

2%~ da%&&mctw@ ~epresmts a s  h % e ~ r s t a t T o a  sif a 
met-la w a ~ E ~ Z S "  p& , U e &  zi 2 s r ~ e p " ~  has  lots 
&xi& me fz1Ped ~ $ 8  y.sLatfs-:~ r,;o o%ks: gereeptc The rel~%Lons 
m e  &Lsc ~ e p r e s e ~ ~ ~ a e i ,  z ~ l i u x c : ~ ~  by da%%-&mc%wea, &ah have 
%m  dot^, one f o r  seoh of the r&da%ed p @ ~ c e p % s ~  %here %ti: 

b e % t e ~  h %he pi~%%r@~ pEtap18 happa;$ fbd h c ~ ~ p l e L e  
: 3a one 2: W ~ ~ C Y C I  e pel tJq2%s have 7 a ~ m t  s l o t s .  

The p m g ~ a ~ ~  can dz same _," 3 - l  i~ 80ms gay of w ~ d u a -  
d b x  v r  h c o a p l ~ t e  pupps%s 80 trim %t G 

prs%a%iona %laen tkere m e  better at 
be& ppnppet i a  d e f b e d  as %he one co 
sLa r e 1 ~ ~ ~ 1 ~ ~ i - a  W ~ ~ F P  ~atfa?";_z> %ha : l : L k ~  

2, BTa slot a m  be fUlsd br mwe thm one  elr ration, 
emept" f o r  t h  ?high s26 7qappe$rseeis dot%$ 2~ %he t m ~ 2 1 ~  
wEe1'9 3~4x1 hws -wo, 



L. I reXation c-ot exist m e s s  %%a percepts do, 

This d&bg%ion has its pmb1e~s Qese as~assion sectLon), 
pictmes it is d ~ u a t e ,  
e@ ooa%a&bg perfect pppets pXus some option& 

e&ra reot-les, %he task e m  be dons fbru 8bpXy ~ 8 -  8 

techfque like the Waltz filter (Wd%z 1972), Each reclwle 
a list of 1 o ~ d X y  pod8ibbe percepts %hen9 for 

s,  d1 thoss poten%i& necks aich w e  DO$ csmected to 
aqy- p%m%i& hemi m e  dezeted, I % e ~ a % b g  this p m ~ e ~ s  ~ P t m  
pmd~ces a mique gboba h%e~retatfon m& d w q s  grea%Xy re- 
duces the aeta~h space, U&ofima%elyP if a part  sf "%@ 
pamet is miss-, %ha the aomect inteqreta%%m of the 
aaaceat parks get deleted -ant= evea%aUy ~I3-l percepts m e  
dped out, X thg P a t s ~ b g  prseess is m&ened dficien%Xy 
to pmvea% hcomeet dele%ion, it loses mst of i t s  pwert md 
withoa% EEI effective filter, the semch beeomss Xwge, sbee 
$he p@@ibS%%y %th% %he puppet 28 b ~ @ ~ f e ~ $  PP@V=%B 
bacwraekhg, 

Sbce the wtea%id bact~pleteaess of %he puppet m&es it h m d  
to d e  oat percepts on Ioea gmmda, %he pmmm use8 %he 
dtemative approach of dw thea La, st&- P ~ o m  Iscd 

&%ions vhi~h stro%1g wgest p w t i c d m  pe~cepb 
&om these aueXei, it gmwa a se%m~k W akte~pt- 4x1 ful the 
v&cm% slots with relatias %a are* ek&hg percepts, X f  
%his fails, md there w e  mitable overl8pp- rec%w$es, 
relgtioas to 2~esUy ersated percepts ed, msd %be other 
slots of these ne% peroepts %hea act as 

Pemt one ~aoXeus, the resd"$8g  work wXLl C O E % ~ ~  a l l  %he 
~w*ed percepts It wKU dso WE% others and some 

KL3-l be fUAed by sever& co~petbg relations (See 
s 1 )  QwerUy, ho~evsr~ a a s t m ~ k  grom b t U 8  wv 

wi3 . l  be 60~sidwabb m U 6 r  %hm one m a ~ i a t w  0% &1 the 
Xoe& pssibai%ie~ 

PwaleX proceaskg mat  rea ate a =fete of 10~a p88%bai- 
ties to be m e  of gsneratbg the comeot mea,  so the t h e  
&vm%ges of pwUelitx w e  lost d e s s  there is a fa& wqy 

~ t b g  the re&@ Simple XOG& oompetitisn will not 
m ~ k  beeauae a comeet pereep% sometbes has a l o c u y  better 
atema%%ve (See f f w e  h), bu% Lf psreepts m e  &ao U o w e d  
to help one m~%er via t h b  ~elatfons, % h a  mpport may pro.-. 
pqate t h w h  the ~etvork .&;o aid a g lobdIx  eansistea% bat 



foe Mepior percept (See f f p e  b xh). B qstem sf 
%hi e, 4"BPB wbieh &lab& patterns emerge f m ~  loed h%erae-.. 
%ions, fs &%tractive as a basfs for ass%&% phma~aa, but 
Q ~ L L ~  if the wetem q~icw reaches a &able state m d  there fs 
@oB@ @~m%@@ %ha% %he be& pa%%- aePg88~ 

A eedah m o m %  of mthemtios in rqubed to ahow how the 
b%erastions a m  be o q a s e d  so rn %a s%%i@ these eondftfona. 
IE this bpi& presm%ation, I have deekded to odt pmofs a d  
+As p~ecfse f f a  they rqafre, U coneenkrate h&e& on 
m&bg %he3 23 mare essay avaaable to a 
gwe~& wdience. A more fo treakat of B 8M%ap hde- 
pendmtu devdoped w&m ~ m .  be f h b ~ d e l d  et d ,  
(1975), %howh the* faswe %a df s 
prdwsnces m d  eonatr&%s (see b &Ices them abmdon a 
1 h e w  mde$ prernatmelg , 

Fk.3 the best puppet is eqdvdmt e&ractw Prom a get+ 
m r  se aodes m e  $he percepts m d  rel&%Aons tke best mb- 
net ga%is@bg eehab ~oastrsbt~~ 23 the vdue 02 s subnet 

be wreesed sa the sm of the prderesces for its Wid-. 
dua mdea, md 52 the 00a$traht8 w e  qdv&mt to m e w  
plmes ta the qacs of pssible states Qaee bdow), thm a 
~81mtisn gethod c m  bs appliede Ewh node give% asso- 
efa%ed re& n m b e ~  betwem 1 O c u e d  its cr&ibilf%y, 
T U B  qam%A%y9 whA& &od be comssd with %he preferace, 

be bke~reted aa %he pmbabiU%y %ha% %he node is 
carnee%, i,e. p& of the nsfstw% l The con- 

eq&i%ies a d  heq~&itieb 
be%wea ereabfiitfe~, For le, n 92 1 is ewressed ast 

@(a)  + @(I) > 1 ge ere @(a) is the e~edibai%y o f   ode 

The aredibaftfe~ of %he mdes o m  bs mp~e8ated the 
&X@s of 8 &%$edb@~8f 8 d  8pBCB r d ~~&bfii%r dist~ih%%~~ 
fs %"km & poht h %he gpace, md o coas%rab% eomeqo~ds %a 
a mer-plme. To s%%fsQ a e q ~ d % % y  or hsq&i%y COD- 
&rat, a ph% mas% lie on the relevmt mer-plme or on %he 
awmprfa%e aide of it, The sta%es &ieh satiae @A1 %he Con- 
Arab%@ m e  edled 1ega .%ba%es & the region of %he qace 
c s m e q a d m  to  the^ %B a cs~vex polyheWa, beeaase As 
%he h%eraeet ioa of soae3 me~-.plaes (eqaity eon&~ahts) 
md m ~ e  ha2.f -qaeas (bwuaity comtr~%s) , 

The value of credLbaity dfstrihtioa is the ac&w pro-. 
duct of %he prderenoe veebr vfth the ~re&bUi%y vector, XB 

terns this aems %ha% the pr&ermoes for the 2~ciktv&- 
&& nades defbe a dbectisa &a the spaae of eredibafty die-. 
trfbatians, mci the be& legs st&%@ is %he one he& 52% 
%hi@ &e3c%ion, k geaera, t u g  w U  be o v e & a  of the 



fad regLon m d  GW be fomd as- U e  Smlex dgorith, a 
s t m d d  tecMque in l h e m  progr (Pieme 1969)B OF by 
rsl-%ion ~ M e h  be better gfvea p m u e l  hdwme,  

St&* ~ t h  assip=% of erFSdibUi%ies9 er%& node %a 
h m  %%s med%bflf%y atered nso as $0 &his@ .dihe to%d 

-mt bey YM& the ~on&rah%s h v o l v a  %he mde %$F@ 

viola%ed, 1% q help %a t h M  of %he constrabte as ex@&% 
forges pmpdiond to %he sise of %he violatisna, These forces 
oaase the ~rdibfli%y to aove to m qaUibrim posi%isn %z9. 
which they b a w ~ e d *  x%~a%$gfg %he BmCBB8 &f %he 
mdes, eonthd1y redacea a s  w of d l  the vfofationa m%U 
%here m e  none 1@2%, 

TMs procese mvea %he cr&%bUi$iy as%ribu$iorn bto the 
legs regLon, B order b f b d  %he be& p h t  in %his region, 
m& we&er for~es, pmgortioed to .$8ae preferences m e  app1id 
d w a  relm%ione This a s w s  the pr&essmees p ~ h f ; h e  ere-. 
dib11itg distribut%on h the be& &ea%s%,on, bat prevents $Rm 
fmm eaaa- aaQnSi~mt vio$a%ions, 

We have seen how the be& $egm% &&%e c m  be fo~lfcf~ Egb %% 
a- coatas cr&%bUities of one or zem, %hea the nodes 
d % h  a ereauity of oa%e CtgfM%dy eomewnd $0 the best 
wnsfsten% =he%, If1 however) htemdia%e wedibfll%fes 
o e m  fa ~e best state, as thq do b @one as ye% a%-d&bed 
cbms$mcea, s seweh mst be perfomed by f b h g  some nodes 
a% ane or %em3 m d  ~ 8 %  rel-tion "%t fM %he vaues of %he 
o%Bera. 

UEma 
d d&W%r%on of *e be& hs-Qamd;ia%io~ of $he puppet was ghva 

the see%ion o~ bmmple%e pqpeta, m e  aonatr"b*wlln%s lided 
there cam be q r e s s e d  5x1 terns of medibuities as foUoassr 

1, For pwaept~ eomem~d-  to aae rectqle, 

2 C(P) g 2 
2, For r & a t L ~ ~ s  eo~pet- f'or a &LO% h o percept: 

Zo(r )  < 1 QF < z  
3 ,  Far peroepts of a %me of part %ha% o c c u a  n thsa ?La 

k For a relation, P ,  beeweea %we pe~eept~~ p, qt 

44 <c(P) 4 ~ )  QQ(P) 
me prderwces me sem fcm pwcepts a d  p ~ i t i v ~  md 

o 1 e n  Fipes 1 4 show two of the 
pickwes on whi& %he pmpm hw  bee^ triede Qo fm) it has 
d w q s  ~ ~ a &  the Be& pamet, ba% f w h e ~  m e s i s  & ted- 



m e  rqai~ed, Notice ha% senp%bXy the r@lw%bn aethod re- 
s01vea the lac& &&@%ties c s n c e m a  %he t b f i p e  1, 

Dmm@xm 
The %a& whioh has b e a  use& to rev@& the prhoiples of s re- 
1-tl.on &ppm&ch, has been smluied h ways, Che 
e m S y  wduied featwe is the lack of OE %o the q l e s  

e h e e  a d  &bow jobts, .A be%ter p~ppet mdef wodd re- 
that the elbus bent one vay m d  the knees the other, 

& 2% ~ h o d d  be possible to mobfliae m& bowledge to W e  
the be& puppet mefge, The theoretfea kte~eak of %his %me 
of mnatrabt is %ha% 5% is non-loed, like amber %reemen% 
which is prob~mstic for eo~t& free g r  s ( ~ y o ~ s  1968 * 

The p~ecLied solution f s  to ht~oduee gXobKk nodes represea- 
tbg the side of the pappat 5~ vie%, Thew s%ds nodes m e  fe- 
la%ed %o each other by rn exelasfve-or ~onstrabt a d  each re-. 
1 e ~ m t  rel&%ion is rela%ed to the osqa%ible glob& side  ode 
by a mteria *lfe&t%an oonstreht, The best hsLwtia%ioa 
w i l l  m1 have eo~p&%ible bees @ad elbows. some eases %his 
is too st3vere a ~f.satrieLfon, sbee a b m k a  elbow is better 
them rime. So dtemdtive we&er reX&%iam &%boat the extra 
esnArahts w e  htmdueed, These eomiet with %he ~%~o%er 
sdationa, sa kt? they have lower p~efe~@ac@e, good elhws &il l  
be&% p o p  ones, baL poop oaea wLXL be&% ma@. 

B mare serious smlSf~a%ion is %ha% rdations a d  pmpo- 
%ion@ m e  either d&bi%eu 8&%f sf &@%oxy of dePhi%&y DO%, 
b%em@di&%s cases covld bs beladed ia ths ne%work, bat there 
m e  so BW of   he^ ka a eanpfex scene %&at the ne%work wodd 
bees%@ cmberso~e, a lot of ~ornpat- %m~2d h&vb %a be done 
for veqy li%%Xe re The atemative is to st& ea- 

a d y  %he goo c@p%s m d  reXa%iane. As %he r 

baftfes the* ~ 8 c w t  E& c m  %ha be de~eloped, &%em 
the  POW^ a d  the irg of %he netwo~k &a t h i s  w q J  

effee%iveb preve~%s a cae whfoh m m i c t b  with g l o b u y  
better &tems%ives, froa bitfa%hg a sewch for mppo&w 
~ ' ~ i d ~ ~ ~ 8 r  ft8 dis&vmt~e ia that them ia DO longer mgy 
pmmtse th&% %he Bh& globd hteq~et&%ion is the beat one, 
bee8usf.s aoae sf the nodes of the be,& possible h%eqretstfoa 
may n8ver be added %o the ne%vork, 

Fbnl*%y, the ~ h p l s  %a& desc~ibed, there w e  only two 
leve3-a of stmctwe, the p ~ p p e t  mid the secl~les, These do 
DO% ~ f 8 6  %8 sfttaa%iona 2a vhfch higher level hawledge is 
rsqa*ed %o fora ight lowsr level atmetmeg, G i ~ m  m 
hperfeet 1hc3 ck w%%h oc~lu~ioa, however, puppet how- 

s m q  be resubed to deeide which l b e  ssg~eats f o m  a rec-. 
le. The ob~ious way of d o h &  this fa ts f h d  the be& 

p~ppe% coapased sf egsfig 2 0 ~ ~ ~ 1 ~  reetmglea, md then ta seweh 



f a r   POOP^ depicted P&S b ~ o q l e t e  it. A d U f e ~ m %  md 
aoveX %@tho& is  t o  create rnw w t a t i d  rec%mgles m d  %o se t  
up cons t rab t s  between thea, B e c t w l e a  which c o m i c %  over 
the  b%emre%atioa of a l h e  ssmmt, f o r  E?, ~ m o t  b o a  
depiot P&B of the be& p ~ ~ p @ % e  b & e d  of us- re 
msdi&%&y to fb d  the best consisteat get of rect  
the p o s s i b u i t i s s  can be used t o  fb& p ~ % e n % i d  percep%s a d  
e n  The percepts can % h a  be & by m%erid 

rectmgles,  thus 
creatbg a lwger  network essnta c o f l i c t a  skmctwes a t  
@-era l e v d s .  By h g  the e l o t  at  once, %he be& 
pappet c m  be fomd, wd higher 1evel how1e&e e m  be ~ d e  %o 
M 1 u m c e  %be choice of r e ~ t w 1 e s ,  
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me lac& mothese s r e e t w l e  before a d  
a The seooad co mie&%es the dbec%%an 

%he pie%ureS ia whLch %he pm em3 of %he percep% is 
Pa@%, Dheetly ~oeX&%ed per~ep%s w e  @horn @%@F the e a l s ~ ,  



the d s f b i t i o n  of %he knee rela- 
tionship b terns of zone rela%iomhr8ps. 

Tw a q l e s  of s ~ 8 t i s f a e t o q  h e e  j o b %  (top) 
nsm misses. h m o w  jindiea%e~ the distsr% + 

&rect%on, me thigh is dwws the ~ d e r  of the two. 



b co&Qmatfon of r e c t ~ l e s  x&%h the sme carnee.-. 
"&vi%y graph a~ a puppe%, h t  h t h  U f e r w B  rela%iona m d  pro.- 
p & f  ODB. 



The $rim-loss, sr crtzting skcck, problem arises wherever 
materml manufactmea ~ontxnrsotlsiy or- in large pieces has to 
be cut into pieces of sizes ordered by customers, The pro- 
blem is $0 so organize the cutting as $0 minimize the amount 
sf waste (tr zm-loss > 1-esu;zing fr m $he zutting, 

I n  the two-dimensional case the stock I s  held in large 
rectang-ulaf sheets (stock sheets] f porn which smal ler order 

must be eat, With many mate~ials, e,g, steel, 
glass, there 2s a restricl2on on the problem that all cuts 
shall be mll$otine cuts, In other words, a cut must be a 
straight line f r m  one side of the sheet ta &he opposite 
side, or a similar cut in a sub-sheet resulting Srm previous 
such cuts (see fimre 3 3 ,  Work has been done on this p~o- 
blem by Gilmore and Gomory (1965), Hahn (19691, Esc~adero and 
Garbayo (19733, ant2 Cyson and Gregory (19449,  In this work 
the cutting 1s  restricted Qo two st%g.es, where the sheet is 
cu t  fnto st-ips and the stslps into order rectangles, or 
three stages, where the strips are cut lnto sub-strjps 'hvhich 
are then cut into order rectangles, 

tt8!o-stags ,q$l Jo$ine mul*T-stage wi%l&ine 
cutting cutking 
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All the work mentioned uses a linear propanrraing fornula- 
tion of the problem and develops a solution using dgmaamic 

ing or branch and bomd methods, In the case *ere 
lotine eueting is allowed, or even in the case fiere 

the nmber of staes of millotine cutting is not restricted, 
there is not a tractable mathemtical formulation, 

In this paper we will exmine the m y  fn which artificial 
fntelli~nce techniques can be used to prduce solutions to 
the problew in the absence sf such a f ormulation, The 
propam that ha.s been developed is essentially 
fn fts definition of instructfsns as to how sheets are to be 
cut 1 It therefore will solve a class of 
problems for which a cmputer solution method bas not previ- 
ously been avaf lable . 

Problem reduction techniques (Milsson 6971) break a complex 
problem d o m  inh s amber sf sfmpler ones such that when the 
simpler problems have been solved a solution $0 the complex 
one will be available, The is the solution 0% the com- 
plex problem, In order that this goal may be achieved a 
nmber of subgals of the solution of simpler problems may be 
set up. In more eo~plfcated eases a goal may be achieved by 
the solution of one of a nmber of a=ombfmtions of subgoals, 

Fornulation of the problem 

It is assmed that all stock sheets have the same dimensfons, 
The order list swcffies for each shape of order rectangle 

ber tobe cut, A is the 
jmtapoeition of a nmber 09 similarly oriented identical 
pieces to form a jrWectan@lar area that can be included in a 
sheet OP fraoent, The set of pieces labelled T@ in Figare 
3Ci) iom a sub-tessellation, 

Investi@tfon of possible methds oP solution to the pro- 
blem reveals that a number sf featares are likely to recur in 
the design of euttfng patterns, 

(I) The different shapes sf piece can be ranked as $0 the 
dif f i eulty of desf gnf llg cutting patterns that Inclade pieces 
09 that shape, In eneral, pieees that have neither side 
leneh dfvfdfng a side lengkh of the stmk sheet (non- 

snt more difficulty than those which 
dfng a side length of the stock 
pieces), '~vh5ch In turn present mom 
t can be oriented so that both side 

lenehs divide the corresponding stock sheet side len&hs 
c pieees), We say that pieces with higher rank=- 
i er list have peater 



(ii) m e n  a sub- tesse l la t ion  2s c u t  Pron a s tock shee t  L t  
w i l l  e i t h e r  consme t h e  e n t i r e  sheet ,  o r  leave a n  L-shamd or  
r e c t a n m l a r  &amen% m c u t  . 

4 f f i )  h 3.-sbped f r s m e n t  can be dfvfded i n t o  @avo r e c t a n p  
u%ar fra-ents , 

( fv )  m e n  a sub- tesse l la t ion  i s  c u t  from a rectangeelar 
f r a m e n t ,  it w i l l  e f t h e r  eonsme t h e  f r a m e n t  e n t i s e l y ,  o r  
leave an Lmshapd o r  r e e t a n ~ l a r  f r a p e a t  uncut,  

I d e n t i i f e a t i o n  of .$hese f e a t u r e s  Heads t o  t h e  formulation 
s f  three types of subgoal,  

(I) Bpecffy t h e  sub- tes se l l a t ion  composed of pfeees of 
t h e  p e a t e s t  u r e n c y  an t h e  s rde r  l ist  t h a t  1s t o  be c u t  f r m  
the  next s tock s h e e t ,  

(2%) @peefig t h e  way i n  which an E-shapd f s a q e n t  i s  t o  
be  divided i n t o  r e e t a n w l a ~  i r a ~ e n t s ,  

( i f f )  Specify the  m y  i n  which a r e c t a n ~ l a r  f r a m e n t  f s  t o  
be  divided i n t o  s rde r  p ieces ,  

@e de f ine  a t o  be an incomplete 
s $0 be c u t ,  and a 

t o  be t h e  des ig~a of a c u t t i n g  p a t t e r n ,  
%om i n  f i g a r e  2 is  a subgoal tree f o r  t h i s  fo rnu la t ion ,  

developed %o t h e  point  a t  which a c u t t i n g  pa t l e sn  a s  been 
determf ned , 

In p r inc ip le ,  it would be possfble,  given an  i n c m p l e t e  set 
of c u t t i n g  p a t t e r n s  and s l i s t  of remafnfng order rec tangles ,  
t o  ~ s h  t h e  decis ion  t h a t  sme of $he c u t t i n g  p a t t e r n s  should 
not  be us&, The p%eees fnvolved 5n t h e s e  c u t t i n g  p a t t e r n s  
wmld b e  r e t w n e d  t o  t h e  order  l i s t  and an  at tempt made t o  
f ind  a set of c u t t i n g  p a t t e r n s  t h a t  wouHd f u l f i l  t h e  r e s u l t -  
a n t  order  f i s t ,  In p r a c t i c e ,  t h e  computational c o s t  of t h i s  
apprwch  %vould be m c c e p b b l y  h i & ,  . In  t h e  psomaaa "tt 
has been developed, each g loba l  s t e p  leads  t o  a sfmple a- 
tens ion of me fncoaplete set of c u t t i n g  pa t t e rne ,  Once a 
usable e u t t f n g  patterm has been d e s f a e ? d ,  the ~nmirnm nmber  
of t b e s  it can be  u s ~ d  2s d e t e r w i n d ,  The to$al  nmbers  of 
p ieces  r e s u l t i n g  from sueh c u t t i n g s  a r e  then subt rac ted  from 
the  order  Xist and t h e  r e s u l t a n t  order  l i s t  used f n  t h e  next 
g lobal  s t e p ,  

In a t y p i c a l  global  s t ep ,  we try t o  f5nd a cuktfng p a t t e r n  
.evhfeh includes pieces sf t h e  type with hfghest  u r w n c y  (T*) 
and involves no t r i n l o s s  1 The generat ion of such a 
c u t t i n g  p a t t e r n  by problem reduction is  con t ro l l ed  by a 
rou t ine  c a l l e d  SmXR. 



I n i % i a l  order  List Notation: $-definft ion of s e t  of sub- 
10of 4 x 4  goals ,  solueion of one OP more 
25 of 10 x 2 of which is  necessary f o r  SOL- 
25 of 8 x 2 u t ion  of cwrent goal  
",of 6 x 3  A- a l t e r n a t i v e  se lec ted  from Q 

of pzlrent 
Shee-2 s ize  20 x 6 S e x p l i c i Q  so lu t ion  09 subgoal 

Q :  tmfch sub- tesse l la t ion  with 4 x 4 p ieces  should 

r\ be rased? 

4": One 4 x 4 piece,  leaving L-shape 

Z 
A: Two 4 x 4 pieces ,  leaving L-shape 

7 - I C I< 

Q: Should TA2sbpe be divieed along PB or AC 

g; How m y  i C K 2 frsgmen", $2; Kov? may 8 x 2 fragment be 
be divided and haw map divided and: how may 6 x 2 
4 x 2 fra be divided? fsagrnen 

/ 
A: $ 2  Two 3. 6x2 10x1 frament \ pieces 

S :  Two 8x2 pieces  
A: 4x2 f r a ~ e n t  A: 6x2 f r a e e n t  
S :  PJO SOLWION S: Two 6x3 pfeees 

Resultant c u t t i n g  pattern, used 5 times 
leavLng order if s t  

O o f  4 x 4  

---- 
$mXW maintains a tree o f  subgmls, The l a b e l  a$ each 

node includes : 
(53 t h e  ~~ame qf a I"unetfon tkaz v rz l l  e l5her soPve "-,e sub- 

goel 3r set ;F a d d i t f o r ~ ~ i  subgoaks* 
(in) a marker that indicates the status of t he  n&e as 

8k.etf veep @suspendede or pb2mct5vee8 
<if%) a cost used to dstemrne which subgoal should be eon- 

sl&efed next  



The functions whose mmes occm i n  node l a b e l s  can be  
divided i n t o  those that speci fy  sab- t e s se l l a t ions  with p ieces  
of type T@ t o  be c u t  f r m  the  sheet ,  and those  concerned with 
how r e c t a n m l a r  and E-shaped f r a m e n t s  of a sheet  can be 
divided i n t o  order  r ec tang les ,  

If T@ i s  won-tessellating, the  f i r s t  srr$-tessehlation 
looked f o r  Ss  one such t h a t  t h e r e  i s  a type of' p iece  To of 
which a nmber  ean be c u t  t o  reduce t h e  L-shaped fragment re- 
s u l t i n g  from t h e  c u t t i n g  of t h e  T* p i e m s  t o  a r ec tang le  or  a 
smaller L-shape (see f i g a r e  91, The reduction t o  a rec tangle  
i s  p re fe r red ,  The subswuent  sequence of srdb-tessellations 
is  ordered on t h e  nmber  of p ieces  %n each d i r e c t i o n  i n  t h e  
sub- tes se l l a t ion ,  

(i) reduction t o  m c t a n e l a r  ( i f )  r e d w t i o n  t o  E-shaped 
f r a p e n t  fragment 

If T@ is semi-.tessellating, sub-teasellatioras leaving a 
r e c t a n e l a r  f r a ~ e n t  u c u t  a r e  p re fe r red ,  If any such sub- 
tesseXlat ions  e x i s t  i n  whfch t h e r e  i s  a type of To 0% which 
a nmber  can be c u t  t o  reduce t h e  r m t a n m f a r  fra-ent t o  a 
smaller  r e c t a n a l a r  f r s e e n t ,  t h a t  i n  which TO has weatest 
w p n c y  Is p re fe r red ,  The c u t t i n g  p a t t e r n  when T" i s  Lessel- 
l a t i n g  2s obvious, p rwided  that t h e  n m b e r  of these  p ieces  f n  
t h e  order  l ist  i s  not less than t h e  nmber  t h a t  can be  c u t  
f r m  one s h e e t ,  Qthervtise % @  is  t r e a t e d  a s  being semi-tes- 
s e l l a t i n g ,  

There a r e  two ~ ~ m y s  in which an L-sheped fragenent can be 
divided i n t o  two r m t a n p l a r  fragments, In each case  t h e  
d iv i s ion  of t h e  second rec tangle  i n t o  order  p ieces  i s  not  con- 
s idered mt i l  a d iv i s ion  o i  t h e  f i r s t  has been found, 

The d i v i s i o n  of re@$anm%ar frag41~ents i n t o  order  p ieces  is  
b n d l e d  by t h e  f m e t i a n  R E T F I L L ,  Each e n t r y  t o  RETFILI, 
causes t h e  s p e c i f i c a t i o n  of a sub- tes se l l a t ion  t o  be  c u t  f rm 
t h e  r e c t a n w l a r  %ramen%, I f  t h e  dimensfons of the  sub- 
t e s s e l l a t i o n  a r e  equal t o  those of t h e  fra-ent then a solu- 
t i o n  t o  t h e  subgml  has been f o m d ,  mherwise a subgoal is  
set up f a r  t h e  dLvision a% t h e  remaining f r a ~ e n t ,  ivhick may 
be e i t h e r  rec tangle  o r  E-shaped, i n t o  order  p ieces ,  

Development of subgoal t r e e  

Let us now emmine t h e  con t ro l  s t r u c t u r e  used t o  decide wkieh 



subgoal i s  t o  be considered next ,  A s t e p  i n  t h e  search may 
r e s u l t  i n  the  so lu t ion  of a s m m a f ,  Suppose t h a t  t h e  
previous s t e p  d id  not  r e s u l t  i n  such a so lu t ion ,  Then a 
search is  made f o r  the  node which i s  a c t i v e  and has t h e  lozvest 
e o s t  i n  i ts  l a b e l ,  The function i n  t h i s  l a b e l  is  executed 
with t h e  values of i ts  l o c a l  v a r i a b l e s  set f rm i n f o m t i o n  I n  
the  l a b e l  u n t i l  one of t h r e e  th ings  happens: 

(2) it f inds  a so lu t ion  of the  subgoal, 
( f i )  it c r e a t e s  a new s u b g a l ,  

(115) i t k r m i n a t e s  b v i n g  f a i l e d  t o  do e i t h e r  of these  
th in@,  

If  it c r e a t e s  a new subgmf it may add t o  t h e  c o s t s  of t h e  
cu r ren t  node and c e r t a i n  ances tor  nodes, The e o s t  f m e t i o n  
i s  u s 4  simply t o  gafde t h e  search i n t o  t h e  '8most prmiss".ngt" 
a r e a s  of t h e  seareh tree, and is  i n  no sense an es t imate  of 
t h e  c o s t  s f  t h e  c m p l e t e d  cuttfnzg p a t t e r n ,  The increments t o  
node e o s t  a r e  c lose ly  connected wfth the  implementation of t h e  
search,  In the  promam t h a t  pbas w r i t t e n  some of t h e  con- 
c e p t ~ $  subgmls  described here w e r e  i n  f a c t  implemented us ing 
severa l  l e v e l s  of subgoaling, U s m l l y  $he nods associated 
with a new subgml  w i l l  have i n i t i a k  c o s t  zepo and w i l l  3e 
marked a c t i v e ,  If case  (iiil occurred, t h e  cu r ren t  node is  
m r k e d  i m c t i v e ,  

I f ,  on t h e  oLher hand, the  previous s t e p  d i d  r e s u l t  i n  the  
s o l u t i o n  of a subgoal, t h e  parent  node of t h a t  subgoal is  con- 
s ide r&,  The Function i n  f t s  l a b e l  i s  executed with i t s  
l o c a l  w r i a b l e s  set f r m  i n f o m a t i o n  i n  t h e  subgoal soPuLion, 
The f m e t i o n  w i l l  e i t h e r  r epor t  t h e  solution of t h l s  subgoal, 
ia which case the  present  node Is marked I m c t i v e ,  o r  c r e a t e  a 
new ssubgml, 

Learning L i s t s  

S u b p l s  of d iv id ing a n  E-shaped o r  r e e t a n m l a r  f r a m e n t  of 
p a r t i c u l a r  d h e n s i o n s  i n t o  order  p ieces  may occur i n  severa l  
d i f f e r e n t  p laces  i n  t h e  seareh tree, \Ye c a l l  such a set of 
subgmls  a based on t h e  shape 
c l a s s e s  a r e  us& t o  reduce dup l i ca t ion  of e f f o r t  i n  t h e  
search ,  Thei r  maintenance is Msed on t h r e e  assmp$ions ,  

( I )  If seve ra l  subgoals i n  a shape c l a s s  have been set up) 
but  none has ever  been solved, then t h e  p e a t e r  t h e  nmber  of 
times they have been set up, the  I.ess the  l ike l ihood t h a t  any 
so lu t ion  w i l l  ever be found, Therefore If  a new subgoal I n  
t h i s  shape c l a s s  1s set up it should be given a high i n i t i a l  
e o s t ,  

( i f )  If seve ra l  methods e x i s t  f o r  s e t t i n g  up fewther sub- 
goals f r o a  s & g m l s  i n  a shape c l a s s ,  then d f f f e r e n t  methods 
should i n f t f a l l y  be used a t  d i f f e r e n t  subgoals f n  t h i s  shape 
e l a s s ,  as t h i s  w i l l  avoid t h e  p a r a l l e l  p w s u i t  of so lu t ions  t o  
a poss ib ly  fnsolubfe prci&r%em, A f t e ~  a l l  m e t h d s  have been 



tried sme node in the shape class, only one node in the 
shape class should be ma~ked gac.l;ive'B, The ot'mrs are marked 
@suspendedB unt il the dlr st becomes inactive , and then another 
i s marked ac tive , 
Ciii) If a solution has been Ssmd to one subgoal in a shape 

class, all subgoals in the class should be marked 4ka@tive9"nd 
the soLntian made evaiiable to any further subgoals in the 
shape elass that may be set up, 

IS, after a certain amount sf computfng resources have been 
~sed, no catL%ng pattern has been found, $he seareh i s  re- 
started with an allowance f o r  scrap in the order IPst, If 
again no c u t t i n g  pattern is determined, a separate routine, 
i99EG, 3assd on che medkhods desc~ibed %n (9imrnai-1 1974) is in- 
voked to seareh for patterns not restricted to guillotine 
cuts, I f  this also fails, the awwunt sf scrap Is doubled and 
SECs3CH entered agazn, i f  it fails again, I R R E  is entered 
ana the cycle repeats, 

A piogcan usLng these techniques has been written in POP-2 
QBmsdcaPl, Collins and Popplestone 1971 3 and tested on an IGL 
4136 against 16 sets of data, R typical data set is s h a m  in 
table 2 ,  The results obtained frm these test runs are shown 
in table 2, Because the test data was wnerated $n a random 
way $he tatak area of each set of ordsss is not an integer 
muilipZe of the area o f a  sheet, Thus the nmber of area 
units of scrap, recorded fn colmn 4 of table 2, contains a 
component that 1s ~aevxlabLe, Y%ere the amom% of scrap ex- 
ceeds .the inevitable qwn$5ty8 the excess may be recorded in 
the form of  "r;e nvnber of full. sheets ft amounts to, This is 
sho~n in colmn 5 ,  

As the type of prmbem ive are concernea with has not pre- 
viously been solved on z csmp~~ter, st fs only posslble to e m -  
went on the execution times relative to each other, In all 
cases except 5 ,  7 and C the execut~on time is less than 15 
minutes, The "chi-ee excepzional ceses indicate that a oon- 
siderable saving could aesult frm the development of 
hewistics to avoia aboi-tive searches, Fm.Lher. effort In 
tk-s fi:ree"lt:on shozLdt how?ve.;-, be Sn -;eras of sane practical 
applicat%on rat he^ than the abstract p~oblem, 

59'# o l  8 x 8 45% sf 8 x 9 135 oZ S x 3 978 of 3 x 3 
265 09 10 w @ 990 of 9 x 5 942 cf 7 x 4 499 of 5 x 3 
395 ok 4 x 3 232 of 8 x 2 873 of 9 x 1 604 of 3 x 2 
379 of 3 x f $87 of : ~ 3  x 5 42 of 5 x 4 1086 sf 4 x 1 
265 of 2 as 1 sheet size 20 x 20 



Table 2 ,  ResuZts of propam test ~ m s  

Data Set CFU time Nmber of Un"is of Nmber of full 
in sees sheets cut scrap sheets waste 

Bxrstaki,R,3!, , 2 S ,Collins & RR,  J,FoppPes-xLsne (2972 > 
+ minbu~gh: EdinbcrgBn. University P 
.Gregory (9974) The cutting stoek problem in 

the flat glass induskry. 41-53, 
Escude~o,% ,P, & E,Garbayo ( 5  -nag stock problem: 

app2ieation oi cambicatoriaZ techniques and mixed integer 

Gilmom,P,C, 8: X-E,Gornory (1965) T\!ultis-ta@ cuttinag stack 
problems of .IZY?CS and nore dimenx:'_r?ns, 0~;s Bies, 13, 94-120 

7-h.,kn,S,G, f i968)  irn the optimal cutting of defective sheets, 
1180-1213, 

974;) An hemistie appsaszch to the l$-dimension- 
a1 ?pin-lass p~oblea ,  
published), 

Nf ?Lsson,M, J, (1971) 



C,A, Kulikowski 
S ,  Weiss, M, Trigoboff ,  A .  S a f i r  

CLINICAL CONSULTATION AND THE REPRESENTATION OF DISEASE 
PROCESSES: SOME A,I. APPROAmES 

ABSTRACT 

Computer consuBtaQion systems have been developed based on 
semantic models of t h e  mechanisms and c l i n i c a l  course o f  
t r e a t e d  and un t r ea t ed  glaucoma. A novel c h a r a c t e r i s t i c  of 
t hese  systems i s  t h a t  they  can, f o r  a p a r t i c u l a r  case ,  p re sen t  
a l t e r n a t i v e  opinions and reasoning  der ived  from d i f f e r e n t  con- 
s u l t a n t s ,  To provide t h e  system with a  v a r i e t y  of opinions we 
have e s t a b l i s h e d  a  computer-based network of c o l l a b o r a t i n g  con- 
s u l t a n t s  who share  i n  t h e  development and t e s t i n g  of  t h e  pro- 
grams, By r ep resen t ing  i n  t he  computer d e t a i l e d  p a t t e r n s  of 
d i sease  evolving with t h e  passage of t ime,  we a r e  a b l e  t o  d e a l  
with mul t ip l e  followup v i s i t s .  Sequences of suggested t h e r a -  
p i e s  f o r  t he  var ious  types and s t ages  of progress ions  of  g lau-  
coma have a l s o  been incorpora ted  i n  t h e  model, 

1 . INTRODUCTION 

!%en faced with a  complex case  a  pr imary phys ic ian  w i l l  
o f t e n  r e f e r  a  p a t i e n t  t o  a  s p e c i a l i s t  f o r  an a l t e r n a t i v e  opin- 
i o n ,  The s p e c i a l i s t  provides t h e  r e f e r r i n g  p r a c t i t i o n e r  with 
an i n t e r p r e t a t i o n  of t h e  case  and with sugges t ions  f o r  t r e a t -  
ment t h a t  draw upontp-to-date  information from re sea rch  and 
c l i n i c a l  p r a c t i c e  i n  h i s  s p e c i a l t y  and r e l a t e d  f i e l d s .  With 
an ever - increas ing  r a t e  of growth i n  medical knowledge, t h e  
need f o r  expe r t  consul tan t  s e r v i c e s  grows apace,  

Building a  f l e x i b l e  and s o p h i s t i c a t e d  computer-based exper t  
consu l t a t i on  system i s  a  formidable t a s k  because of  t h e  com- 
p l e x i t y  and he terogenei ty  of medical knowledge and our  very  
l imi t ed  understanding of c l i n i c a l  reasoning processes .  His- 
t o r i c a l l y ,  t h e  f i r s t  phase of development o f  computer consul-  
t a t i o n  systems was cha rac t e r i zed  by a  concent ra t ion  on d iag-  
n o s t i c  reasoning a lone ,  u s ing  homogeneous information process-  
i n g  s t r u c t u r e s  t h a t  app l i ed  e i t h e r  d e t e r m i n i s t i c  o r  s t a t i s t i c a l  
dec i s ion  r u l e s  t o  a  s i n g l e  s t a t i c  model of  t h e  p a t i e n t ' s  con- 
d i t i o n ,  A comprehensive review can be found i n  (Pa t r i ck  e t  a l ,  
19741, Looking back over t h e  p a s t  f i v e  yea r s  we can d e t e c t  
t h e  evo lu t ion  of  a  new phase, marked by t h e  bu i ld ing  of models 
of p a t i e n t s  and d i seases  t h a t  combine knowledge from a  v a r i e t y  



of sources  with a  d i v e r s i t y  of s t r u c t u r a l  r e p r e s e n t a t i o n s ,  and 
t h e  experimentat ion with an equa l ly  va r i ed  a r r a y  of i n f e r e n -  
t i a l  problem so lv ing  s t r a t e g i e s  (Kulikowski and Weiss , 1971; 
kmarel and Kulikowski, 1972; S h o r t l i f f e  e t  a l . ,  1973; Pople 
e t  a l , ,  2975; Rubin 1975; Silverman 1974; S h o r t l i f f e  1974; 
Mi l l e r  l 975) ,  These systems a l l  use  a r t i f i c i a l  i n t e l l i g e n c e  
methods i n  a t tempt ing  t o  s imula te  t h e  a c t i v i t i e s  of an exper t  
consu l t an t ,  although they  d i f f e r  s u b s t a n t i a l l y  i n  scope and 
choice of t a s k s  and methodological approaches, The CASNET 
program (Kulikowski and Weiss, 1971; Weiss 1374) has  been de-  
veloped by us t o  i nco rpora t e  t h e  knowledge of a  network of 
c l i n i c a l  r e sea rche r s  i n  glaucoma, a  s e r i o u s  eye d i s e a s e  t h a t  
can cause b l indness .  We have developed a  c a u s a l - a s s o c i a t i o n a l  
r e p r e s e n t a t i o n  f o r  evolving d i s e a s e  processes .  I t  can be 
u t i l i z e d  by a v a r i e t y  of reasoning s t r a t e g i e s  (Kulikowski 
and Weiss, 1372) t o  provide d i a g n o s t i c ,  p rognos t i c ,  and 
t h e r a p e u t i c  recommendations, t oge the r  with explana t ions  and 
r e fe rences  t o  d i v e r s e ,  a l t e r n a t i v e  expe r t  op in ions ,  I n  t h i s  
paper we summarize t h e  main f e a t u r e s  of  our e x i s t i n g  CASKET 
system, and desc r ibe  some of t h e  methodological and p r a c t i c a l  
i s s u e s  t h a t  a r i s e  i n  developing an expe r t  c o n s u l t a t i o n  s y s t m  
f o r  a  r e s t r i c t e d  medical s p e c i a l t y .  We a l s o  o u t l i n e  a  r e -  
p r e s e n t a t i o n a l  scheme, c u r r e n t l y  being implemented, t h a t  gen- 
e r a l i z e s  t h e  semantic d e s c r i p t i o n  of  d i sease  processes  and 
extends t h e  scope of t h e  con t ro l  s t r a t e g i e s .  

2 .  KNOWLEDGE ACQUISITION AND REPRESENTATION 

I t  i s  noe d i f f i c c r t  f o r  t h e  des igner  o f  a  computer consul-  
r a t i o n  system t o  acqu i r e  information from medical consul-  
t a n t s ,  t e x t s  and r e sea rch  papers ,  The d i f f i c u l t i e s  l i e  i n  
s i f t i n g  through a  c o l l e c t i o n  of  d e s c r i p t i v e  and normative 
s ta tements ,  and i n  organiz ing  and s e l e c t i n g  those  i tems t h a t  
a r e  necessary  f o r  problem so lv ing .  D i f f e ren t  o r  a d d i t i o n a l  
kinds of in fo-mat ion  w i l l  ofzen be needed t o  produce an 
explana t ion .  I n  desc r ib ing  a  given problem a r e a ,  an exper t  
w i l l  in terweave genera l  s ta tements  about t h e  mechanisms, 
course,  a d  i n t e n s i t y  of a  d i s e a s e ,  with examples from typ -  
i c a i  i nd iv idua l  ca ses  He w i l l  add s ta tements  about r i s k  
f a c t o r s  and populat ion s t a t i s c i c s  when a v a i l a b l e ,  sometimes 
provid ing  s u b j e c t i v e  e s t ima te s  i n  t h e i r  absence, Judgmental 
knowledge, o f t e n  h igh ly  context-dependent and i d i o s y n c r a t i c ,  
,xiI% be mixed with causa l  and empir ica l  exp lana t ions .  Having 
a  consul tanr  review h i s  reasoning  about a  case  u s u a l l y  pro- 
v ides  u s  x i t h  only fragmentary t r a c e s  of  p l a u s i b l e ,  cons i s -  
t e n t  s t r a t e g y  and l o g i c .  Except i n  r a t h e r  c l e a r - c u t  ca ses ,  
i n t u i t i v e  l eaps  i n  c l i n i c a l  reasoning  a r e  only t o o  f r equen t .  
Thei r  ex pos t  f a c t n  r a t i o n a l ~ z a z i o n  c o n s t i t u t e s  an i n t e r e s t -  
i n g  explanaxion,  b u t  sheds l i t e l e  l i g h t  on h o ~  t h e  2hys i c i ac  



a c t u a l l y  reasoned,  In  c o n t r a s t ,  c ausa l  d e s c r i p t i o n s  of d i sease  
emerge c l e a r l y  and c o n s i s t e n t l y  from t r a n s c r i p t s  of d i scuss ions  
x i t h  c l i n i c i a n s ,  We concluded t h a t  it would 5 e  advantageous t o  
develop a q u a l i t a t i v e  r e p r e s e n t a t i o n  of d i s e a s e s  t h a t  would be 
n a t u r a l  and acceptab le  t o  phys ic ians ,  t oge the r  with accu ra t e  
and e f f i c i e n t  reasoning s t r a t e g i e s ,  whether o r  no t  t h e s e  a c t -  
u a l l y  s i r d a t e d  t h e  phys ic ians  o m ,  

The f i r s t  problem t h a t  a rose  i n  developing a  r e p r e s e n t a t i o n  
f o r  d i s e a s e s  was how t o  account f o r  t h e  g r e a t  v a r i a b i l i t y  i n  
i nd iv idua l  cases  while e x t r a c t i n g  a  genera l  d e s c r i p t i o n  of t h e  
mechanisms of  dysfunct ion .  Our i n i t i a l  work wa.  d e l i b e r a t e l y  
r e s t r i c t e d  t o  a  wel l -def ined ,  c i r c - a s c r i b e d  medical problem, 
t h a t  was important enough t o  e l i c i t  i n t e r e s t  from c l i n i c a l  
r e s e a r c h e r s ,  and would se rve  a s  a  demonstration pro to type  f o r  
an in-depth consul.tant i n  a  s i n g l e  s p e c i a l t y .  In  t h i s  app l i ca -  
t i o n ,  cases  can be seen from a  s i n g l e  un i fy ing  con tex t ;  they  
a r e  submit ted t o  t h e  system under susp ic ion  of having t h e  
d i sease  i n  ques t ion ,  The purpose of t h e  consu l t a t i on  i s  t o  not  
only a s c e r t a i n  whether t h e  suspic ion  i s  well-founded but  t o  
provide a d e t a i l e d  i n t e r p r e t a t i o n  of  t h e  ca se .  Under such c i r -  
cumstances, mu l t ip l e  con tex t s  a r e  not  e s s e n t i a l ,  and we devel-  
oped a  uniform r e p r e s e n t a t i o n  f o r  desc r ib ing  t h e  p o s s i b l e  cau- 
s e s  and evolu t ionary  pathways of a  d i s e a s e :  a  causa l  network 
model, The v a r i a b i l i t y  of  i nd iv idua l  observa t ions  was account- 
ed f o r  by p o s t u l a t i n g  a  s e p a r a t e  associa-bionaZ mode2 of obser- 
vations.  The causa l  network then  s tands  a s  i t s  under ly ing  con- 
cep tua l  nodel ,  The sepa ra t ion  between t h e  obseruationa2 and 
conceptual models i s  ep i s t emolog ica l ly  important ,  and d i s t i n -  
guishes our  approach from a  previozrs tdseof c a u s a l i t y  i n  c l i nb -  
c a l  decision-making (Bonner e t  a l , ,  1964) .  

3. CAUSAL ASSOCIATIONAL NETWORK MODELS 

The r e l a t i o n s h i p s  between t h e  elements of a  causa l  a s soc i a -  
t i o n a l  network (CASNET) model a r e :  Obseyuation-to-state mapg- 
ings  - Large numbers of interdependent  observa t ions  o r  t e s t s  
of t h e  p a t i e n t  cnr1"cibute t o  t h e  d e t a i l e d  d e s c r i p t i o n  of  t h e  
d i s e a s e ,  Many of  t h e  redundancies a r z  reduced by mapping i n t o  
t h e  causa l  s t a t e s  i n  t h e  form B ( T ) & S ,  where B s t ands  f o r  
a  b o l e a n  combination o f  t e s t s ,  S t h e  s t a t e  i n t o  which it i s  
napped, and Q i s  a  confidence weight ,  A l l  observa t ions  a r e  
quant ized and b ina r i zed  so  t h a t  t e s t s  may be only  t r u e ,  f a l s e  
o r  undertermined, rh@~n t h e  r e s u l t  of t e s t  T  i s  ob ta ined ,  t h e  
weight Q determines t h e  confidence with which we a s s e r t  t h e  
presence ( p O )  o r  absence ( Q < O )  of s t a t e  S, independent ly of 
o t h e r  f a c t o r s ,  Any boolean func t ion  of  t e s t s  is  pe rmis s ib l e ,  
enabl ing  t h e  summarization of  complex p a t t e r n s  of r e s u l t s .  
Logical and semantic c o n s t r a i n t s  among t h e  observa t ions  them- 



s e l v e s  a r e  encoded i n  t h e  s t r u c t u r e  of  ques t ions ,  which pe r -  
m i t s  u s  t o  s p e c i f y  mutual e x c l u s i v i t y  of responses,  implica-  
t i o n a l  and precedence r e l a t i o n s ,  e t c ,  State nefmork m Z z s  - 
t he  s t a t e s  a r e  l inked  t o  each o the r  by e i t h e r  causa l  o r  sub- w s t a t e  r u l e s  of t h e  form: Sl-S2. The weight W i s  t h e  con- 
f idence  with which we expect  e f f e c t  S2 t o  fol low from t h e  
occurrence of  S l ,  I t s  range i s  from 0 t o  1, but  c l i n i c a l l y  
we have found it s u f f i c i e n t  t o  use  b u t  a  few q u a n t i z a t i o n  
l e v e l s ,  corresponding t o  t h e  i n t e r p r e t a t i o n s  o f :  neve r ,  
sometimes, o f t e n ,  u s u a l l y ,  almost always, and always Mutually 
exc lus ive  and exhaus t ive  causes and e f f e c t s  need not  be spe- 
c i f i e d ,  and t r a n s i t i o n  weights a r e  ass igned  independent ly of 
one ano the r ,  r e s u l t i n g  i n  a  f i r s t  o rder  dependence network. 
Such a  s t r u c t u r e  i s  a t t r a c t i v e  f o r  s e v e r a l  reasons :  phys ic ians  
n a t u r a l l y  desc r ibe  t h e i r  reasoning  i n  causa l  te rms ,  t h e  major 
processes  of  dysfunct ion a r e  u s u a l l y  decomposable i n t o  sub- 
processes ,  and by de f in ing  s u f f i c i e n t l y  complex combination 
s t a t e s ,  we can always capture  h igher  o rde r  dependencies i n  t h e  
mechanisms o f  d i s e a s e ,  Inverse  causa l  weights ,  however, 
which depend s t r o n g l y  on p r i o r  con tex t ,  cannot be ass igned  
s t a t i c a l l y  a t  t h e  time t h e  model i s  designed,  un le s s  we wish 
t o  i n v e s t i g a t e  a l l  l i k e l y  dependencies from antecedent  pa th-  
ways i n  t h e  network, Thus, t h e  i n v e r s e  weights a r e  c a l c u l a t e d  
by an a lgor i thm t h a t  t akes  i n t o  account t h e  con f igu ra t ion  o f  
confirmed, denied and undetermined nodes f o r  a  p a t i e n t  every 
t ime a  new observa t ion  i s  r ece ived ,  Some s t a t e s  r ep re sen t  
b a s i c  causes o f  d i s e a s e ,  f o r  which no antecedent  causes a r e  
de f ined ,  Others ,  r ep re sen t ing  t h e  f u r t h e s t  s t a g e s  of  pro-  
g re s s ions  o f  t h e  d i s e a s e ,  a r e  t h e  t e rmina l  s t a t e s  f o r  which 
no e f f e c t s  a r e  p r e s e n t ,  I t  i s  t h e s e  s t a t e s  t h a t  d e f i n e  t h e  
p r i o r  contex t  and scope of t h e  model, r e s p e c t i v e l y ,  State- 
~ E a s s i ~ i c a t i o n  mappings - conf igu ra t ions  o f  s imple s t a t e s  
from t h e  causa l  network a r e  mapped i n t o  complex s t a t e s  r e -  
p re sen t ing  d i s e a s e  hypotheses by means of c l a s s i f i c a t i o n  
t a b l e s ,  These a r e  l o g i c a l l y  ordered r u l e s  f o r  combining 
p a t t e r n s  of  confirmed and denied s t a t e s  t h a t  s e l e c t  pathways 
through t h e  causa l  n e t  f o r  every primary cause t h a t  i s  app- 
l i c a b l e  t o  t h e  p a t i e n t .  The cons t ruc t ion  of  a  complete hypo- 
t h e s i s  f o r  t h e  p a t i e n t  i s  c a r r i e d  out  dynamically by va r ious  
s t r a t e g i e s  (Kulikowski and Weiss, 19721, and t h e  c l a s s i f i c a -  
t i o n  t a b l e s  s e rve  only t o  e l i c i t  t h e  app ropr i a t e  c o n s t i t u t e n t  
p a r t s ,  some of which may d i sappea r  i n  t h e  f i n a l  conclusion,  
having been subsumed o r  excluded by o t h e r s ,  

Classes of t~ea fmenLs ,  which a r e  r ep re sen ted  a s  d i s t i n c z  
node t y p e s ,  a r e  a l s o  r e l a t e d  t o  t h e  network conf igu ra t ion  by 
c l a s s i f i c a t i o n  t a b l e s ,  Within each c l a s s  t h e r e  i s  an add- 
i t i o n a l  o rde r ing  by degree of i n t e n s i t y  of  t h e  t r ea tmen t ,  
The ind iv idua l  c h a r a c t e r i s t i c s  of a  p a t i e n t  a r e  examined f o r  
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pagat ion a s  d e t a i l e d  s p e c i f i c a t i o n s  o f  t h e  app ropr i a t e  nodes, 
Di f fe ren t  c l a s s e s  of r u l e s  correspond t o  d i f f e r e n t  r e l a t i o n  
types i n  t h e  semantic n e t  and s p e c i a l  r u l e s  can be c r e a t e d  f o r  
c o n t r o l l i n g  an a t y p i c a l  propagat ion s i t u a t i o n ,  I n  t h i s  manner, 
a  v a r i e t y  of reasoning s t r a t e g i e s  can be pursued, ranging from 
h igh ly  s t r u c t u r e d  and goal -or ien ted  ones,  t o  an almost com- 
p l e t e l y  uncont ro l led  bottom-up spread of  t h e  evidence through 
t h e  semantic n e t ,  What is  p a r t i c u l a r l y  a t t r a c t i v e  i s  t h e  
p o s s i b i l i t y  of implementing a l t e r n a t i v e  s t r a t e g i e s  f o r  t h e  
same p a t i e n t ,  corresponding t o  d i f f e r e n t  ways i n  which expe r t s  
might reason about t h e  c a s e ,  

5, GLAUCOkiia CONSULTATION PROGRAMS, 

Consul ta t ion  programs have s e v e r a l  d i f f e r e n t  purposes when 
they  a r e  addressed t o  d i s t i n c t  c l a s s e s  o f  u s e r s ,  As a  research 
t o o l  f o r  t h e  s p e c i a l i s t ,  t h e  consu l t a t i on  program se rves  a s  an 
i n t e r p r e t a t i v e  ad junct  t o  t he  d a t a  base on s p e c i a l t y  c a s e s ,  
I t  permits  t h e  expe r t  t o  con t inua l ly  match h i s  l a t e s t  i n f o r -  
mation from re sea rch  s t u d i e s  aga ins t  an e x i s t i n g  model, The 
computer s c i e n t i s t  wi th  whom he works w i l l  be i n t e r e s t e d  i n  
s tudying t h e  matching process  s o  a s  t o  l ea rn  how t o  improve 
and update t h e  model, hope fu l ly  ga in ing  new i n s i g h t s  i n t o  
problems o f  r e p r e s e n t a t i o n  and reasoning ,  As a  t each ing  
device f o r  t h e  r e s i d e n t - i n - t r a i n i n g  o r  t h e  phys ic ian  i n  con- 
t i n u i n g  educat ion a  c o n s u l t a t i o n  program can be p a r t i c u l a r l y  
u se fu l  if i t  i s  ab l e  t o  provide a l t e r n a t i v e  explana t ions  from 
d i f f e r e n t  e x p e r t s  about d i f f i c u l t  c l i n i c a l  c a s e s .  I n  our  
programs, we provide  such a l t e r n a t i v e  opin ions ,  supported by 
appropr i a t e  r e f e rences  and quo ta t ions ,  and by f a c i l i t i e s  t o  
explore  t h e  l o g i c  of t h e  program t h a t  l ed  t o  t h e  d i f f e r e n t  
conclus ions ,  I n  an a l t e r n a t i v e  mode, and d ispens ing  with suck 
d e t a i l s ,  t h e  program serves  a s  a  c o n t r o l l i n g  system t o  guide 
t h e  paramedic i n  acqui r ing  and s t o r i n g  p a t i e n t  d a t a ,  and a s  a  
srammarizing system f o r  producing p a t i e n t  r eco rds ,  

Each o f  t h e  above a p p l i c a t i o n s  r e q u i r e s  a  d i f f e r e n t  kind of  
input /output  format ,  c o n t r o l l i n g  s t r a t e g y  and vocabulary ,  We 
have developed s e v e r a l  a l t e r n a t i v e  v e r s i o n s  o f ,  and op t ions  
wi th in ,  t h e  glaucoma c o n s u l t a t i o n  program t o  make i t  u s e f u l  
t o  a  v a r i e t y  o f  u s e r s ,  For speed and e f f i c i e n c y  our CASNET 
program i s  w r i t t e n  i n  i n t e r a c t i v e  F O R T M -  I V ,  running i n  3% 
of memory, on a  PDP-%O computer w d e r  e i t h e r  t h e  TOPS-PO o r  
TENEX ope ra t ing  systems,  The semantic n e t  program i s  w r i t t e n  
i n  INTERLISP, The compiled code occupies about 60 pages of 
f i l e  space on a TENEX system. A r e s t r i c t e d  n a t u r a l  language 
i n t e r p r e t e r  i s  c u r r e n t l y  being developed f o r  t h e  semantic n e t  
program, based on an augmented t r a n s i t i o n  network model(Woods, E990),  
The a b i l i t y  t o  e n t e r  uns t ruc tu red  s e t s  of f i n d ~ n g s ,  though 
with a few l i n p i s t i c  c o n s t r a i n t s ,  i s  p a r t i c u l a r l y  important 



t o  t h e  c l i n i c i a n ,  

To i l l u s t r a t e  some c a p a b i l i t i e s  o f  t h e  glaucoma consul ta -  
t i o n  system and i t s  underlying GASNET model we have e x t r a c t e d  
a r e p r e s e n t a t i v e  but  s imp l i f i ed  subgraph, This  i s  shown i n  
Figure 1, where a conf igu ra t ion  of  observa t ions ,  s t a t e s  and 
s t a t u s  condi t ions  a r e  d isp layed .  

PATHOPHYSIOLOGICAL DISEASE 
OBSERVATIONS STATES CATEGORIES 

An l e  
Goniascopic c b s e r ~ a t i o n ~ ~  &-@ ~ i g s u r e  
of c losed  angle 
(300" involvement ) I c e GI*- 

1 Elevated u re  Glau- 
Applanat ion Tension i I n t r a o c u l a r  coma @- 39 mm Hg. Pressure 

Cup/Disc Rat io  > 0 , 0  a Cupping of  
t h e  o p t i c  d i s j  I Chronic 

Notched Disk R i m  Angle Clos- 
c I ure  Glau- 

I coma 
Arcuate Scotoma i 

i a f i e l d  , 
I 

Figure 1, A S impl i f ied  Example of  t h e  CASNET Glaucoma Model 
Rela t ionships :  i= impl ies ;  e= causes ,  

Because of  t h e  c o n t i n ~ a l  g r o ~ t h  and complexity of  t h e  
CASNET glaucoma model, which now conra ins  over 300 observa- 
t i o n s ,  about 100 s t a t e s  and 200 s t a t u s ' s t a t e m e n t s  ( p a r t i a l  
i n t e r p r e t a t i o n s ) ,  v a l i d a t i o n  i s  no t  a simple procedure,  The 
program has  been undergoing c l i n i c a l  t r i a l s  s i n c e  1973. A t  
t h i s  po in t  t h e  f i r s t  p ro to type  model had been developed, and 
was t e s  ced on about 80 cases  f r o 3  t3e records  of  t he  M t  , S i n a i  
School of ~ e d i c i n e .  This  showed chae rhe program was ab le  t o  
diagnose most primary and many secondary cases  of glaucoma 
(Weiss 19741,  I t  was then  decided t o  e n l i s t  t h e  coopera t ion  
of  o t h e r  c l i n i c a l  r e sea rche r s  i n  glaucoma t o  t e s t  t h e  model 
and suggest  improvements, The program has subsequent ly been 
t e s t e d  a t  ehe f i v e  c l i n i c a l  c e n t e r s  t h a t  were r e f e r r e d  t o  
e a r l i e r  I f  t h e  recopmendations of  the program d i f f e r  from 
those  of t h e  consulranc t h a t  e n t e r s  a case ,  t h e  r e l e v a n t  
componenes of t he  model a r e  eva lua ted  f o r  p o s s i b l e  f a u l t s  i n  



t he  l o g i c a l  o r  semantic s t r u c t u r e ,  Such cases  a r e  reviewed by 
t h e  o t h e r  consu l t an t s ,  and changes i n  t h e  model a r e  agreed 
upon. Few important disagreements have a r i s e n  on p o i n t s  of 
d i agnos t i c  i n t e r p r e t a t i o n ,  bu t  d i f f e r ences  of opinion on t r e a t -  
ment have occurred.  This  has  prompted u s  t o  al low f o r  a l t e r -  
n a t i v e  recommendations wi th in  t h e  model. 

The v a l i d a t i o n  of t h e  model r e q u i r e s  information from two 
sources :  underlying phys io log ica l  knowledge and c l i n i c a l  
t r i a l s ,  The r e s u l t s  of t h e  c l i n i c a l  t r i a l s  a r e  now being r e -  
corded i n  a  d a t a  base which can be updated as  t h e  model i s  i m -  
proved, while keeping a t r a c e  of t h e  performance of  t h e  o l d e r  
ve r s ions  of  t h e  program. The phys io log ica l  knowledge inco r -  
porated i n  t h e  causa l  network has been reviewed by t h e  g lau-  
coma consu l t an t s  and agreed upon a s  a  reasonable  r ep re sen ta -  
t i o n  o f  t h e  process  of  dysfunct ion f o r  t h i s  d i s e a s e ,  

In summary, our programs provide c o n s u l t a t i o n  f o r  d i f f i c u l t  
c l i n i c a l  cases ,  with complex h i s t o r i e s ,  over m u l t i p l e  Eollow- 
up v i s i t s  of a  p a t i e n t .  Bn important f e a t u r e  i s  t h e i r  a b i l i t y  
t o  p re sen t  a l t e r n a t i v e  opinions der ived  from d i f f e r e n t  con- 
s u l t a n t s  f o r  a  given case ,  To o b t a i n  a  v a r i e t y  of op in ions ,  
we have e s t a b l i s h e d  a  network of  co l l abo ra t ing  i n v e s t i g a t o r -  
consu l t an t s  who sha re  i n  t h e  development and t e s t i n g  of  t h e  
program. The d a t a  base of  glaucoma cases  en t e red  i n t o  the  
system provides t h e  oppor tuni ty  t o  s tudy  and analyze p a t t e r n s  
of d i s e a s e ,  which i n  t u r n  leads  t o  improvements i n  e x i s t i n g  
models o r  changes i n  t h e i r  r e p r e s e n t a t i o n ,  

REFERENCES 

h a r e l ,  S ,  and Kulikowski, 6 ,  (1972): Medical Decision-Making 
and Computer Modeling, i n  Proc. SubconE, Comp. i n  Biomed,, 
F i f t h  Hawaii I n t e r n a t i o n a l  Conference on Systems Sc iences :  
173. 

Bonner, H , E ,  E v a n g e l i s t i ,  C . J . ;  S te inbeck ,  H , D .  and Cohen, L. 
(1964): A Diagnost ic  Ass is tance  Program, Proc.  S i x t h  IBM 
Medical Sg.mpositun. 

Kulikowski, C ,  A, and Weiss, S ,  (1973) : Computer -Based 
Models of Glaucomal Computers i n  Biomedicine Technical  
Report No, 3 ,  Department of Computer Sc ience ,  Rutgers Univ. 

Kulikowski, C , A ,  and Weiss, S ,  (19721: S t r a t e g i e s  of Data 
Base U t i l i z a t i o n  i n  Sequent ia l  P a t t e r n  Recognit ion,  Proc, 
IEEE Decisioal and Control Conference, 11th Symposium on 
Adaptive Processes ,  

M i l l e r ,  P ,  (1975): S t r a t e g y  Se lec t ion  i n  Medical Diagnosis ,  
P r o j e c t  %WC-TR-153, M,I,T, Cambridge, 

P a t r i c k ,  E , A . ,  Stebmack, F,P. Shen, L.U,L.( l974):  Review of 
P a t t e r n  Recognition i n  Medical Diagnosis and Consul t ing 



Relative to a New System Model, IEEE Transactions on Systems, 
Man and Cybernetics, Vo1. SMC-4, No. 1, 1-16, 

Pople, H,E,, Jr., Myers, J , D ,  and Miller, R , A ,  (1975):  DIALOG: 
A Mode3 of Diagnostic Logic for Internal Medicine, Proc. 4th 
LJCAI; 2: 849-855, 

Rubin, A. ( % 9 7 5 ) .  The Role of Hypotheses in Medical Diagnosis, 
Proc* 4th IJCAE, 2: 856-862, 

Shortliffe, E ,  M ; Axline, S . G . ,  Buchanan, B , G , ,  et, a1.(9973)z 
An Artificial Intelligence Program to Advise Physicians 
Regarding htimicrobiab Therapy. C ~ m p ~ t e r s  in Biomed<caZ 
Research, 6 :  544 : 6 0 ,  

Shortliffe, E,H. (1974): iVrYCIN- A Rule-based Computer Program 
for Advising Physicians Antimicrobial Therapy Selection, A . 1 .  
Memo 251, Computer Science Dept. Stanford Univ, 

Silverman, H ,  (1974) : A Digitalis Therapy Advisor, S,M, 
Thesis, Dept. of Electrical Engineering, M.I,T,, Cambridge* 

Trigoboff, M. (1976): Propagation of Information through a 
Semancic Net; Computers in Biomedicine Technical Report 
No-57, Department of Computer Science, Rutgers University. 

Weiss, S,M, (1974): A System for Model-based Computer Aided 
Diagnosis and Therapy, Computers in Biomedicine Tech, Rept 
No,27* Dept of Computer Science, Rutgers university, 

Woods, W , A s  (4970): Transition Network Grammars fo r  h:atural 
Language Analysis, CACV, 13: 591-606. 



C , L a m o n t a p e  
Psychology Department,  U n i v e r s i t y  o f  Quebec i n  .Montreal, 
Plontreal ,  Canada 

VISU& MOTION DETECTION : A COMPUTATION& THEORY AND 
SOm OF TKF; PSYCHOLOGECAL DATA WHICH I T  INTEGRATES 

I n  t h e  c o n t e x t  o f  a  computationaZ t h e o r y  of v i s u a l  motion 
d e t e c t i o n  some a p p a r e n t l y  c o n f l i c t u a l  p s y c h o l o g i c a l  d a t a  abou t  
hwnm v i s u a l  motion p e r c e p t i o n  a r e  shown t o  b e  p e r f e c t l y  com- 
p a t i b l e ,  The h y p o t h e s i s  i s  p u t  forward t h a t  t h e  human v i s u a l  
motion d e t e c t i o n  sys tem is l i m i t e d  t o  c o n s i d e r i n g  o n l y  one 
v i s u a l  o b j e c t  a t  a  t i m e ,  t h i s  v i s u a l  o b j e c t  b e i n g  however a l-  
lowed t o  embrace any p a r t  of t h e  observed  s c e n e ,  whe ther  t h e  
chosen p a r t  c o n s i s t s  o f  many p h y s i c a l  o b j e c t s ,  o r  o n l y  one ,  o r  
o n l y  a  s m a l l  p a r t  o f  one ,  

0, INTRODUCTION 

This  paper  is  b u t  a  g l impse a t  a  p a r t  of a  d o c t o r a l  d i s s e r t a -  
t i o n  (Lamontagne 1975) d e s c r i b i n g  an a t t e m p t  t o  c r e a t e  a gene- 
r a l  computa t iona l  t h e o r y  o f  v i s u a l  motion d e t e c t i o n ,  T h i s  
a t  tempt was d e s c r i b e d  i n  t h e  d i s s e r t a t i o n  as b e a r i n g  on t h r e e  
main i s s u e s :  

l, c r e a t i n g  computa t iona l  concep t s  which cover  t h e  w i d e s t  
p o s s i b l e  range of  p a r t i c u l a r  v i s u a l  motion d e t e c t i o n  
s y s  t e r n  ; 

2 ,  u s i n g  t h e s e  concep t s  t o  a r t i c u l a t e  a complete  p a r t i c u -  
l a r  working system;  and 

3 ,  l o o k i n g  f o r  a b i l i t i e s  of t h i s  p a r t i c u l a r  sys tem t o  
s e r v e  as computa t iona l  model o f  v i s u a l  motion de tec -  
t i o n  i n  p a r t i c u l a r  b i o l o g i c a l  sys tems ,  

As can b e  found i n  t h e  d i s s e r t a t i o n  t h e s e  t h r e e  i s s u e s  were  
t a c k l e d  a t  each o f  two r a t h e r  d i f f e r e n t  l e v e l s :  f i r s t l y  i n  t h e  
more g l o b a l  c o n t e x t  o f  q u e s t i o n s  such  a s  when, where,  and how 
motion d e t e c t i o n  a b i l i t i e s  s h o u l d  b e  used i n  a complete  v i s u a l  
sys tem,  and secondly  i n  t h e  more l o c a l  c o n t e x t  o f  q u e s t i o n s  
such as what t h e  motion d e t e c t i o n  a b i l i t i e s  themselves  s h o u l d  
c o n s i s t  o f  and how they  cou ld  a c t u a l l y  b e  s e t  t o  work, A 
'bot tom upg  approach was favoured  t o  s t a r t  w i t h  , c o n t r a s t i n g  
w i t h  most o t h e r  c u r r e n t  e f f o r t s  a t  mode l l ing  motion p e r c e p t i o n  
i n  computa t iona l  terms ( s e e  f o r  i n s t a n c e  Weir (1974) and 
Badle r  ( 1 9 9 5 ) ) ,  S h o r t  accounts  o f  what was ach ieved  i n  our  
e n t e r p r i s e  have,  u n t i l  now, been e x c l u s i v e l y  devoted t o  re- 
s u l t s  o b t a i n e d  a t  t h e  more local  l e v e l  o f  a n a l y s i s  (Lamontagne 
1 9 3 3  J974) ; t h e  p r e s e n t  paper  r e p o r t s  a  r e s u l t o b  t a i n e d  a t  t h e  



3 I-'. n
 r
 

n
 

m
 

s re
 

P
, i%
 

P
i 

R
 

IF
, 4 B
 
0
 

2
 

CD
 
3
 

e
 

0
 

3
 

ID
 

0
 

I*
 DJ
 s 5 is" ID
 

Y
 

Q
 

M
.1 

"d
 

0
 

53
 

0
) P
. 
5
 

r-
L 

(D
 

re
 

r 
- 8 

I
 

I H?
 

i-i
 

m
 

(D
 - 

%
z ID

 

as
 

cn
 

Is
" 

e,
 

w
 

ID
 

Q
J 

r
t 

R
 

Y
 

r
*
 

o*
 

C
 

rt
 

0
 

m
 

t-
J 

P
s

 

-.s 

m
 

9
 

t: (1
, Y
 m
 

s CD
 

U
I 

0
) e
 

0
 

Y
 -s
 

n
 

0
 s
 

n
 

P
, I 

v+
 
n
 

&
 

ID
 

Y
 

w 
r,
 

CD
 s 

m
 

X
 

R
 
m 

-i
 

r
t 

61
) 

m 
m

 
X

 
n,
 

N
- 

OD
 

ri
- 
0
 

;*'+A 

CR
 

rJ
- 
3
"
 

F
 C

U 
e
*
 

cJ-
 

Q
 

;s
" 
,3
J 

4
 

E
 i

j 
X

 R
 

fa
. 

ca
 

0
 

rS
- 

3'
 

CU
 

w
 3
- 

<s
L 

m 
r.
, 

er
 

S
 

rq
 

A
 3 
3
 

R
 

$ 
$ 

0
 

rn
 

rn
 

V3
 

3 
A

 
(b

 
w

 
Q

J 
w

 
9
 

A
 
e

e
 

0s
 

" 
X

 
a
 T

i-
 

m
 
m 

s 
,a
, 

r
t I-"
* 

w
 

W
Q

 
I-1

. I 

m z- n
 

(D
 

d
 

0
 5
 

w
 2 n
 

(D
 

0
) m

 
(D

 
0
) 3"
 

PJ
 4 rt
 

0
 

d
 

(I
, 5
 

P
, 

m
 

ID
 a
 

0
 

s P
, s !2 P
, 

Id
 

2 v
- 

0
) 

0
 

m
 s CD
 

'Z
 

z 
, 

E
 E2 a
 

i-
h 

n
 
0
 

P
( 

P
( CD
 

10
 

T
J a
 5 W

 dr. m
 

G
 

p
l 

I-
" 

ID
 s r
t P
- 

R
 

P
*
 

ID
 

0
)
 

P
, 

0
) 2 m
 

CG
 m
 

'73
 

w
 

ID
 & 

R
m

r
n

 
ID

 
C

 
m

l
u

a
r

"
 

m
r

e
m

 
-
C
 m

 
Y

 w
 

0
 

ID
 

Pl
 

;
z
g
 

e,
 

? 
g

$
 

m
 

P
* 

e
n

 
-I

D
 

3
" 

rn
 

l-r
 

- (I
, 

I-
'. 

U
I 

re
 
n

 
$;ti

' 
r-1

. 
ID

 
P

 
E

i 
0
 

P
- 

Z
E

 g
 

r
-
 9
 

n
I

?
m

 
% 
G
*
 

? ID
 

B
 

0
 

%
 

IF
, 

*
a
 

m
 

Y
 

R
 

r
e

 

n r= Id
 

m
 

Y
 

n
 

a,
 

0
)
 

0
 

0
 

i-
h
 

C
 

P
. m c P
i 

t-
J 3 e-
 

s". X
 

a
 

(D
 

I?
 

m
 

n
 

r
t 

I-
'*
 

0
 s w

 

Id
 

ID
 

P
a

 

2
&

s
 

re
1

D
"d

 
ID

 
a
m
 

g
*

2
 

A
 
cn 

r
. 

a
g

 z 
P

-'
. 0

 
P

 
0

) 
m

 p
l 

c
r

e
w

 
P
, P
'a

 F
d 

Y
 

0
 

ID
 

P
- 

0
) 

s 
Ei

 
r
e

 
m
 
r
-
 re

 
I-'. 

43
. 

P
. 

I?
 
P
-
 0
 

-,
. 

2 
g 

'
d

e
~

m
d

0
m

~
~

Q
 

r
e

,
 ID

 
s
 

ID
 

q
P

3
 m

 
Y
 

w
 

I-
'*

a
I?

I-
-*

n
i-

tH
o

 

c-
i 0
 

!.z m
 

H
 F 1-3 W
 

kl 
(D

 
n

 C
G 

+t
 

ID
 

tD
 G

: R
 

s O
 

I-
'. 
a
 

R
 

P
* 

01
 

rn
 

Y
e

w
 

(D
 
e.
 re

 
m

 Q
 

ID
 

X
'd

 
Y

 
R

 
Pl
 

Y
 r

-1
 

Y
 

ri m
 
!3; 

P
, 
e,
 
m
0
9
 

e
.r

("
d

 
ID

 
R

 
17
. 

)i
-r

e
 

n
r

e
o

 
r

t
m

 
Y

 
P

Y
 

P
=

Z
P

 
ID 

E
~

O
T

Q
~

I
D

C
S

I
D

P
~

 
ID
 

a
a
 r

.
b

r
o

 
o
 

cn
 

r
i
m

 
r+

r.
rn

 
a
 

@
 

rn
 

-
m

f
j
 

-
 
I
;
.
-
 0
 
(1
. 

I-
" 

p
-.
 

c 
3

"m
 

a
P

.
r

t
P

i
 
3
 

m
e

 m
 

rn
 

I
D

O
S

D
O

Y
O

~
P

~
~

~
~

 
a
 

cn
 

o
 

ID
 

3
 

m
r

r
m

 e
rn

 
3
 

rn
 

m
 

o
 

3
 

C
G

E
i

S
m

 
V

)
I

D
R

P
.

 
ID

 
m

L
U

&
E

o
S

s
:

:
 



v a l u e s ,  e . g ,  p o s i t i o n ,  o r i e n t a t i o n ,  speed ,  a c c e l e r a t i o a , . , ) ,  
and s i n c e  t h e  range o f  cha-sacter iz ing f e a t u r e s  which can b e  
computed f o r  any given v i s u a l  e n t i t y  depends e s s e n t i a l l y  on 
the l e ve l  of grouping a f  which t h e  v i s u a l  e n t i t y  i s  c r e a t e d ,  
i t  i s  c r u c i a l  t o  r e a l i s e  t h a t  t h e  computa t iona l  s t r a t e g i e s  
r e q u i r e d  t o  a c h i e v e  I d e n t i f i c a t i o n  and t h o s e  r e q u i r e d  t o  a- 
ch ieve  Trans f o r n a t i o n  S p e c i f i c a t i o n  w i l l  u r n  with  the l e ve l  
of  grozcping a t  which one decides t o  apply them, It is  indeed  
t h e  c a s e  f o r  i n s t a n c e  t h a t  a t  t h e  l e v e l  o f  a , v . e ,  %s, s i n c e  t h e  
o n l y  p o s s i b l e  ( n o n - t r i v i a l )  c h a r a c t e r i z i n g  f e a t u r e s  a r e  ' p o s i -  
t i o n  on t h e  r e t i n a '  and 'momnt  i n  t h e  p r o c e s s i n g ' ,  t h e  Xden- 
t i f a c a t i o n  of cor responding  a ; v , e .  ' s  through fime ( i n  c a s e s  
where many a . v e e . %  aar invo lved  a t  each moment) i s  o f t e n  a  
much more hazardous  e n t e r p r i s e  (bound t o  f a i l  i n  many c a s e s  i n  
f a c t :  than  t h e  I d e n t i f i c a t i o n  of cor responding  v i s u a l  e n t i t i e s  
ae a  l e v e l  where a , v , e  ' s  have b e e n  grouped i n t o  wholes which 
correspond t o  p h y s i c a l  e n t i t i e s  i n  t h e  observed  s c e n e  and have 
been c h a r a c t e r i z e d  w i t h  such f e a t u r e s  a s  ' t a b l e - l i k e ' ,  
Y r i a n g u l a r  ' , ' t r e e - l i k e '  , e t c ,  , ; on t h e  o t h e r  hand,  t h e  
grouping o f  a  v e , ' s  i n t o  wholes cor responding  t o  p h y s i c a l  
e n t i t i e s  c a l l s  g e n e r a l l y  f o r  h i g h l y  complex and t i n e  consuming 
p r o c e s s e s ,  a s  can b e  g a t h e r e d  from t h e  e f f o r t s  nade i n  t h i s  
d i r e c t i o n  by r e s e a r c h  workers  i n  t h e  f i e l d  of A r t i f i c i a l  In- 
t e l l i g e n c e  ( s e e  f o r  i n s t a n c e  Winston,  1 9 7 5 ) ,  The problem of 
choosing a good l e v e l  o f  grouping a t  which t o  compute motion 
tu rned  out t o  be  a  most fundamental  I s s u e ,  A d e t a i l e d  analy-  
sis o f  t h e  problem r e v e a l e d  many i n p o r t a n t  and unforeseen  com- 
p u t a t i o n a l  c o n s t r a i n t s  t o  b e  coped w i t h  by anyone want ing  t o  
a t t a c k  t h e  motion d e t e c t i o n  problem w i t h  any hope of s u c c e s s ,  
Tnese c o n s t r a i n t s  p rov ided  a  r a t h e r  e l a b o r a t e  t h e o r e t i c a l  con- 
t e x t  f o r  e v a l u a t i n g  p a s t  a t t e m p t s  a t  s o l v i n g  t h e  motion de tee -  
t i o n  problem a s  w e l l  a s  f o r  choosing an o p t i m a l  p a t h  through 
t h e  problem, 

The p a t h  which we were  a lmos t  f a r c e d  t o  f o l l o w  l e d  us t o  a  
p a r t i c u l a r  motion de tec t ioz l  systetr; whose ftmdamentals are a s  
f o  11 ows : 

1, t h e  sys tem w i l l  group a . v .  e ,  's r i g h t  up t o  t h e  l e v e l  
o f  a s ingle  g l o b a l  v i s u a l  e n t i t y ,  o r  uzskaZ o b j e c t ,  
b e f o r e  motion is  corrputed, c h i s  visual o b j e c t  embra- 
c i n g  e i t h e r  many p h y s i c a l  o b j e c t s  i n  t h e  observed 
s c e n e ,  o r  o n l y  one,  o r  o n l y  a  p a r t  of one ( i , e ,  no 
correspondence i s  required between t h e  v i s u a l  o b j e c t  
and any s i n g l e  p h y s i c a l  o b j e c t  i n  rhe observed  s c e n e ) ;  

2 t h e  grouping of a v e ,  ' s  l e a d i n g  t o  t h e  v i s u a l  o b j e c t  
w i l l  be c a r r i e d  our  on t h e  b a s i s  o f  low l e v e l  informa- 
t i o n  such a s  locaZ chmges undergone by t h e  a , v , e ,  's 
themselves  o r  by o t h e r  low l e v e l  v i s u a l  e n t i t i e s ;  



3 .  once t h e  s i n g l e  v i s u a l  o b j e c t  i s  o b t a i n e d ,  a s  many 
( g l o b a l )  c h a r a c t e r i z i n g  f e a t u r e s  w i l l  be  a t t r i b u t e d  t o  
i t  a s  r e q u i r e d  t o  s p e c i f y  i t s  p o s s i b l e  t r a n s f o r m a t i o n s ,  
o r  mot ions ,  I d e n t i f i c a t i o n  b e i n g  t r i v i a l l y  achieved on 
t h e  b a s i s  of t h e  f a c t  t h a t  o n l y  one v i s u a l  o b j e c t  ex- 
is ts  a t  a  time: 

Naving adapted t h e s e  b a s i c  computa t iona l  p r i n c i p l e s  we were 
l e f t  w i t h  t h e  r a t h e r  demanding t a s k  o f  p r o v i d i n g  them w i t h  p r e -  
c i s e  embodiments expressed  i n  terms o f  e f f e c t i v e  d e c i s i o n  pro- 
cedures  c a p a b l e  of a c t u a l l y  computing v i s u a l  mot ion i n  t h e  ex- 
pec ted  way, However, t h i s  l e v e l  of p reoccupa t ion  l i e s  much be- 
yond t h e  scope  o f  t h i s  paper  and s i n c e  t h e  g e n e r a l  computat io-  
n a l  p r i n c i p l e s  l i s t e d  above a r e  a l l  t h a t  i s  needed t o  d i s c u s s  
t h e  p s y c h o l o g i c a l  phenomena which a r e  t h e  main s u b j e c t  of t h i s  
paper  L e t  u s  c l o s e  t h i s  s e c t i o n  and r e f e r  t h e  unsa ted  r e a d e r  
t o  t h e  d i s s e r t a t i o n ' s  d e t a i l e d  account  of t h e  c o m p l e t e t e  work, 

2, PSYCHOLOGICAL APPLICATIONS 

I n  t h e  c o n t e x t  of look ing  f o r  a b i l i t i e s  of o u r  motion de tec -  
t i o n  sys tem t o  s e r v e  a s  model o f  p a r t i c u l a r  b i o l o g i c a l  motion 
d e t e c t i o n  systems we hypothes ized  t h a t  t h e  g e n e r a l  computatio- 
n a l  p r i n c i p l e s  l i s t e d  a t  t h e  end of S e c t i o n  1 could account  
f o r  any ev idence  r e g a r d i n g  t h e  f u n c t i o n i n g  of t h e  human v i -  
s u a l  motion d e t e c t i o n  system,  A t  f i r s t ,  t h e  d r a s t i c  impl ica -  
t i o n  t h a t  no human o b s e r v e r  shou ld  be  a b l e  t o  s e e  a t  any one 
moment more than  one v i s u a l  o b j e c t  i n  motion seemed much t o o  
r e s t r i c t i v e  t o  s u p p o r t  t h e  a p p a r e n t  m u l t i p l i c i t y  and d i v e r s i -  
t y  of t h e  v i s u a l  impress ions  c o n s t a n t l y  a s s a i l i n g  o n e ' s  consc i -  
ousness ,  Who would indeed deny b e i n g  a b l e  t o  s e e  s imul taneous-  
l y  t z ~ o  men shaking hands ,  o r  half  a dozen c a r s  moving a t  d i f -  
f e r e n t  speeds  on a  motornay, o r  t h ~ e e  f o o t b a l l  p l a y e r s  r u s h i n g  
towards t h e  b a l l ,  o r  hundreds of t r e e  l e a v e s  waving i n  t h e  
wind? However, a  second l o o k  a t  t h e  ev idence  sowed t h e  s e e d s  
of t h e  c o n v i c t i o n  t h a t  none o f  t h e  e v e n t s  cons idered  were to-  
t a l l y  incompat ib le  w i t h  t h e  ' s i n g l e  v i s u a l  o b j e c t '  h y p o t h e s i s ,  
t h e  c r i t i c a l  p o i n t  b e i n g  t h a t  t h e  s i n g l e  v i s u a l  o b j e c t  can em- 
b r a c e  any number of  p h y s i c a l  o b j e c t  o r  avy p u t  of any of 
them, a  c o n s i d e r a b l e  d i v e r s i t y  of d e s c r i p t i o n  b e i n g  a v a i l a b l e  
from computing motion on t h e  b a s i s  of g l o b a l  f e a t u r e s  a t t r i b u -  
t e d  t o  t h e  v i s u a l  o b j e c t  a s  a  whole,  I f  t h e  second look  sowed 
t h e  s e e d s  of o u r  c o n v i c t i o n  t h a t  t h e  h y p o t h e s i s  was good, t h e  
e h i r d  l o o k  grew them h i g h ;  new e v i d e n c e  had been made a v a i l a -  
b l e ,  and t h i s  t ime i t  was found t o  b e  more than  ' n o t  t o t a l l y  
i n c o m p a t i b l e '  w i t h  t h e  h y p o t h e s i s :  i t  was found t o  conf i rm i t  
q u i t e  s t r o n g l y ,  The new e v i d e n c e  came from o b s e r v a t i o n s  made 
by P , K o l e r s  (1972) ,  and we v ~ i l l  s t a r t  by p r e s e n t i n g  t h e s e  ob- 
s e r v a t i o n s  i n  t h e i r  o r i g i n a l  c o n t e x t  b e f o r e  i n t e r p r e t i n g  them 



i n  our o m ,  

One of the  most important  ques t ions  which Kolers t r i e s  t o  
answer i n  h i s  book i s  whether o r  n o t  t he  shapes of observed oh- 
j e c t s  a r e  eaken i n t o  cons ide ra t ion  by t h e  human v i s u a l  system 
i n  the  Iden t i f i ca t ion  process  on which motion d e t e c t i o n  r e s t s ,  
Seeking zn answer on exc lus ive ly  empir ica l  grounds Kolers i s  
f i n a l l y  brought t o  t he  conclusion t h a t  a l though shape i s  most 
of t h e  time t o t a l l y  ignored i t  is sometimes taken i n t o  consi- 
de ra t ion :  however, few c lues  are provided regard ing  p o s s i b l e  
c r i t e r i a  determicing whew shape i s  o r  f s  no t  taken i n t o  consi- 
de ra t ion .  The c o n f l i c t i n g  observa t ions  which brought Kolers t o  
t h i s  conclusion were made i n  the  con tex t  of experiments which 
a r e  h ighly  s i n i l a r  t o  ehe fol lowing ones,  which we c a r r i e d  out  
ourse lves ,  conf i~rx ing  Kolers '  r e s u l t s ,  

Svent L Svent 2 . 
moment 1 

moment 2 

ii 

f i g u r e  I 

In one exper lnent  the  two events  7c r t r ayed  i n  f ~ g u r e  1 were 
presented  t o  the  s u b j e c t s .  Both events  imply the  p r e s e n t a t i o n  
of only two success ive  s t imulus  frames (monenr 1 and moment 21, 
t h e  con ten t  of %he f i r s e  m o r n e n ~ ~ s  frame being the  s m e  i n  both  
cases ,  The c r i t i c a l  d i f f e r e n c e  between t h e  two events  is  t h a t  
i n  one ease  (event  l )  t he  s imp les t  complete account of "ie e- 
vent  i s  chat  the  square '  5a s  nsved from the  l e f t  t o  t he  r f g n t  
hand s i d e  of the  s t imulus  s t r u c t u r e ,  whi le  i n  the  o t h e r  case  
(event  2)  the  s imp les t  complete account of the  event  i s  t h a t  
a l l  f o u r  shapes have moved s l i g h t l y  t o  t h e  rkgh t ,  This  I s  of 
course whac the  s u b j e c t s  reporred having seen when presented  
w i t h  t he  events ,  Such f a c t s  were i n t e r p r e t e d  by Rolers  a s  mea- 
ning t h a t  s h q e s  dc p l a y  a ce r t a i r ,  r o l e  ir, the 1den"Lificarron 



p r o c e s s  on which ~ o t i o n  detection r e s t s ,  Indeed,  i s  i t  no t  t h e  
c a s e  t h a t  i n  o r d e r  t o  overcome t h e  "global' s i m i l a r i t y  of t h e  
two e v e n t s  ( S e e ,  a  'bunch o f  o b j e c t s b o n  t h e  l e f t  a t  moment 1, 
and a  'bunch of o b j e c t s '  pushed t o  t h e  r i g h t  a t  moment 2 )  t h e  
human v i s u a l  sys tem ought  t o  group a . v , e , ' s  up t o  t h e  l e v e l  o f  
t h e  f o u r  d i sconnec ted  o b j e c t s ,  c h a r a c t e r i z i n g  a t  l e a s t  some of 
them v i t h  r h e i r  sha2e  ( v i a  a  s q u a r e ,  a c i r c l e ,  a  t r i a n g l e ,  o r  
a  c r o s s  s i g n ) ,  the reby  p r o v i d i n g  a basLs on whrch t o  e s t a b l i s h  
t h e  d i f f e r e n c e  between t h e  c a s e  where on ly  t h e  "quare '  chan- 
ges  Locat ion and r h e  c a s e  & e r e  t h e  ' s q u a r e ' ,  t h e  ' c i r c l e ' ,  
t h e  'triangle', an2 t h e  ' z r o s s  s i g n '  a l l  change l o c a t i o n ?  

moment 1. moment 2 

f i g u r e  2 

Now i n  anocher e x p e r i z e n t  t h e  e v e n t  2 o r t r a y e d  I n  fLgure  2 
was p r e s e n t e d  t o   he s u b j e c t s ,  On t h e  b a s i s  of t h e  r e s u l t  ob- 
t a i n e d  i n  t h e  exper iment  d e s c r i b e d  above we could  be l e d  t o  
e x p e c t  t h e  s u b j e c t s  t o  s e e  t h e  two shapes  move a l o n g  d i a g o n a l  
p a t h s  c r o s s i n g  each o t h e r  as shown i n  f i g u r e  3a, b o t h  t h e  c i r -  
c l e  an6 t h e  s q u a r e  b e i n g  s u c c e s s f u l l y  i d e n t i f i e d  a t  every  mo- 
ment on t h e  b a s i s  of t h e i r  r e s p e c t i v e  shapes .  T h i s  r e s u l t  was 
n e v e r  o b t a i n e d ;  i z s t e a d ,  t he  mccion was always r e p o r t e d  t o  b e  
v e r t i c a 1 2 y  Cownwards f o r  che two o b j e c t s  i n  t h e  s c e n e  ( s e e  f i -  
g u r e  3b) ,  however ha rd  t h e  s u b j e c t s  t r i e d  t o  o b t a i n  t h e  diago-  
n a l  r r o s s i c g  a o t i o n  T h i s  t ime the-re was no s i g ~  of I Z e n t i f i - -  
c a t i o n  on ehe basis of s h a p e ?  

If i n  K o l e r s '  c o n t e x t  such  f a c t s  a s  t h o s e  9ade  a v a i l a S l e  
th rcugh  t h e  above d e s c r i b e d  exper iments  a r e  t o  some e x t e n t  
c o n f l i c t u a l  ie i s  n o t  a t  a i l  t h e  c a s e  i n  o u r  c o n t e x t ,  Before  
d i s c u s s i n g  t h e  f a c t s  themselves  l e t  us  s t r e s s  some c r u c i a l  
c h a r a c c e r i s t s c s  of o c r  motion d e t e c t i o n  x o d e l  



1 only  one uisaal object can be  t aken  i n t o  account  a t  
any moment, t h i s  o b j e c t  embracing any p a r t  of t h e  v i s u -  
a l  scene ;  

2, shapes  a r e  t o t a l l y  s u ? e r f l u o u s  i n  t h e  c o n t e x t  of t h e  
sys tem's  I d e n t i f i c a t i o n  s t r a t e g y ,  t h i s  one b e i n g  tri-  
v i a l l y  based on t h e  s o l e  e x i s t e n c e  of t h e  s i n g l e  v i s u -  
a l  o b j e c t  c o ~ ~ ~ p u t e d  a t  any moment 

(I) I 

f i g u r e  3 

Now concern ing  t h e  f a c t s  themselves  l e t  u s  s t a r t  by d i s c u s -  
s i n g  t h e  r e s u l t s  o b t a i n e d  i n  r h e  second exper iment ,  K o l e r s  r e -  
p o r t s  t h a t  t h e  s u b j e c t s  could  n e v e r  s e e  t h e  two o b j e c t s  c r o s -  
s i n g  each o t h e r :  i t  i s  a l s o  t h e  c a s e  f o r  our  sys tem f o r  t h e  ve- 
r y  s i m p l e  reason  t h a t  i t  cannot  s e e  two v i s u a l  o b j e c t s  moving 
a t  a t h e ;  f o r  our  syscem t h e r e  i s  always on ly  one v i s u a l  ob- 
j e c t  i n  t h e  scene ,  and t h i s  o b j e c t ,  i n  t h e  p a r t i c u l a r  s i t u a -  
s i o n  b e i n g  d i s c u s s e d ,  embraces bo th  t h e  s q u a r e  ank t h e  c i r c l e  
T 3 e  way i n  which o u r  s y s t e n  d e a l s  -with t h e  scene  i s  t h a t  s i n c e  
all a , v , e , ' s  undergo a ' change '  from moment 1 t o  moment 2 a l l  
of  them a r e  thrown i n  t h e  \ i s u a l  o b j e c t  box' 'v~here they  a r e  
c h a r a c t e r i z e 2  as a  v h o l e  an& consequen t ly  seen a s  xov ing  dom 
a s  a  whole.  K o l e r s f  ' two o b j  e c t s f  can n e v e r  b e  s e e n  t o  c r o s s  
each  o t h e r  because  they  a r e  welded i n t o  a  single visual object 
by our  sys tem 3n t h i s  basis w e  m a i n r a i n  t h a t  what i s  s e e 2  by 
t h e  s u b j e c t s  can be d e s c r i b e d  more aciequaeely as i n  f i g u r e  3c  
than  a s  i n  f i g u r e  3b, 

The r e s u l t s  3 h t a l l e 6  i n  t he  o t h e r  e x p e r n e n t ,  ehe f i -csc one 
p r e s e n t e d ,  might seem a  l i t t l e  more t roublesome s i n c e  i n  o u r  
c o n t e x t  shapes  a r e  fcbaLby I g n o r e 2  i n  t h e  I d e n t i f f c a t l o n  pro- 
c e s s ,  But t h e  fact i s  t h a t  o ~ ~ s  s y s t e x  can e a s i l y  do w i t h o u t  
t h e  s p e c i f i c a e ~ o n  of t h e  i n d i v i d u a l  shapes  used i n  t h e  e x p e r i -  
ment (namely a s q u a r e ,  a c i r c l e ,  a  t r i a n g l e ,  and a  c r o s s  s i g n )  
aal. s t i l i  come tnp wick, t h e  desired i n t e r p r e r a t i o r r  of t h e  s t i -  



mulus e v e n t s  ( w i t h  i n  f a c t  p r o b a l l y  much Less computat ion t h a n  
i s  r e q u i r e d  by t h e  s o l u t i o n  i n v o l v i n g  shape  s p e c i f i c a t i o n ) ,  I n  
t h e  c a s e  of t h e  f i r s t  e v e n t  t h e  d e s i r e d  i n t e r p r e t a t i o n  ( i , e ,  
t h e  s q u a r e  a l o n e  moves from t h e  l e f e  t o  t h e  r i g h t  hand s i d e  of 
t h e  remaining shapes )  i s  ach ieved  on t h e  b a s i s  of t h e  f a c t  t h a t  
from t h e  f i r s  c t o  t h e  second momenr enZy those a ,  u ,  e ,  ' s  making 
up -the sqmre undergo 'some change'; t h i s  i s  s u f f i c i e n t  t o  p u t  
them a l l  t o g e t h e r  i x  t h e  ' v i s u a l  o b j e c t  b o x ' ,  t h e r e b y  a l l o w i n g  
t h e  s q u a r e  t o  be c h a r a c t e r i z e d  a s  a  whole and ' s e e n b o v i n g  
from one s i d e  of t h e  scene  zo t h e  o t h e r ,  S i m i l a r l y ,  i n  t h e  ca- 
s e  of t h e  second e v e n t  t h e  d e s i r e d  i n t e r p r e t a t i o n  ( i , e ,  t h e  
whole s e t  of shapes  i s  s h i f t e d  s l i g h t l y  t o  t h e  r i g h t )  i s  a c h i e -  
ved on t h e  b a s i s  of t h e  f a c t  t h a t  froin t h e  f i r s t  t o  t h e  second 
moment all a,u e,'s iv the scene undergo some change; t h i s  i s  
s u f f i c i e n t  t o  p u t  them a l l  t o g e t h e r  i n  t h e  ' v i s u a l  o b j e c t  box' 
t h e r e b y  a l l o w i n g  a l l  f o u r  o b j e c t s  t o  be c h a r a c t e r i z e d  as a sin- 
g l e  whole which,  f u r t h e r  a n a i y s e d  mot ionwise ,  i s  ' s e e n '  a s  
b e i n g  s h i f t e d  t o  t h e  r i g h t ,  F i g u r e  4 shows how t h e  ' s i n g l e  
g l o b a l  v i s u a l  o b j e c t P  scheme i s  a  winner  a g a i n  i n  t h e  c o n t e x t  
of t h i s  e x p e r i x e n t  

Event 2 

f i g u r e  4 

A s  a c o n c l u s i o n ,  i f  w e  can say  t h a t  our  t h e o r e t i c a l  c o n t e x t  
p r o v i d e s  a u n i f y i n g  framework f o r  e x p e r i z e n t a l  r e s u l t s  such  a s  
chose d i s c u s s e d  above we can  h a r d l y  c l a i m  t h a t  t h e  c h a l l e n g e  
of t h e  ' s i n g l e  ~ r i s t l a l  o b j e c t '  hypo t l l e s i s  h a s  been t o t a l l y  met 
y e t ,  many problems remaining t o  be  s a l v e d  a t  b o t h  t h e  t h e o r e -  
t i c a l  and t h e  e m p i r i c a l  l e v e l s -  However, w e  f e e l  t h a t  t h e  h y -  
p o t h e s i s  i s  now sufficiently s t r o n g  t o  be compared advantage-  
o u s l y  t o  any o t h e r  e x i s ~ i n g  h y p o t h e s i s  c l a i n i n g  po5;er o v e r  t h e  
motlon d e t e c t i o n  i s s u e ,  
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People engage In d ia logce  t o  achieve c e r t a i n  goa ls ,  The 
n a t u r e  of t h i s  parenersh ip  i n  c ~ ~ u n r c a t i a n  xs such t h a t  x t  i s  
e f f e c t i v e  only  f o r  c e r t d i n  @Lasses of goal-pairs ,  For these  
c l a s s e s e  hsue-jer* tlxzre have evolved a  c o l l e c t i o n  of 
csnvenzinns , which we 3ave c a l l e d  Dralogue-gales , appropr i a t e  
t o  t he  j o i n t  p u r s u i t  of a  p a r % i c u l a r  p a i r  of goa ls ,  These 
conventions r ep re sen t  shared howledge  by t h e  p a r t i c i p a n t s  
regardrng how each 1 s  eo ccimcnrcate to  t he  o t h e r  5izzsjhex o m  
goals  and lcnawledge scare, H l a r g e  aszount of t h i s  i n f o m a t i o n  
i s  no t  comunica ted  in any e x p l i c i t  f o m ,  b u t  i s  understood by 
v i r t u e  of t i e  p a r t i c i p e a t s '  r ecogn i t i on  of t h e  c u r r e n t  
Dialogue-game In t h i s  paperd we defnne what we loean by a  
D~alogue-game, e x h i b i t  one i n  some d e t a i l ,  and desc r ibe  
processes  us ing  these  Dialogue-gmes t h a t  model a s p e c t s  of t he  
a s s i n i l a t i o n  3f na tuza l  d ~ a l o g u e ,  

P e o ~ l e  use  language cc e f f e c c  comunicacxon, wZllc3 i n  t u r n  
serves  t o  advance ee rca in  of r k e i r  goa ls ,  I n  f a c t ,  t h e  
s e l e c t i o n  of t h e  f o m  and substance of t h e i r  c o m u n i c a t i v e  a c t s  
is d i c t a t e d  by the  goa l s  ia 2,~kose sen - i ce  t h e  a c t s  a r e  t o  be,  

I f  two indrvrduals  a r e  engaged i n  dzalogue, t he  goals  they 
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Certain of these sy re rg i s t i c  s e t s  of goals occur with 
suf f ic ien t  frequency tha t  the cul ture  has evolved shorthand 
l i n g u i s t i c  forms both f o r  signaling t ha t  the speaker wants to  
engage i n  a dialogue i n  service  of one of these goal-pairs ,  
and a l so  f o r  conducting such a dialogue, once i n i t i a t e d ,  As 
an example of the  coq re s s ion  achieved by t h i s  mechanism, 
consider the  comon request: 

Do you have a match? 

This i s  customarily taken t o  nean something l i k e  the 
following: 

1 have a &ask I ' d  l i k e  to per fom [usually l igh t ing  a cig- 
. a r e t t e )  which necessar i ly  i n v o l ~ ~ e s  my having possession 
of a match, 

1 do not have a match, 
I want to have a match, 
1 suspect tha t  perhaps you have a match, 
1 hope " c a u o u  have a match, 
I an t i c ipa t e  tha t  you a r e  aware t h a w o u r  helping me 

aa3iev-e a goal w i l l  make me happy and pleased with you, 
E a l so  hope t ha t  you w i l l  regard i t  a s  being i n  service  

of your own (assued)  goals of enriching your se l f  - 
image as  well as  enhancing my image of you, to  help 
me achieve my goals by perfoming,  f o r  me, an act ion 
of small cost  t o  you, 

I am asking (ennp'iicitly) i f  you possess a match, 
I want you to  give me a match, 
I am q r e s s i n g  t h i s  des i re  to you, 
P expect t ha t  you have the  same understandings of the 

conventions fo r  p o l i t e  requests a s  do I, 
Therefore I an t ic ipa te  you w i l l  understand my needs and 

the implied request, described above, 
Final ly ,  I f u l l y  expect t ha t ,  I f  you have a match, and 

i f  i t s  l o s s  i s  not  a significant cost  t o  you, and 
nothing i s  preventing you from doing so, you d11 indeed 
give me the  match, 

Alternatively,  i f  you do not have a match, but ins tead have 
a c iga re t t e  l i gh t e r ,  1 expect you w i l l  perceive t ha t  i t  
w i l l  s a t i s f y  my goals and w i l l  loan ii= to  m e  f o r  a shor t  
time, 

Consider another example: Were we to perceive only half  of 
a dialogue (e,g,  l i s t en ing  to  someone conduct a t e l e p b n e  c a l l )  
we would nonetheless be able  ts a t t r i b u t e  to h i s /her  par tner ,  
a considerable body of knowledge, This, despi te  the  f a c t  t ha t  
we have no d i r ec t  evidence of any of i t ,  



Bow can we account f a r  t h e  s u r p r i s i n g  r e l i a b i l i t y ,  q u a l i t y  
and d i v e r s i t y  of t h i s  i n d i r e c t  communication? What would i t  
take  t o  r ep re sen t  a s a t i s f a c t o r y  (or u s e f u l )  explana t ion  of 
t hese  phenomena? 

I f  we were ab l e  t o  recognize t h e s e  shorthand fans, and 
a s s o c i a t e  wi th  them t h e  r i c h  aggrega te  of information they  
seem t o  e n t a i l  f o r  human speakers ,  we would be  a b l e  t o  deduce 
a cons iderable  body of unexpressed information about t h e  
knowledge and goa ls  of t he  d ia logue  p a r t i c i p a n t s  a s  w e l l  a s  
t h e  set of expec ta t ions  they  hold f o r  each o t h e r ,  The 
c o l l e c t i o n  of t hese  f o m s  and t h e  d e s c r i p t i o n  of t he  
conventionally-agreed upon r u l e s  of conduct,  f o r  a p a r t i c u l a r  
such goal--pair i s  what we have c a l l e d  a Dialogue-game, 

The problems we a r e  address ing ,  then,  a r e :  I ) . t o  d iscover  
a c o l l e c t i o n  of t h e s e  s y n e r g i s t i c  goa l -pa i rs ,  i n  s e r v i c e  of 
which, t h e  language has evolved s p e c i f i c  Dialogue-games; 
25 t o  c h a r a c t e r i z e  t h e  c o m u n i c a t i v e  f o m s  used by t h e  
p a r t i c i p a n t s  t o  i n i t i a t e  and conduct t h e s e  games; 3) t o  
determine what knowledge i s  shared by t h e s e  p a r t i c i p a n t s ;  
4) t o  c r e a t e  a formalism i n  which t h i s  information can be 
represented ;  and 5: t o  des ign  a c o l l e c t i o n  of processes  
which i n t e g r a t e  t h i s  s t r u c t u r e  w i t h  t h e  f u l l  t a s k  of 
comprehending t h e  d ia logue ,  This  paper  desc r ibes  the 
beginnings of such an e f f o r t ,  

The Dialogue-game cons t ruc t  grew o u t  of a cons ide ra t ion  of 
W ~ t t g e n s t e i n ' s  Language Game no t ion  (Ki t tgens t e in ,  1958) b u t  
d iverges  consrderably both i n  l e v e l  of a b s t r a c t i o n  and i n  t h e  
i n c l u s i o n  of a second, goal-pursuing language u s e r ,  Although 
t h e  Dialogue-game cons t ruc t  draws on t h e  no t ion  of o rd ina ry  
ga?res a s  a metaphor, a Dialogue-game i s  n o t  n e c e s s a r i l y  
compet i t ive ,  non-serious, conscious, o r  zero-sum, It was 
developed t o  handle some of t h e  process  con t ro l  i s s u e s  
observed i n  n a t u r a l l y  occu r r ing  human d ia logues  by t h e  
Dialogue Modeli3g P r o j e c t  a t  USC/Infomation Sciences 
I n s e i t u t e  (Xann, Moore, Levin and C a r l i s l e ,  1975; Yann, 1 9 9 5 ) -  
We a l s o  expect Dialogue-games t o  provide  us  -wi t% a means of 
d e t e c t i n g  and appropr i a t e ly  i n t e r p r e t i n g  what S e a r l e  (1975) 
c a l l s  ' i n d i r e c t  speech a c t s ' ,  

Many of the  o the r  c u r r e n t  t h e o r e t i c a l  c o n s t r u c t s  f o r  
modeling knowledge s t r u c t u r e s  a l s o  share t h i s  f u n c t ~ o n  of 
r ep re sen t ing  bowledge  t h a t  i s  cornonly shared i n  ou r  s o c i e t y  
( ' s c r i p t s g  (Schank and Abelson, 1975);  ' f ramest  ((Charniak, 
1975; Minsky, 1 9 7 4 ) -  cornonsense algorithms' (Rieger,  1975) ) -  
Our approach d i f f e r s  from these  o t h e r s  i n  a t  l e a s t  two ways. 
Dxalogue-games seek t o  r ep re sen r  t h e  mechanics of t h e  d ia logue  
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o the r  person doesn ' t  know about the  Task) ,  the  proposed Helping 
Dialogue-game i s  re jec ted ,  and the  Helpee has t o  f i n d  some o the r  
way t o  achieve h i s l h e r  goal ,  

I n  the  four teen  opera tor- l inker  helping dialogues,  t h e r e  
seem t o  be two somewhat d i s t i n c t  s tages.  The f i r s t  p a r t  i s  
the  diagrlosis of exact ly  what he lp  i s  needed, and the  second 
i s  the  treatment of the  diagnosed problem, 

The Helpee i n i t i a l l y  assumes an a c t i v e  Role, laying o u t  f o r  
the  Helper a  problem desc r ip t ion ,  i n  the  following format: 
F i r s t ,  s/he descr ibes  a  s e r i e s  of  evenks which occurred which 
were nonnal and expected (context  s ta tements) ,  Then, s/he 
descr ibes  the  occurrence of some event o r  a c t i o n  which was NOT 
expected, This simple CONTEXT->VIOLATION sequence occurred 
i n  5 cases ,  the  CONTEXT->VIOLATION->MORE CONTEXT sequence oc- 
curred i n  3 more cases ,  and compound CONTEXT->VIOLATION->MORE 
CONTEXT->MOTBZR VIOMTION occurred i n  2 more cases ,  (The 
remaining cases were: a  desc r ip t ion  of  the  des i red  end s t a t e ;  
context  desc r ip t ion  followed by desc r ip t ion  of  des i red  end 
s t a t e ;  a  context  desc r ip t ion  only ( a f t e r  which the  opera tor  
asked what the  problem wasl j ,  

I n  this s t age ,  the  Helper (always t h e  computer opera tor  i n  
these  dialogues)  i s  r e l a t i v e l y  passive,  responding t o  the  
Helpee's Problem Descript ion i n  one of many ways: ( a )  request-  
ing more information ( 3  c a s e s ) ,  (b)  f a i l i n g  t o  see a problem 
(3  c a s e s ) ,  ( c )  co r rec t ing  an erroneous statement ( 2  c a s e s ) ,  
(dl asking about the  Eelpee 's  a b i l i t i e s  o r  knowledge ( 2  c a s e s ) ,  
asking about t h e  Helpee's c u r r e n t  s t a t e  o r  goal  ( 2  c a s e s ) ,  

Once the  problem has been described by the  HeLpee, the  Helper 
responded i n  two ways: comunicat ing  a s e r i e s  of d i r e c t i v e s  
f o r  ac t ion  t o  so lve  the  problem (7  c a s e s ) ,  o r  an apology f o r  
not  being a b l e  t o  help,  o f t e n  combined with a d i r e c t i v e  t o  seek 
help  from some other  person (5  c a s e s ) ,  The Helpee pass ively  
responds t o  t h e  Helper i n  t h i s  s t age ,  occas ional ly  r a i s i n g  
quest ions about the  d i r e c t i v e s  ( 2  c a s e s ) ,  

F ina l ly ,  t h e  Helpee acknowledged the  d i r e c t i v e s ,  genera l ly  
by saying ' O K 8  (6 c a s e s ) ,  promising t h a t  t h e  d i r e c t i v e s  would 
be followed (5 c a s e s ) ,  and saying thanks (11 c a s e s ) ,  The 
Helper o f t e n  t o l d  the  Helpee t h a t  s /he was welcome (9 c a s e s ) ,  

L STKUCTUm OF THE HELPING DIALOWE-GMIE 

Here i s  a formal s p e c i f i c a t i o n  of the  Helping Dialogue-game, a s  
derived from our ana lys i s  of n a t u r a l l y  occurring helping 
dialogues,  



In this specification, the assertion that person P has sub- 
goal 6 is represented by the structure P @ants G, 

Helping is Dialogue-game where: 

Parameters are : 
Parkieipants: Helpee and Helper 
Topic: Task 
Parmeter specifications are: 
Helpee is a person; 
BeLpee wants (Helpee perform Task); 
Helpee unable (Helpee perfom Task) ; 
Helpee pemitted (Herpee perform Task); 
Helpee wants (Helpee able (Belpee perfom Task)); 
Helpee wants (Helper enable (Belpee perfom Task)); 
Helper is a person; 
Helper is willing (Helper enable (Helpee perform Task)); 
Kelper is able (Helper enable (Helpee perform Task)), 

Components are : 
Belpee wants (Helper know (Helpee perceived action/expected- 

I) 1 ; 
Helpee know sceneitask; 
Action/expected-l component-of sceneitask; 
Helpee wants (Helper know (Helpee not perceived ~ction/ 

expected-2) 1 ; 
Action/expected-2 component-of Scenejtask; 

then 

Helper wants (HeLpee know ~ction/new); 
Action/new component-of ~cene/task; 
(Belpee perform Actionjnew) causes ~ction/expected-2, 

DIALOGUE-aES PROCESSOR 

This section outlines the processes necessary to use our con- 
cept of Dialogue-games in the task of assimilating the content 
of a dialogue, We will examine these processes in three parts: 
the recognition that a speaker is proposing a certain Dialogue- 
game, the conduct of a Dialogue-game "chat has been initiated, 
and the ternination of the Dialogue-game, 

Since our overall research effort has concenaated on re- 
ceptlve acts of Language usage, t h e  processes described here 
will deal with the contributions made by Dialogue-games in the 
comprehension of dialogue, rather than in its generation, 

Recognition and Initiation 

As we have seen from the analysis of helping dialogues, there 
is no simple Ynvocation by name' of Dialogue-games, A speak- 
er wishing to initiate a particular Dialogue-game either 



a s s e r t s  those aspects  of h is /her  knowledge and goal  s t a t e s  
which q u a l i f y  hirn/her f o r  one of the  Roles, or quer ies  t h e  eor- 
xesponding s t a t e s  of h is /her  pa r tne r  t o  determine the  p a r t n e r ' s  
s u i t a b i l i t y  t o  f i l l  the  opposi te  Xole, Thus, the  r e c i p i e n t  of 
a  b id  t o  open a  Dialogue-game hears one o r  more u t t e rances  of 
the  forms: Y know ,,,', want ..,', Qo you knaw . , , a a ,  
'Do you want ... P', That i s  t o  say, s /he at tempts t o  in te rp -  
r e t  what s fhe  hears  a s  meaning e i t h e r :  ' I  f i t  t ~ o l e  l g e '  o r  
%o you f i t   ole 2 3 P 3 ,  I f  the  r e c i p i e n t  succeeds a t  t h i s ,  
then by iden t i fy ing  e i t h e r  proposed Role, he w i l l  know what 
Dialogue-game i s  being i n i t i a t e d ,  s ince  each Role i s  uniquely 
associa ted  with a  p a r t i c u l a r  Dialoque-game, Thus, s /he w i l l  
a l s o  knaw what i s  expected from him/her and what s /he can ex- 
pec t  from h i s fhe r  pa r tne r ,  

What s o r t  of a mechanism might succeed a t  the  recogni t ion  
task  j u s t  out l ined?  Our model, a s  derived from the  Proteus 
s y s t m  [Levin, 1976): represents  each p a r t i c i p a n t "  knowledge 
and goal  s t a t e s  i n  a semantic network Long Tern Memory (LTM), 
where each concept i s  l inked t o  a l l  ' r e l a t e d '  ones, Whenever 
one of these  nodes i s  ' a c t i v e H ,  i t s  "nfluence' propagates 
through the  network, along the  node-links, with a decay f a c t o r  
r e l a t e d  t o  the  d is tance  from the  i n i t i a l  source, When a node 
receives  inf luence  from more than one of i t s  neighbors, i t s  
new r a t e  of a c t i v a t i o n  i s  the  sum of the  incoming inf luences  
p lus  any a c t i v a t i o n  it may already have, 

\&enever tke  madel rece ives  new dialogue ingut ,  t h e  gars ing  
xeckanism creazes new s t r u c t u r e s *  corresponding t o  t h e  input ,  
and bestows on these  new s t r u c t u r e s  a  high l e v e l  of a c t i v a t i o n ,  
%ir, actengt  i s  made t o  match any new s t r ~ e t u r e  t o  nodes i n  LTM, 
For any of these  matches thaz  succeed ( i n  the  sense t h a t  ' (John 
give Mary a  book) ' matches ' (Kperssnll g ive  [person21 Cobjectl 
1 % )  , a l i n k  i s  c rea ted  from t h e  new t o  the  o ld ,  Thus, any in-  
p ~ t  causes a wive of a c t i v a t i o n  t o  spread tkrough LTM, In  
general ,  each new inpu t  w r l l  i n i t i a t e  a c t i v a t i o n  from severa l  
nodes 

These new increments of a c t i v a t i o n ,  combined with the  cur- 
rent l e v e l s ,  w i l l  l ead  t o  c e r t a i n  nodes accumulating a  concen- 
t r a t i o n  of a c t i v a t i o n ,  This i s  i n t e r p r e t e d  a s  an ind ica t ion  
t h a t  these  p a r t i c u l a r  nodes a r e  e spec ia l ly  l i k e l y  t o  he r e l e -  
vant ts t h e  most recent  u t t e rance ,  

Dialogue-gazes a r e  also i n  LTM. h a v i ~ g  l i n k s  t o  themselves 
from each of t h e i r  c ~ ~ p o n e n t  e x p r e s s i o ~ s ,  Cer ta i a  of  these  
expressions w i l l  be matched by s t r u c t u r e s  crea ted  by t h e  input ,  
leading t o  the  a c t i v i t y  o5 these  expressions and thus  t o  the  
a c t i v i t y  of the  Dialogue-gme, i t s e l f ,  I n  order  t o  decide 



what Dialogue-gme(s1 tiie o ther  person is  attempting t o  i n i t i a t e ,  
one /o r  more) of the  most highly a c t i v e  Dialogue-games i n  LTM 
i s  se lec ted  a s  an hypothesis and an a t t m p t  i s  made t o  use  it 
t o  a s s i n i l a t e  the  subsequent dialogue,  

For example, The input :  'How do I g e t  ReTS!OFF t o  work?" 
would lead  t o  the  a c t i v a t i o n  of (among o the r s )  t h e  following 
expressions: 

( t a sk  i s  (speaker g e t  (RUNOFF t o  work)) )  
(speaker unable (speaker perform t a s k ) )  
(speaker want (speaker p e r f o m  task )  1 
(speaker want (hearer  en&le (speaker p e r f o m  t a s k ) ) )  
RUNOFF 
speaker 

These l a s t  two a c t i v a t e  the  following, a l ready p resen t  (bu t  
inac t ive )  i n  LTM- 

(hearer  knows RUNOFF) 
(hearer  ab le (hea re r  enable (speaker g e t  (RUNOFF t o  w o r k ) ) ) )  
(hearer  wi l l ing  (hearer  enable (speaker perform task]  ) ) 
(speaker i s  person) 

Since a number of these  a r e  s p e c i f i c a t i o n s  on the  Roles 
within t h e  Helping Dialogue-game, the re  is  a concentrat ion of 
a c t i v i t y  a t  the  node f o r  this Dialogue-game, Clear ly ,  o ther  
Dialogue-games w i l l  a l s o  be influenced,  bu t  the  "eight of 
evidence'  w i l l  favor  the  Helping Dialogue-game, 

We a r e  not  committed t o  making the  one and only r i g h t  choice 
a t  the  beginning, The s t r a t e g y  i s  t o  consider  a few of the  
most a c t i v e  Dialogue-gmes, at tempt t o  f u l f i l  a l l  of  them, and 
expect n o s t  t o  f a i l  due t o  some subsequent mismatch, 

Conduct and Assimilation 

Once a Dialogue-gaae has been s e l e c t e d - , t h e  hearer  has ava i l -  
a b l e  a s e t  of s p e c i f i c  expecta t ions  f o r  h i s /he r  p a r t n e r ' s  cur- 
r e n t  cogni t ive  s t a t e  and subsequent u t t e rances ,  For any 
Dialogue-gme, the  speaker may provide f u r t h e r  expressions 
which augment o r  conf i r3  the  Role s p e c i f i c a t i o n s ,  Far  exmple ,  
t h e  speaker may say: 'Eow d s  I d e l e t e  a f i l e  i n  d i r e c t o r y  
<XXX>?< from v?hich t h e  nearer  might assume the  speaker had the  
necessary au thor i ty  t o  do t h i s ,  However, it is  p e r f e c t l y  
reasonable f o r  the  speaker t o  continue: 9 I supposed t o  have 
delete-access t o  those f i l e s  and ., c o n f i m i n g  the expect- 
a t i o n  ' (Helpee ?emi t t ed  (Xelpee p e r f o m  Task) 1 ' , 

Dialogue-qmes a l s o  have a s e t  of  Component subgoals,  which 
descr ibe  the  customary course of events  f o r  t h a t  p a r t i c u l a r  
Dialogue-qme ts achieve the  o v e r a l l  goals  of t3e  p a r t i c i p n t s ,  



In  the  case of the  Helping Dialogue-game, the  hearer  (now the  
Helper) can expect the  speaker (Helpee) t o  descr ibe  a  sequence 
of perceptions and ac t ions ,  which t h e  Helpee regards a s  a  
reasonable preamble t o  t h e  accomplishment of h i s /he r  des i red  
task ,  This  w i l l  be followed by a  desc r ip t ion  of an unexpected 
perception,  a  cont radic t ion  t o  t h e  Helpee" expecta t ions ,  
Once having reached "chis s tage ,  t h e  Helpee w i l l  expect  the  
Helper t o  explain why the  apparent  con t rad ic t ion  e x i s t s ,  Hope- 
f u l l y ,  t h i s  explanation w i l l  leave the  Helpee with a  s u f f i c i e n t  
understanding t o  accomplish the  t a s k ,  

A t  each s tage  o f t h e  dialogue,  t h e r e  w i l l  be a  s e t  of  expect- 
a t ions ,  some op t iona l ,  some mandatory, For each of these  t h a t  
i s  s a t i s f i e d ,  the  model w i l l  expand i ts  represen ta t ion  of  t h e  
knowledge/goal s t a t e s  of the  two p a r t i c i p a n t s ,  thus a s s imi la t -  
ing t h e  dialogue, 

Teminat ion  

A Dialogue-gme can t e r n i n a t e  i n  b a s i c a l l y  two ways: expected 
o r  unexpected, A s t age  i n  the  Diaiogue-game may be reached 
where both p a r t i c i p a n t s  expect  Temina t ion  t o  be the  next  ap- 
p ropr ia t e  s t ep ,  This type of Temina t ion  usua l ly  corresponds 
t o  % u c c e s s f u l h s e  of the  Dialogue-game, i , e ,  s a t i s f a c t i o n  of 
the  subgoal which motivated the  i n i t i a t o r  t o  propose the  Dia- 
logue-game i n  t h e  f i r s t  p lace ,  

On t h e  o the r  hand, a  Dialogue-game may t e r n i n a t e  when of  
one of  the  required Roles becomes ( o r  i s  discovered t o  be) 
f a l s i f i e d ,  For example, i f  t he  Helpee should decide t h a t  s/he 
i s  no longer i n t e r e s t e d  i n  performing the  task ,  s /he w i l l  n o t  
permit a  Dia lope-gme  t o  continue i f  it i s  only intended t o  
he lp  him/her do t h a t ,  In  most cases ,  t h i s  form of Terninat ion 
would represent  an 'unsuccessful '  a t tempt t o  use the  Dialogue- 
game, 

This use of expecta t ions  t o  guide t h e  a s s imi la t ion  takes  a s  
i t s  c e n t r a l  p e s t i o n :  Can I view the  incoming u t t e rance  a s  a  
f u r t h e r  s p e c i f i c a t i o n  of one of m y  expectat ions,  and i f  so,  how? 
In  t h i s  l i g h t ,  our e f f o r t  has been influenced by the  work on 
mRLTI\F (Moore and Newell, 19741 , 

MULTIPLE DIALOGUE-GAILES 

There a r e  a number of o t h e r  Dialogue-games which we have stud- 
ied ,  though no t  i n  a s  much d e t a i l  a s  the  Helping Dialogue-gme, 
There a r e  two kinds of  p e s t i o n  Dialogue-games, In fomat ion-  
seeking and Information-probing, t h a t  a r e  i n i t i a t e d  i n  highly 
s i m i l a r  ways ( the  i n i t i a t o r  asks a ques t ion) ,  bu t  f o r  which the  
Role s p e c i f i c a t i o n  and Components d i f f e r  ( i n  one case ,  the  



initiator knows the answer; in the other, s/he doesn't), Two 
Dialogue-games that occur regularly in our computer operator- 
user 'cranscripts are the Gripe Dialogue-game and the Smalltalk 
Dialogue-game, Also, we have investigated a very general 
Dialogue-game, Polite-conversation, which contains very general 
rules holding over most dialogues (these rules are very similar 
to "c;-e %conversational postulates' proposed by philosophers of 
language (Grice, 1975) 1 , 

The contxol st~~cture for our Dialogue-games Processor has 
to be more flexible than the conventional serial hierarchical 
control because Dialogue-gm-es are not strictly hierarchical in 
their behavior, We find Dialogue-games that are initiated, 
but never teminated - instead some new one is initiated and 
the old one just fades away, Often several Dialogue-games are 
simultaneously active, and the Component subgoals of all the 
Dialogue-games are relevant to the dialogue, 

Dialope-games 6ave been presented as conceptual structures, 
used to alrganize multiple turns of a dialogue, Each Dialogue- 
game has a set of partially specified Parameters, including 
Roles, to be filled by people with certain goals, knowledge and 
abilities (or lack thereof), and a Topic, Dialogue-games have 
Component subgoals, which are multiply active, sometimes 
temporally ordered production-like entities, We have discuss- 
ed processes for initiating, conducting, and teminating Dia- 
logue-games in natural language interaction, 
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ga7y of the d ig i t i s ed  pic tures  used in scene &r,dysis are 
cornpsed, t o  a  f i r s t  appr~ximat ion,  of regions of uniform 
in t ens i t y ,  and an attempt i s  o f ten  m~de  t o  f i nd  the edges sep- 

Z- 
- - arat ing these regions , ~ , o  my I!iox-ledge ZLI techniques f  o r  

f inding edges use some form of operator which, .when applied t o  
a  small region ('%<indow@) of t he  pic txre ,  w i l l  give an indica- 
t ion  of vhethes o r  not an edge passes through Kce wh.dow, The 
exact form of the operator, however, depends on the  technique 
being used, For exanple, i f  edges u e  f owd by tracking,  then 
the operator i s  used t . ~  t e s t  whether edge which has already 
been p a r t i a l l y  found can be extended, and t h e  f a c t  t h a t  some 
charac te r i s t i cs  of the edge, pa r t i cu l a r l y  i t s  or ienta t ion,  are 
thus can be exploited i n  -the design of the  operator 
(e , go  Sh i ra i  1973)~ I n  mother  c lass  of techniques t h e  
o p r a t o r  i s  applied t o  the whole picture i n  a  r a s t e r  scan, and 
the t9;"eatixe i p i n t s a  f ~ f m d  t h i s  scan a re  s~bsequen t ly  
grouped i n t o  edges. I n  t h i s  case no p r io r  information about 
the edges i s  avai lable ,  so the operator must be capable of 
detect ing edges of a rq  s r i en t a t i on .  I n  t h i s  paper I descrzle 
how e f f i c i e n t  operatoris f o r  t h i s  l a t t e r  c l a s s  of techniques 
can be designed. 

Le-t 2s look f i r s t  85 ~ o r ~ c  fu r ther  requirenents t h a t  such 
operator m ~ s t  meet. Since the  operator i s  applied t o  t he  whciie 
pic-b~re ( t p i c a l l y  50,000 ir,tens%ty smples )  i t  nust  be v e q  
f a s t  Other requirerfients a r i s e  from eie c r i t e r i a  used t o  
group fea ture  po in t s ,  The e a r l i e s t  edge f inders  (e.g. Roberts 
1965) used only p r c x k d t y  2nd (f or ~ % ~ 8 i & t  edges ) ce l l inear -  
i t y ,  Since these are predicates on the posit ions of f ea t a r e  
p i n t s  they pose no problem f o r  the operator ,  More recent 
edge f i ~ d e r s ,  ho:nreverc haye exploited add i t iona l  cons t ra in t s  
such a s  consistency of the  i n t ens i t y  s t ep  along an edge 
(~linforci & Horn 797'1 ), and consistency of o r i en t a t i oz  along a 

- s'.,r~i@~-$ edge j v  ~G~rr~ap; & Clo$res 7 9 7 3  . d i -  \ - A k . 0 ~  thsse to be used 
the operator must obviously supply est imates f o r  the re levant  
proper t ies ,  

Since saxe forr: z;f g,-a&Lent q e r a - t o r  fi comrlor,ly used it i s  
probably worthwhile looking a t  sorne of the  inadequacies of 
t h i s  Itind of operaby. .  versiol; used i n  ow edge f inder  
(3 fmrrr_&~ & Cloves 1373) i s  fafr l j r  %-picala 1% iZvolEd 



f i t t i n g  a  plane t o  the  i n t ens i t y  samples of a  3 x 3 windaw, 
and taking the gradient  of t h i s  plane as  an estimate of the 
i n t ens i t y  gradient. Feature points were se lected by thresh- 
olding the magnitude of the  g ~ a d i e n t ,  Figure 2 shows the 
feature  points obtained by applying t h i s  operator to  f igure  1 .  
The broad bands, which a re  due pa r t l y  to the s ize  of the  
~dndow, represent a s i gn i f i c an t  Loss of resolut ion and a lso  
place a  heavy burden on the edge f inder  which has t o  group the  
feature  points ,  The window s i ze  cannot be reduced because of 
the presence of high frequency noise.  Nor does r a i s i ng  the  
threshold solve the problem; it simply r e s u l t s  i n  the  l o s s  of 
several  edges, The d i f f i c u l t y  i s  t h a t  the gradient magnitude 
depends on several  fac to rs ,  including the  i n t ens i t y  s t e p  across 
the edge and how blurred the edge i s ,  Idhat i s  r e a l l y  required 
i s  some measwe of *Bdgenessm, and the  gradient  i s  only a  crvde 
approximation t o  t h i s ,  

A more szb t le  problem with t he  gradient  operator concerns 
the estimate it gives f o r  the  d i rec t icn  of the gradient ,  which 
one might expect t o  be normal to  the edge, The operator was 
designed on the t a c i t  assumption t h a t  t he  gradient  i s  roughly 
constant within the  windm-, but  t h i s  assumption i s  c l e a r l y  
viola ted i n  the v i c in i t y  of edges and t h i s  produces a system- 
a t i c  e r r o r  i n  the  d i rec t ion .  To i l l u s t r a t e  t h i s ,  consider an 
idea l  s t ep  edge passing through the  centre of a  square window 
and having a normal with d i rec t ion  8, The direct ion Q t  of the  
gradient  of the plane which b e s t  approximates (in a least-mean- 
square sense ) t h i s  edge i n  the  window i s  given by: 

2 t an  8 - 
3 - -tan2 8 

i f  / t a n  B / , C  1 

This gives a m a x i m u m  e r r o r  (8 - B f  ) of approximately 6,6', 
Since the  gradient operator works with samples of tihe intensity 
ftlnction the  ac tua l  e r ro r  i s  mnuch l a rge r ,  and may exceed 20 , 
depending on the  d e t a i l s  of the  JAgit ization process, 

It should be noted t h a t  other,  ad hoe, var ian t s  of the  
gradient  operator ( e ~ g .  Pingle 1969) suf fe r  frorn s imi la r  
problems; the o-dy di f ference i s  t h a t  t h e i r  ad hoc nature 
makes the defects  a l i t t l e  more d i f f i c u l t t o  demonstrate, The 
operator designed by Hueckel (1 971 ), which i s  not a gradient  
operator,  does avoid these problems, bu t  i t  does so a t  a con- 
siderable cos t  i n  speed: it i s  roughly 100 times slower than 
the 3 x  3 gradient  operator,  It does, however, provide a  model 
on which t o  base a more e f f i c i e n t  design, and t h i s  i s  what 3: 



propose t o  describe, b u t  f i r s t  I s h a l l  explain i n  general 
terns  the method used by Hueckel, 

The method can be thought of a s  a form of  template match- 
ing,  i n  t ha t  an i dea l  edge (the template) i s  compared with the 
picture funct ion i n  the window, and an edge i s  declared t o  be 
present Lf t he  difference i s  su f f i c i en t l y  small,  Bu-t we have 
t o  be able to h m a e  a range of edges with v a q i n g  or ien ta t -  
ions,  i n t ens i t y  s teps ,  e t c ,  and the  template i s  therefore 
parametrized appropriately.  We now have the  problem of 
f inding values f o r  these parameters such t h a t  t he  difference 
between the  template and t h e  picture function i s  minimized, 
Althou* a d i r e c t  solut ion of t h i s  minimization problem i s  
possible in simple cases (eeg .  our  gradient  operator was 
designed I n  t h i s  way, using a parametrized plane a s  t he  tern- 
p la te  ), it i s  in t rac tab le  i n  general,  Hueckel was, however, 
able t o  simplify the problem by approxhat ing both the  
template a d  the picture function with truncated orthogonal 
expansions. An orthogonal expansion of a f l~nc t i on  i n  a region 
R of the pic ture  has the  f  orm : 

where the f .  a r e  an orthogonal sequence o f  funct ions ,  The 
1 

r"a3nfiia.r Fourier  s e r i e s  i s  an example, i n  which t he  Sf m e  s ine  
and cosine fun@ t ions  . The coef f ic ien t s  a are  given by: 

i 

I n  the  case where ia i s  t h e  parametrized template, the ai 

would a l s o  be parametrized, For a dPgitized pic ture  function 
p ( 2 )  assumes the d i s c r e t e  f o m :  

We can &%us represent both the  template and the pic ture  
f w c t i o n  by vectors of coef f ic ien t s ,  and the m i n i d s a t i o n  
problem can be expressed as one of rninimising t he  distance 
be-tween these  two vectors ,  Kueckel chose t o  use f o r  t h i s  
p u r p s e  +he Euclidean distance : 



As mentioned e a r l i e r ,  the se r ies  ( 1  ) i s  truncated f o r  
reasons of t r a c t a b i l i t y ,  A fu r ther  jus t i f ica t ion  i s  tha t ,  fo r  
an appropriate choice of orthogonal bas i s ,  the truncation may 
be interpreted as a low-pass f i l t e r i n g  operation which removes 
high frequency noise. It should also be noted tha t  for  a 
digi t ized (sampled) f inc t ion  only a  f i n i t e  number of terms of 
the se r ies  would be sign2fican.t i n  any case. To sunmarise, 
the operator consists of two stages:  f i r s t l y ,  a s e t  of 
coeff ic ients  representing the picture function i n  the window 
I s  computed using (3),  and3 secondly, values are found f o r  the 
template parmeters  such t h a t  the distance (4) i s  ~ ~ L ~ ~ i m i s e d ,  

t;de are now i n  a  posit ion t o  look a t  why Hueckelfs operator 
i s  so slow, We managed to reduce the mininization stage t o  a 
one-dimensional search over possible or ientat ions ,  sa t h i s  i s  
tolerably f a s t .  Nost of the operatorts time I s  i n  f a c t  spent 
computing coeff ic ients ,  Hueckel chose as the orthogonal bas i s  
a  polar versPon of the  usual Fourier se r ies ,  and truncated it 
a f t e r  8 t e rns ,  So even f o r  the smallest window which he con- 
sidered (32 in tens i ty  samples) the computation of coeff ic ients  
requires over 200 multiplications and a  similar number of 
addit ions,  It I s  not feas ib le  to  use a  smaller Mindow since 
with t h l s  choice of bas i s  the window should be circular.; the 
mismatch between t h i s  assmed shape and the square d ig i t i za -  
t ion  gr id  causes e r rors  which become unacceptably large f o r  
small window sizes ,  In  m4- case, Hueckel had to  give l e s s  
weight to  in tens i ty  samples near the periphery of the  window 

order t o  minimise these e r rors ,  and t h i s  or" course reduces 
the e f fec t ive  s ize  of the  win do^,^, It seems t h a t  Hueckelfs 
choice of orthogonal bas i s ,  whi ls t  i t  my have some theore t ica l  
advantages, i s  inapp~ops ia te  f o r  use with d ig i t i zed  images, 

There i s  i n  f a c t  asi ortkiogonal s e t  of functions which i s  
far b e t t e r  sui ted t o  the task,  namely tne s e t  of two-dimens- 
ional Walsh fmct ions  ( ~ a l s h  1923):, the f i r s t  few of which 
are i l l u s t r a t e d  i n  f igure  3, They a re  defined on a  square 
region, so there are no errors  due to  a  mismatch with the 
d ig i t i s a t i on  grid.  They take the values' +I or  -1 i n  r e c t m -  
gular sub-regions which have sides witn lengths w/2k9 
Ps the length (of the s ides  of the window and k takes non- 
negative ln t eg ra l  values, Tcus, i f  w, the s ize  of the vlndow, 
i s  chosen to be a power of 2 ,  the boundaries of these sub- 
regions t o s i l l  c24ncide with of the d ig i t l s a t i on  grid,  and 
'&he computation of coeff ic ients  using ( 3 ) w i l l  Involve multi-  
plications by +' and -I ondy (which are not,  ol" course, 
actual ly  perf omed ), Sc the only operations involmd are  
additions arid su5tractions, a d  the r d e r  of zhese may be 
reduced mbstmtia21y by factoring i n  a  manner similar t o  t h a t  
of the Fast Fourier Transfom (Searlle 1 969), If a r a s t e r  scan 
of overlapping operator applications i s  used, ",hen the nmber 
01" operat-ions m a y  be fur ther  reduced by sevlng p a r t i a l  s m s  



from previous appl icat ions ,  The overa l l  e f f e c t  i s  t h a t  the 
computation of Walsh coef f  i c i e n t s  i s  considerably f a s t e r  than 
f o r  the  orthogonal ba s i s  chosen by Hueckel. 

I n  order to i l l u s t r a t e  the foregoing I w i l l  now describe a 
simple operator which was modelled on Hueckelfs but  which uses 
Walsh functions,  The s i ze  of the  window was chosen a s  4 x 4 
-kk~ meet t he  power-of-two requirement and t o  give an operator 
which i s  comparable i n  eff ic iency to  the  gradient  operator.  
The c l a s s  of idea l  edges (i ,e , the template) consis ts  of s tep  
edges passing through the centre  of the  window, with 
o r ien ta t ion  8, and with i n t e n s i t i e s  b + d md b - d on e i t h e r  
side of the  edge, More formall3-, an i dea l  edge i s  a function 
of the fo r~n :  

In(x,y) = 

+ 

if x cos 62 + y s i n  8>0 (5 ) 
'b - d otherwise 

I decided t o  use jus t  the  f i r s t  s i x  Walsh functions i n  order 
ta obtain an analyt ic  solut ion f o r  t he  minimum dis tance,  i , e ,  
to avoid a search h the second stage of the  operator,  
Applyhg formula (2)  t o  the  edge equation (5) we obtain the  
correspnding s i x  coef f ic ien t s  f  os t he  template : 

where s = s in  Q, c = cos 8 

By subs t i tu t ing  these coeff ic ients  i n t o  -the $3 stance formula 
(4) and t a k i a g  der ivat ives ,  we obtain  the  desired anal3r"cic 
solut ion f o r  the  m k b u m  distance:  



Yqe equations ( 7 )  represent the  computations perforxed i n  Lie 
second stage of t he  operator, Er,e A b e h g  Lhe coef f ic ien t s  of 

i 
the pic ture  funct ion which a r e  computed i n  t h e  f i r s t  s tage.  
I n  order tha t  t he  operator can make a decision as  t o  whether 
an edge i s  present we need a measure of the  goodness of match, 
The distance function (4) i s  inappropriate since it depends on 
the i n t ens i t y  s%ep 6, so, following Taeckei , we use t he  cosine 
k of Xh.e mgle b e b e e n  t he  vectors a: and At: 

A 

For a w r f e c t  match k takes the  value 1, and the  operator 
r.ejec$s edge if k< 0,9, The de f ln i t i cn  of i d e a l  edge 
(5 ) includes regions of -ij;?,iform k t e n s i t y  (4 ,e. with d = 9) / 3 

so t o  deal  ifi5.%c t h i s  the s2erator  a l so  r e j e c t s  EXT edge i f  
d <  1 .O . Ffgure h shows t h e  fea ture  points se lected by the 
operator using these two thresholds,  

me tixe %&en t o  Frocess t h i s  pici;;xe was about 10 sees 
( a n  LCL ? 900A); t k 9 s  roughly 1.5 times slower than aur 
gra,dien",uperator. e z i  be seen from f i m r e  b,  most of the  
broad. bands produced by the  gradient  operator have d i sappare$  
md in f a c t  the  numbex- of fea tn re  points has been more than 
halved compared with. f i g r r e  2 .  The values obtained f o r  the  . o orhentatlo2 a r e  typ ica l ly  acc-rpate to withln& 3 , and not 

. * s&fer f r z n  2:le systematic erroy noted. f o r  t,.l=e gradient  
operator. Since edges are blurred by the d ig i t i z i ng  equipment 
%he values obtained f o r  the  i n t ens i t y  s t e p  d are  generally too 
low, but  they a r e  typ ica l ly  consistent  t o  within 10% along an 
edge, The values for ml;ensiQy * 5 depend c r f t i c a l l y  ox 
:-<?ether edge ac-t:2g8l>y pa.sses ii the  centre of "ie gh 



windw~~, and considere6 indiv5&ally they a r e  not  accurate 
enoug.! t o  be  of nuch use.  However, a f t e r  edge has Seen 
recove~ed  the mean i n t ens i t y  of the  Teatwe ,points contFibuting 
t o  the edge i s  usually qu i te  accurate, and could be very use- 
f u l  t o  higher l eve l  rout ines .  

m e  f a c t  t ha t  there  a r e  s t i l l  broad bands on the  curved 
body of %he puppet m-d i n  the  penumbra i n  f i g ~ r e  meri ts  
some explmationl:  Exzrination of equation ( 8 )  shows C?at t he  
i"edgeness*f r ~ e a s ~ e  k takes i t s  nax2rxu value of uni ty  i f  t he  
coeff ic ients  A B and A are all zero. This con&.t*ion i s  

3' L 5 
s a t i s f i e d  by any pic ture  function of the  f o m :  

where g i s  odd, Unfortunately a region of vniform gracEent 
can be expressed in t h i s  form, and hence the bands, To make 
i h e  o w r a t o r  Tiore & s c r M n a t i n g  m r e  coef f ic ien t s  would have 
to  be used, z ~ d  L r i s  would apparently req-dire a search oTJer 
p s s i b l e  or ienta t ions  i n  t he  second s tage,  I avoided t h i s  
because I thought t h a t  the  search would slow do~m the operator 
too much, but  I now r e a l i s e  t h a t  t h e  search need r a r e l y  be 
-performed. Most regions of a p ic ture  are of roughly uniform 
i-1- .iuensi'ty and Lhe IfiJdsh coef f ic ien t s  f o r  such a regior, are  
t r i v i a l :  d1 except the  f i r s t  are near ly  zero, Thus in most 
cases a simple t e s t  on t he  coef f ic ien t s  i s  suf f ic ien t  t o  
decide t h a t  no edge i s  present, and the search i s  then 
r u e c e s s a v .  
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APPLICATION OF ARTIFICIAL INTELLIGENCE IN INFORMATION RE- 
TRIEVAL : RESEDA PROJECT FOR mDIEVAL BIOGRAPHIES 

I ,  The mSEDA project was formed to provide specialists of the 
XIVth and XVth centuries with an interacting method of proces- 
sing biographical data, A mode? is at present being worked out 
with the personages in Charles VI's so called Love Court, thanks 
to the joent financing of the "Centre National de %a Recherche 
ScientifiqueN a d  the "Dglggation GGngrale 2 la ~echerche~cien- 
tifique et TechniqueF'(contract 7 5 , 7 , 0 4 5 6 )  . 

The methodological interest of the project seems to lie es- 
sentially in the attempt to enrich the techniques of informa- 
tion retrieval by instruments endowed with a certain deductive 
power (Cros e t  al, 1968) and thus to assess on a concrete exam- 
ple the weight of the tools which have to be set up in order to 
simulate a series of quite complex intellectual processes. 

Moreover, it is almost essential to have recourse to very 
sophisticated methods owing to the extremely complex and very 
often implicit nature of the relations between the personages 
who interest us, The target is in fact the creation of a sys- 
tem which would have not only a static function of recuperating 
a stoked information but also a dynamic function which would al- 
low us to establish new links between the data and to increase 
as it were the initial knowledge, Therefore RESEDA must to a 
certain extent enter the sphere of A , T ,  

2. RESEDA is organised around a memory structure at two levels : 
the information "personages", which constitute the data-base, in 
the usual sense of the tern, continually kept up to date during 
the feeding process of the network, and the "metalanguage", 
chosen in a pragmatic way in accordance with our aims and which 
serve as support to the expression of the information, 

2,1,  The "personagesi' data are stored in the form of a seriesof 
"planes" -understood in the sense of Qrnillian (1968; see also 
Scragg 19751, 

2, I , I ,  These planes are organized in two ways : 

2,te1,1, physical organization is accomplished following a sui  
generfs chronological criterion which has been developed special- 
ly to take into account the uncertainties and inexactitudes 



c h a r a c t e r i s t i c  of Medieval documentation; 

2 ,1 ,1 ,2 ,  Logical o rgan iza t ion  d i v i d e s  t h e  p lanes  among d i f f e r e n t  
"volumes", each volume being dedica ted  t o  a  s i n g l e  personage, 
the  "lead" ("vedet te") .  The c r i t e r i o n  f o r  a t t r i b u t i n g  a  given 
plane t o  a  volume i s  t he  presence of t h e  lead  i n  f o r m u l a t i n g t h e  
episode t h a t  t h e  p lane  r e l a t e s ,  Since t h e  episode may involve 
seve ra l  personages a t  once, t h e  p lane  a s  a  whole w i l l  t h e r e f o r e  
be a t t r i b u t e d  t o  t he  va r ious  corresponding volumes (Scragg 19751 
Each volume can thus  be thought of a s  a  l i s t  of addresses  which 
po in t  t o  t h e  plane l a b e l s  ( i nve r t ed  l i s t ) .  

2 ,1 .2,  The coding r ep resen t ing  t h e  episode r e l a t e d  i n  a  plane i s  
d iv ided  i n t o  two p a r t s ,  t h e  c i r cums tan t i a l f r ame  o r  "thematic" 
and t h e  proper d e s c r i p t i o n .  This  c u t t i n g  up i s  f a r  from being 
a r b i t r a r y  : the  " h i s t o r i c a l "  na tu re  of our information renders  
i n e v i t a b l e  r e f e rences  of time and p l ace  which we w i l l  thus  a l -  
ways be a b l e  t o  i s o l a t e .  From a more s t r i c t l y  p r a c t i c a l  po in t  of 
view, t h i s  form of p r e s e n t a t i o n  al lows us  t o  make t h e  coding 
of t h e  second p a r t  l i g h t e r  and one w i l l  r e a d i l y  f i n d ,  without  
en t e r ing  i n t o  the  d e t a i l s  of t he  episode,  t h e s e  two types of 
information which a r e  very  o f t e n  used t o  guide r e sea rch .  

2 ,1 ,2 .1 .  The thematic ,  w i th  seven zones of record ing  separa ted  
i n  t he  examples which fo l low by s l a s h e s ,  t akes  over t h e  in fo r -  
mation of d a t i n g  and l o c a l i z a t i o n ,  and a l s o  t h e  i d e n t i f i c a t i o n  
of t h e  informant ( i n  most ca ses  b i b l i o g r a p h i c a l  r e f e r e n c e s ) .  The 
f i r s t  t h r e e  zones a l low us  t o  mark t h e  d a t e  of beginning, t h e  
d a t e s  of a t t e s t a t i o n ,  and t h e  d a t e  of te rmina t ion;  t h e n e x t  t h r e e  
zones, t h e  p lace  of depa r tu re ,  t h e  p l aces  passed through, t h e  
p l ace  of a r r i v a l  o r  simply t h e  p lace .  By d a t e  of " a t t e s t a t i o n " ,  
we mean the  c e r t i f i e d  s tatement  t h a t  a t  t h a t  g iven  time, t h e  
i fac t ion"  -or t he  " s t a t e u -  which i s  mentioned i n  t h e  episode i s  
tak ing  p l ace  according t o  t h e  testimony of t h e  examined source. 
Regarding the  coding of t h e  l o c a l i z a t i o n ,  t he  o r g a n i s a t i o n  i n  
t h ree  zones has n a t u r a l l y  been adopted i n  order  t o  t ake  jour- 
neys i n t o  account.  When t h e  episode takes  p l ace  only  i n  one 
p l ace  t h e  f o u r t h  and f i f t h  zones remain empty whi le  t h e  s i x t h  
one con ta ins  t he  "simply place".  None of t hese  f i r s t  s i x  zones 
need n e c e s s a r i l y  be f i l l e d ,  un l ike  t h e  seventh and l a s t  one 
which must always g ive  t h e  o r i g i n  of t h e  information s t a t e d  i n  
t he  ep isode ,  The d a t i n g  information of t h e  thematic  a r e  used f o r  
t h e  chronologica l  o r g a n i s a t i o n  of t h e  p lanes  which have a l r eady  
been mentioned . 
2 ,1 .2 ,2 ,  The d e s c r i p t i o n  of t h e  episode -absolu te ly  independent 
from i t s  formula t ion  i n  n a t u r a l  language- takes  t he  form of a  
t r e e  whose nodes a r e  "co r re l a to r s "  (Ceccato 1962) and whose t e r -  
minals  a r e  "predica tes"  -poss ib ly  preceded by "modulators"-, 
elements of t he  "lexicon" o r  l eads  ( t h e  "co r re l a to r s " ,  "predi- 
ca tes" ,  "modulators" and terms of t h e  "lexicon" a r e  elements of t he  



inetalanguage). This  mode of r e p r e s e n t a t i o n  meets wi th  c e r t a i n  
r e s u l t s  obtained by l i n g u i s t  who a r e  working on the  comprehen- 
s ion  of n a t u r a l  language wi th  t o o l s  of t h e  conceptual case-sys- 
tems type (Schank 1973, 1975; Bruce 1975). 

To i l l u s t r a t e  t h e  i n t e r a c t i o n  of t hese  d i f f e r e n t  elements i n  
t h e  coding, we can g ive  a s  an  example a paragraph of Clamangers 
biography such a s  : " f i r m  P a r i s ,  Clamanges went t o  Avignon. 
There he met J ean  Muret and Jean  Moccia again.  On 13 November 
1397, he was appointed Sec re t a ry  t o  t h e  Pope by BenoTt X I I I  and 
he s tayed the re  u n t i l  May 1398", which genera tes  t h r e e  p lanes  
( t h e  coding i s  understandably incomplete he re  f o r  t h e  sake of 
c l a r i t y )  : 

thematic r /-/-/avant-13-novembre-1397/Paris/-/ ( 1  
Avignon/Bibl: Glorieux/ 

d e s c r i p t i o n  : (CLAMANGES . SUJ. (DEPLACER . O B J .  CLAMANGES) ) 

/-/ 13-novembre-1397/-/-/-/Avignon/Bibl: Glorieuxf (2)  
(((CLAMANGES .COORD, MURET) .COORD. MOCCIA) .SUJ, 
EIRESTVANT) 

/13-novembre-I397/-/mai-1398/-/-/Avignon/Bibl: (3) 
Glorieux/  
(CLAWNGES .SUJ, ((auc+E/BENEFTCTANT .SPECIF. secrhtariat- 
pontificaz) .SOURCE, BENOIT-XIII)) 

where 

- Glorieux, name of t h e  au thor  of t h e  biography, i s  t h e  
symbol here  of a coding which takes  i n t o  account the na tu re  
of t h e  work, i t s  authour ,  i t s  t i t l e ,  e t c . . .  
- SUJ, O B J ,  COORD, SOURCE a r e  "cor re la tors" ' ,  
- VEPLACER i s  a "p red ica t e  of action"",/BENEF7ClANT, E/RE-  
SlvAkT a r e  "predica tes  of s t a t e "  and 60c i s  a 'bodula tor" ,  
- CLAWNGES, MURETIT, MOCCIA, BENOIT-XIII, a r e  l e a d s ,  
- secr4tariatpontificaZ i s  a "lexicon" term. 

We s t r e s s  t he  pure ly  pragmatic na tu re  of t h e  c l a s s i f i c a t i o n  
of t he  metalanguage : t h e  d e f i n i t i o n  of t h e  d i f f e r e n t  ca te -  
g o r i e s  i s  nothing e l s e  b u t  a d e f i n i t i o n  by l i s t .  For example, 
w i l l  be  "co r re l a to r s "  a l l  t he  u n i t s  included i n  t h e  c l o s e  
s e r i e s  : "ARGUMENT, CAUSE, CONDITION, COORDINATION, DESTLNA- 
TION, FINALITE, MODALITE, OBJET, QUALIFICATION, RELATION, SOUR- 
CE, SPECIFICATION, SUJET"", 

As f o r  the  l o g i c a l  f u n c t i o n  of t hese  d i f f e r e n t  c a t e g o r i e s ,  
i t  i s  s u f f i c i e n t l y  c l e a r  i n  i t s e l f  f o r  t h e  c o r r e l a t o r s  -which 
al low u s  t o  o rgan i se  t h e  coding s y s t a a t i c a l l y  i n  groups of 
t h r e e  i n t e r l o c k i n g  elements- f o r  t h e  p red ica t e s  -which cor res -  
pond roughly wi th  t h e  verbs  of n a t u r a l  language-, f o r  t h e  
lex icon  and t h e  l e a d s ,  The modulators '  f unc t ion  i s  t o  r e s t r i c t  
a s  much a s  poss ib l e  t h e  l i s t  of p r e d i c a t e s  by al lowing u s  t o  
spec i fy  t h e  scope of t h e  a c t i o n  o r  t h e  s t a t e  which i s  s t a t e d  



i n  t he  episode wi th  the  i n d i r e c t  he lp  of a  l imi t ed  number of 
p r e f i x e s  ( see  a l s o  Mel%chckk, Zholkovskij  1970). It i s  q u i t e  
obvious t h a t  t he  terms of  French vocabulary used have only  a  
mnemonic v a l u e ,  EIBENEFTCIANT, f o r  example, has  t h e  genera l  
sense of ' k o  possess  something during a  c e r t a i n  periodH";ith 
t he  p r e f i x  aac ( s o c i a l )  a s  i n  t h e  previous example, t h i s  t enu re  
p l aces  i t s e l f  w i th in  t h e  framework of t h e  i n s t i t u t i o n a l  i n t e r -  
r e l a t i o n s  of t h e  per iod;  wi th  t h e  p r e f i x  me& (mental) an  t h e  
o t h e r  hand, it i s  an  i n t e l l e c t u a l  enrichment which i s  made ma- 
n i f e s t .  

2,1,3. A system of p o i n t e r s  i s  a s soc i a t ed  wi th  t h e  p l ans  i n  or- 
der  t o  memorize i n  RESEDA informations about t h e  r e l a t i o n s w h i c h  
e x i s t  between episodes s t a t e d  i n  d i f f e r e n t  planes,  These pointers  
w i l l  be  i n s e r t e d  e i t h e r  a t  t h e  moment of t h e  coding and when 
br inging  t h e  d a t a  up t o  d a t e  o r  a s  t h e  r e s u l t  of i n fe rencespos -  
s i b l y  t r i gge red  by c e r t a i n  system ques t ions  ( c f .  4 .3 . ) .  Th&s, 
"short-cuts"  a r e  e s t a b l i s h e d  which a l low us t o  connect d i r e c t l y  
amng  them c e r t a i n  p ieces  of information whose i n i t i a l  connec- 
t i n g  process  has n e c e s s i t a t e d  the  c r e a t i o n  of a  long cha in  of 
i n fe rences  (Qu i l l i an  1968). 

The p o i n t e r s ,  from a  conceptual  po in t  of view, a r e  i n  f a c t  
only c o r r e l a t o r s  of a  p a r t i c u l a r  na tu re .  I n  t h e  p re sen t  organi-  
s a t i o n  of RESEDA, t he  c o r r e l a t o r s  CAUSE and FIIJAL a r e  reserved  
only  f o r  t h e  establ ishraent  of connect ions between s e p a r a t e  ep i -  
sodes; G O O D ,  which normally appears  w i t h i n  the  coded p lanes ,  
has  i n  t h i s  ca se  an  a u x i l i a r y  func t ion ,  

We must exp la in  the  coexis tence  of FINAL and of CAUSE i n  a  
func t ion  which appears  synrmetrical. I n  f a c t ,  t h e s e  two cor re-  
l a t o r s  a r e  d i s t i ngu i shed  i n  a  most p r a p a t i c  way which al lows 
us  t o  keep FINAL f o r  t h e  i n s e r t i o n  of c e r t a i n  episodes which 
-considering what we a c t u a l l y  know a t  t h e  moment of coding-seem 
t o  be t h e  t a r g e t s ,  without  c o n f i m e d  ca r ry ing  i n t o  e f f e c t , o f  
t h e p r e d i c a t e e x p r e s s e d  i n  t h e  f i r s t  c o r r e l a t e d .  The func t ions  
of t hese  two c o r r e l a t o r s  may be i l l u s t r a t e d  by t h i s  sequence of 
episodes : 

/aprSs-11-aoiit-1408/-/-/Paris/-/Cambrai/Bibl: Valois /  (4 )  
(CHARLES-VI . SUJ ,  (DEPLACER . O B J  . .(SAIflT-POL; , QUALIF. 
cornte) > > 
/aprGs-I 1-aoOt-1408/-/aprSs-I l - a o G t - l 4 0 8 / - / - / ~ a d r a i /  (5) 
Bib l :  Valo is /  
(SAIDY-POL .SUJ. (eu&e+exee+PREMDRE-POSITION .OBJ. PER- 
RE-D 'AILLY) ) 

/ - / I  I-aoQt-1408/-/-/-/~aris/Bibl: Valois /  (7  1 
(PIERRE-D 'AILLY . SUJ ,  (M~~+E/PRESEMT . SPECIF, Se-eolzcile- 
EgZise-de-France)) 



whose s i g n i f i c a t i o n  i n  n a t u r a l  language i s  : "not ic ing  t h e  ab - 
gence of P i e r r e  d ' A i l l y ,  on I I  August 1408, a t  t h e  opening of 
t h e  5 t h  Council of t h e  Church of France i n  P a r i s ,  Charles  VI 
s e n t  t h e  Count of S t  Pol  t o  a r r e s t  him i n  Carnbrai"". 

We must no te  t h a t  t h e  modulator @ X U  i n d i c a t e s  t h a t  t he  ac- 
t i o n  i s  '%executedn on t h e  o rde r  and r e s p o n s i b i l i t y  of a  person 
o the r  than  t h e  agent ,  

Owing t o  t he  "non-confirmed" na tu re  g iven  t o  t h e  episode 
which i s  t h e  second c o r r e l a t e d  of FINAL, t h i s  po in t e r  cannot i n  
any way be t h e  r e s u l t  of an  in fe rence ,  which i n  RESEDA i s r e s e r -  
ved f o r  t he  s e t t i n g  up of connect ions between episodes whose 
h i s t o r i c a l  r e a l i t y  has  a l r eady  been e s t a b l i s h e d ,  On t h e  o the r  
hand, i f  a  new element b r ings  a  testimony of t h e  a c t u a l  hap- 
pening of the  episode second c o r r e l a t e d ,  i t  w i l l  be  necessary ,  
owing t o  t he  p r i n c i p l e  which has j u s t  been s t a t e d ,  t o  r e p l a c e  
FINAL by CAUSE by i n v e r t i n g  t h e  o rde r  of t h e  c o r r e l a t e d ,  

2.2. The c o n s t i t u e n t s  of t he  metalanguage, which have j u s t  been 
presented i n  t h e  way they  func t ion ,  can be c l a s s i f i e d  i n  two 
c a t e g o r i e s  w i th  r e s p e c t  t o  t h e  way they  a r e  represented  i n  in-  
f o r n a t i o n  processing.  

2.2.1, I n  t he  f i r s t  dne, a r e  placed those  whose semantic func- 
t i o n  i s  expressed under t h e  form of progr  e s  (Winograd 1973). 
The "cor re la tors ' "  t h e  "predica tes"  and the  "modulators" come 
i n  t h i s  f i r s t  category.  Each p r e d i c a t e  has  a s  r e f e r e n c e  a  par- 
t i c u l a r  program which d e s c r i b e s  i t s  d i r e c t i o n s  f o r  u se  i n  
process ing  t e r n s ;  modulators and c o r r e l a t o r s  p lay  t h e  r o l e  of 
d i f f e r e n t i a t i n g  elements by d i v e r t i n g  t h e  r e sea rch  towards d i f -  
f e r e n t  subrout ines .  

2 .2,2,  I n  t h e  second ca tegory  a r e  placed t h e  elements of t h e  
lex icon  which, on t h e  con t r a ry ,  must be def ined  i n  r e l a t i o n  t o  
each o t h e r ,  This  e s t a b l i s h e n t  of r e l a t i o n s  can have t h r e e  as- 
pec t s  : 

2,2.2,1.  F i r s t  we have t h e  t r e e  s t r u c t u r e s  a s  i n t h e t r a d i t i o n a l  
r e l a t i o n  of t h e  gene ra l  t o  t h e  p a r t i c u l a r  ( f o r  example, t he  
e c c l e s i a s t i c a l  c l a s s i f i c a t i o n  i n  parish, Deanery, Archdeaeonny, 
Diocese, province), It i s  p o s s i b l e  t o  ensure  t h e  passage from 
one t r e e  t o  another  by s e t t i n g  up between c e r t a i n  of t h e i r  no- 
des  l i n k s  of "equivalence", We can n o t i c e  t h a t  a  c e r t a i n  num- 
be r  of t h e s e  t e r n  correspond t o  a  "collective of l e a d s H c h a r a c -  
t e r i z e d  by t h e  e n m e r a t i o n  of t he  i n d i v i d u a l s  which make it up, 
For example, t h e  gene r i c  t e r n  popes-of-Rome has a s  s p e c i f i c  
e  l emen t s URBAIN- V13 BONIFA CE-IX, INDOCENT- V I I 3  GRECOIRE-XII, 
M Y I N - Y e  I n  t h i s  one case ,  we i n s e r t  i n  t h e  v o l m e  of each of 
t h e  l e a d s  concerned a l l  t h e  p lanes  which con ta in  t h e  t e r n  "col- 
l e c t i v e "  



2,2,2,2, Next we have d e f i n i t i o n s  of t he  type "item of d i c t i o -  
nary", where a r e  used one o r  more p lanes  l i nked ,  i f  need be ,  by 
co r r e l a to r s -po in t e r s .  We can g ive  a s  example t h e  c e n t r a l  c e l l  
of t he  d e f i n i t i o n  of grand-schisme-dboeeident : 

!-/9-avril-1378/-/-/-/~ome/Bibl: consensus/ ( 9 )  
(sacrd-coll8ge-2 ,SUJ ,  ((boe+VONMER , O B J .  papautb) .DEST. 
URBA ITf- VI) ) 

The s i g n i f i c a t i o n  i n  n a t u r a l  language of t h i s  i s  : '"from 1378 
t o  1418,  i n  t he  West, t h e  Church i s  d iv ided  w i t h i n  i t s e l f  about 
t h e  occupancy of t h e  Papal  Sea t ,  For t h e  e l e c t i o n  i n  Rome, on 
9 Avr i l  1378, of t h e  Pope Urbain V I  by c e r t a i n  members of t he  
College of Card ina ls  was quest ioned dur ing  a  new e l e c t i o n  made 
i n  t he  neighbouring town of Fond: f o r  t he  b e n e f i t  of Clement 
V I I ,  on 21 September, by a  College of Card ina ls  s l i g h t l y  chan- 
ged". 

Na tu ra l ly ,  f o r  t hese  d i c t i o n a r y  d e f i n i t i o n s ,  t h e  p o i n t e r s  
a r e  no t  t he  r e s u l t  of an  in fe rence  b u t  a r e  l a i d  down i n  advan- 
c e  a t  t h e  moment. of t h e  establishment of RESEDA, 

When t h e r e  a r e  s eve ra l  p lanes  i n  a  d e f i n i t i o n ,  they a r e  not  
n e c e s s a r i l y  a l l  connected among themselves by p o i n t e r s ,  For 
example, f o r  schism, we w i l l  have, i n  a d d i t i o n  t o  t h e  ' k e e l w ,  
a  whole s e r i e s  of p lanes  which b r ing  information of a  q u i t e g e -  
n e r a l  n a t u r e  on t h i s  event  and which a r e  p a r t  e i t h e r  of def ini-  
t i o n s  o r  of t he  volume of c e r t a i n  l e a d s .  I n  t h i s  ca se ,  they  
con ta in  very  o f t e n  schism a s  second c o r r e l a t e d  of SPECLF o r  of 
ARG, and t h a t  a l low us  t o  i n s e r t  i n  t h e  d e f i n i t i o n  elements of 
r e e u r s i v i t y  (an example w i l l  be found i n  plane I 4  -see 4 , 3 . -  
which i s  c l a s s i f i e d  under UNIVERSITE-DE-PARIS a s  we l l  a s  under 
schism),  

2,2,2,3. F i n a l l y  we have examples of t he  s u i  g e n e r i s  s t ruc tu ra -  
t i o n  of lex icon  elements whose most complex example i s  provided 
by t h e  system of k insh ip ,  where d i f f e r e n t  axes (sex,  marr iage,  
f r a t e r n i t y ,  consanguini ty)  a r e  going t o  i n t e r s e c t  i n  o rde r  t o  
determine p a i r s  of synunetrical terms (of t he  type f a t h e r  - son, 
unc le  - nephew, mother-in-law - son-in-law) and t h e i r  sequences 
( t h e  son of t he  s i s t e r  = t he  nephew), 

The c o r r e l a t o r  RELATION i s  s p e c i f i c a l l y  reserved  f o r  s u i g e -  
n e r i s  s t r u c t u r e s ,  among which we a r e  a t  p re sen t  providing f o r ,  
i n  a d d i t i o n  t o  kinship, sponsorship-stpicto-sensu, un ive r s i t y -  



sponsorship, protection. 

3 .  To ques t ion  RESEDA, the  use r  f o m l a t e s  h i s  ques t ions  ind i -  
r e c t l y  (Carbonel l ,  Co l l i n s  1974) i n  accordance wi th  cod ingpr in -  
c i p l e s  which a r e  r i go rous ly  i d e n t i c a l  t o  those used t o  e n t e r  
p lanes  i n  t h e  d a t a  base ( see  examples i n  4 . ) .  I n  both cases ,  
mSEDA does not  involve s e t t i n g  up an  automatic  ana lyse r  f o r n a -  
t u r a l  language : i t s  r e a l i z a t i o n  seems u topian  - a t  l e a s t  i ~ i t i a k  
ly-  g iven  t h e  very  e r u d i t e  na tu re  of t h e  sources t o  be analysed 
and the  l e v e l  of complexity requi red  i n  t h e  metalanguage. On t h e  
o the r  hand, i t  would appear ind ispensable  t o  complete a  s e r i e s  
of conversa t iona l  programs which w i l l  guide t h e  a n a l y s t  i n  co- 
d ing  p lanes  and the  use r  i n  formulat ing ques t ion .  This  prompting 
w i l l  n o t i f y  him a t  each s t e p  of e r r o r s  i n  formal syntax,  l ex i ca l  
inaccurac ies ,  and, i n  gene ra l ,  w i l l  suggest  au thor ized  procedu- 
r e s  t o  him, 

I n  order  t o  spec i fy  t h e  p r e c i s e  aim of h i s  quest ion,  t h e  use r  
has fou r  modes of ques t ion ing  a v a i l a b l e  t o  him : 

3.1, The ques t ion  mark i s  en tered  be fo re  t h e  unknown term X 
which r e p l a c e s  a  c o r r e l a t e d  item i n s i d e  t h e  p a r e n t h e t i z a t i o n .  
The awaited r e p l y  w i l l  be  t h e  i n s t a n t a t i o n  i n s i d e  t h e  same 
s t r u c t u r e  of some term which w i l l  t ransform t h e  ques t ion  i n t o  a  
v a l i d  a s s e r t i o n ;  

3 , 2 ,  The ques t ion  mark i s  en tered  be fo re  t h e  unknown term X 
which r ep laces  t he  modulator of t h e  p r e d i c a t e ,  This  p r a t i c e  wil l  
be exemplified under 4.3.  

3.3. The ques t ion  mark i s  en tered  i n  a  c o r r e l a t i o n  be fo re  a  
knom term of t h e  RESEDA lex icon ,  This  p o s s i b i l i t y  corresponds 
i n  p a r t i c u l a r  t o  t he  search  f o r  s p e c i f i c s  i n  t h e  t r e e s  of t he  
marked term ( see  4 . 2 , 1 .  ) 

3.4, The ques t ion  mark i s  en tered  be fo re  t h e  e n t i r e  pa ren the t i -  
z a t i o n  i n  o rde r  t o  show t h a t  t h e  ques t ion  regards  t h e t r r t t b v a l w  
of t he  f o m l a t i o n  put  f o r t h ;  

3.5, The ques t ion  mark can, of course,  a l s o  appear i n  t h e  thema- 
t i c ,  It should be noted t h a t  mSEDA does not  permit one t o  ask  
about t h e  d e s c r i p t i o n  and t h e  c i r c m s t a n t i a l  frame a t  t h e  same 
time nor ,  i n  gene ra l ,  does i t  a l low ask ing  more than  one ques- 
t i o n  a t  once, 

4,  mESEDA gives  answers of vary ing  r e l i a b i l i t y  by u s i n g  i t s  me- 
mory s t r u c t u r e  according t o  va r ious  s t r a t e g i e s ,  

4 , k ,  The f i r s t  c o n s i s t s  i n  seeking a  t e r n  by term coincidence 
between what i s  s t a t e d  i n  t h e  ques t ion  and a l l  o r  p a r t  of t h e  
f o m l a t i o n  of a plane ( "d i r ec t  match"), This  can involve  t h e  
thematic  a s  we l l  a s  t h e  d e s c r i p t i o n ;  i n  t h e  l a t t e r  case ,  t h e  
analogy must f i r s t  be s e t  f o r t h  a t  t h e  l e v e l  of e o r r e l a t o r s  and 



of t h e i r  pa ren the t i c  organiza t ion .  The only  va r i ance  permit ted 
w i l l  be t h e  absence of c e r t a i n  c o r r e l a t o r s  contained i n  t h e p l a -  
ne i n  t he  ques t ion ,  

Here, we should a l s o  i n d i c a t e  t he  problem of d isputed  in fo r -  
mation, q u i t e  c h a r a c t e r i s t i c  of Medieval documentation : eachof  
t h e  c o n f l i c t i n g  ve r s ions  has  t o  be placed i n  a  s e p a r a t e  plane,  
bu t  t h e  s e r i e s  of planes involved i n  t h e  cont roversy  i s  recove- 
red i n  a s p e c i a l  l i s t .  Whatever t h e  mode of search  used ( d i r e c t  
match, i n fe rence ,  e t c , . . ) ,  when t h e  d a t a  obta ined  i n  t h e  r e p l y  
i s  conta ined ,  even p a r t i a l l y ,  i n  a  plane t h a t  i s  l i s t e d  i n  t h i s  
manner, t h e  same search  technique should be repea ted  on t h e  se- 
r i e s  of p lanes  a s soc i a t ed  wi th  i t .  

Under t hese  cond i t i ons ,  t h e  r e p l y  along wi th  i t s  p o s s i b l e  
"divergent  i n f o m a t i o n "  can be considered t o  be "sure  i n  t h e  
p re sen t  s t a t e  of our  knowledge". 

I n  a d d i t i o n  t o  t h e  d i r e c t  match a s  such, t h e  search  i s  made 
i n  accordance wi th  t h e  p o s s i b i l i t i e s  o f f e r e d  by v a r i o u s  organi-  
za t ions  ( s ee  2 , 2 , )  of RESEDA metalanguage components on two l e -  
v e l s  : f i r s t ,  t h a t  of a  simple ex tens ion  of t he  d i r e c t  match, 
then  t h a t  of more e l a b o r a t e  i n fe rences .  These p o s s i b i l i t i e s  a r e  
of course  compounded i n  t h e  case  of a  complex search ,  b u t  w e a r e  
sepa ra t ing  them he re  f o r  reasons  of c l a r i t y ,  

4 . 2 ,  Extension of t he  d i r e c t  match : we can (adopting t h e  termi- 
nology of Schwarcz et al. 1970) c a l l  t h i s  way of proceedingUge-  
ne ra l i zed  d i r e c t  matchfte  

4 . 2 , I ,  One ve r s ion  of t h i s  i s  based on elements of t h e  ques t ion  
t h a t  i n  t h e  RESEDA lex icon  a r e  connected t o  s t r u c t u r e  2 . 2 . 2 . 1 .  
We can cons ide r ,  f o r  example, t h e  ques t ion  :' 

t he  meaning of which i s  ' b h i c h  courses  d id  C 1  anges a t t e n d  a t  
t h e  Facul ty  of Ar t s  i n  P a r i s  be fo re  1394 ?'"et us  g i v e  a  p i ece  
of t he  enseignement-public arbarescence  : 

.... @ours-fac-arts 

..,,, morale 
, , , , , lagique . , , , , grammaire 



A t  t he  eours-dknseignement l e v e l ,  one f i n d s  a  r e l a t i o n s h i p  of 
equivalence wi th  fornation-priuge, which i s  t h e  upper end of 
another  arborescence : 

fornat ion-priu&e .. format ion-comerc ia le  
, , , e o n p t a b i l i t &  

, , formation-brudite 
, . , g r e c  . . . hgbreu 

e t c . ,  , 

Through scanning t h e  s p e c i f i e s  of t h e  t e r n  eours-fac-arts, a s  
marked i n  t h e  ques t ion ,  we g e t  a  s e r i e s  of elements on wh ich the  
d i r e c t  match should be at tempted,  and ~ h i c h  might provide ans- 
wers "sure  i n  t he  p re sen t  s t a t e  of our  knowledge" such a s ,  f o r  
i n s t ance ,  t h e  information t h a t  Clamanges followed a course  on 
E t h i e s  (morale) . 

I f  t h i s  should f a i l ,  one should no t  s t a r t  another  procedure 
without  f i r s t  scanning, w i t h i n  s u i t a b l e  threshold  l i m i t s ,  t h e  
nodes placed above t h e  marked term i n  t h e  arborescence and t h e i r  
s p e c i f i c s .  One w i l l  r e t a i n ,  f o r  i n s t ance ,  t h a t  Clamanges had a t -  
tended d i v i n i t y  l e c t u r e s  (cours-fac-thdologie). One w i l l  a l s o  
scan o t h e r  arborescences f o r  nodes r e l a t e d  t o  t h e  s t a r t i n g  term 
o r  i t s  gene r i c s  by a r e l a t i o n s h i p  of "equivalence" ((Cros e t  aZ, 
1968; Schwarcz e t  a l e  1970), One w i l l  then  d iscover  t h a t  Gla- 
manges had some not ions  of Greek ( format ionpr iu&e,  g r e e ) .  With 
cours-fac-thbologie and gree,  one w i l l  have thus  r e t r i e v e d  va- 
l u a b l e  informations a s  t o  ~ lamanges '  focuses  of i n t e r e s t  dur ing  
t h e  per iod  considered.  

I n  t h e  l a t t e r  examples, we d id  no t  g e t  a  r e a l  answer, b u t  
r a t h e r  p i eces  of i n f o m a t i o n  r e l a t e d  t o  t h e  t o p i c ,  and these  
should guide t h e  use r  towards new p e r t i n e n t  ques t ions ,  

4 . 2 . 2 ,  A second type i s  based upon elements of t h e  q u e s t i o n t h a t  
i n  the  RFSEDA lex icon  a r e  connected t o  s t r u c t u r e  2 . 2 . 2 . 3 ,  

Discovering a r e l a t i o n s h i p  which i s  suppl ied  i n d i r e c t l y  i s o f  
s p e c i a l  importance g iven  t h e  n a t u r e  of t he  documentation (bio- 
g raph ica l  d a t a )  t h a t  RESEDA i s  t o  process ,  

Seeking t h e  k insh ip  t h a t  e x i s t s  between X and U, one thus  
f i n d s  no i n d i c a t i o n  X .REL. (k insh ip)  Y bu t  one f i n d s  i n  the- 
volume of X s ta tements  X . M L ,  (k insh ip)  A ,  B ,  C, and i n  t hevo-  



lume of U s ta tements  U .WL. (k insh ip)  M, N ,  0 ,  where .REL, i s  
the  p a r t i c u l a r  c o r r e l a t o r  reserved  f o r  s t r u c t u r e s  of t h i s  type 
(k insh ip ,  godparents ,  p r o t e c t i o n . . , ) .  S t a r t i n g  a t  t h e  same time 
with r o o t s  X and Y, one then  c o n s t r u c t s  two t r e e s  where t h e f i r s t  
l e v e l n o d e s a r e  represented  by A ,  B ,  6 ,  and M, N ,  0,  and where 
the  succeeding l e v e l s  a r e  obta ined  i n  t h e  same way based upon 
each of t h e  f i r s t  l e v e l  nodes. I f  i n  cons t ruc t ing  a  l e v e l ,  one 
f i n d s  a node belonging a l r eady  t o  t he  same t r e e ,  it i s  no longer  
considered;  i f ,  on the  o the r  hand, it a l r e a d y  belongs t o  t h e  
o t h e r  t r e e ,  one has then  found t h e  po in t  of coincidence t h a t w a s  
sought ,  An empir ica l  th reshold  w i l l  be e s t a b l i s h e d  i n  o rde r  t o  
avoid the  excess ive  ex tens ion  of t r e e s ,  I f  Z i s  t h e  commonpoint, 
t h e r e  w i l l  f i n a l l y  be a  s t r i n g  l i k e  : 

X .husband-of, C .daughter-of,  C 1  ... .REL. Z .=La  .., M1 
.REL, M .REL, Y 

One then  uses  t h e  sui generis s t r u c t u r e  of k insh ip  i n  o rde r  t o  
t r a n s l a t e  i n  t u r n  each ad jacen t  p a i r  of t he  s t r i n g  i n  t h e  terms 
of t h e  corresponding k insh ip  (X husband of t h e  daughter  o f 6 1  = 
X son-in-law of 61 e t e . , , ) ,  One w i l l  f i n a l l y  f i n d  t h e  sought 
a f t e r  t i e ,  

4 .3 .  RESEDA inc ludes  a  c e r t a i n  number of "second-order" inferen- 
c e  s t r u c t u r e s  i n  order  t o  compensate a s  much a s  p o s s i b l e  f o r  
drawbacks r e s u l t i n g  from our incomplete view of t h e  Medieval 
world, Of course ,  t he  r e p l i e s  suppl ied  by t h e s e  in fe rences  a r e  
of a  ""probable" r a t h e r  than  a  "sure" type ,  

These procedures  a r e  e s s e n t i a l l y  r e l a t e d  t o  t he  d e f i n i t i o n o f  
"predica tes"  in t he  form of programs ( 2 . 2 , 1 , ) ,  We can g e t  a n  
idea  of t h i s  by examining i n  i t s  gene ra l  o u t l i n e  t h e  s t r a t e g y  
a d o p t e d t o r e p l y  t o  t h e  ques t ion  "What i s  t h e  a t t i t u d e  of P i e r r e  
d T A i l l y  towards t h e  Un ive r s i t y  of P a r i s  dur ing  t h e  year  1395 '2'' 
This  ques t ion  w i l l  be  coded thus  : 

/d6but-l395/-/fin-1395/-/-/-/-/ 
(PIERRE-D 'AILLY . SUJ, (?X+PREMDRE-POS7T7ON . O B J .  UNIVERSI- 
1%-DE-PARIS) ) 

As a f i r s t  s t e p  of proceeding,  RESEDA t r i e s  t o  accomplish a  
d i r e c t  match : we w i l l  examine t h e  volume of t h e  p a r t i c u l a r p e r -  
son w i t h i n  t h e  time l i m i t s  def ined  by t h e  thematic ,  by t r y i n g  
t o  f i n d  a  plamwhich has t h e  same minimal f o r n u l a t i o n  a s  t h e  
ques t ion  and one o r  s e v e r a l  modulators i n s t e a d  of X, We w i l l n o -  
t e  t h a t ,  i f  a  u se r  has  a  very  p r e c i s e  idea  of t h e  con tex t  of 
PRENDRE-POSTTIOM t h a t  he wishes t o  o b t a i n ,  he can have t h e  X 
fal lowed by a  l i s t  of modulators t o  be put  a s i d e ,  each preceded 
by a  minus s i g n  ( f o r  example ?X-Q~QC+PRENDRE-POS~TION)~ 

When t h e  d i r e c t  match does not  g ive  any r e s u l t ,  we should 
then t r y  a "genera l i sed  d i r e c t  ma tch tL tha t  i s ,  t r y  t o  use  t h e  
i t  t r e e "  d e f i n i t i o n s  of t h e  l ex i con  ( 2 , 2 , 2 , 1 , ) -  bu t  t h e s e  means 
a r e  not  g iven  t o  u s  he re  ( t h e r e  a r e  no Lexicon t e r n s  i n  t h e  
ques t ion ) ,  



The a lgor i thm of answer then  c a l l s  t he  program PRENDRE-POST- 
T70N which checks i n  t h e  ques t ion  t h e  presence of a  modulator 
(op t iona l ) ,  of t he  "object"  (compulsory) and of t h e  "argumentvr 
(op t iona l ) .  The absence of a n  argument and of a  modulator d i -  
v e r t s  u s  t o  a  subrout ine  which asks ,  i n  t he  f i r s t  p lace ,  i f  t h e  
ob jec t  i s  a  lead .  As t h i s  i s  t h e  ca se  he re ,  we then  look f o r t h e  
p lanes  which a r e  a t  t he  i n t e r s e c t i o n  of t he  volumes of t h e  sub- 
j e c t  and the  o b j e c t  - i n  t h e  period def ined  by t h e  thematic- and 
which con ta in  between these  two p ro t agon i s t s  t h e  predicatePREN- 
DRE-POSITZON, We w i l l  then  f i n d  i n  our  example "on t h e  second 
of August 1395, t h e  Un ive r s i t y  of P a r i s  f o r b i d s  P i e r r e  d V A i l l y  
from being present  a t  i t s  assemblies  about t h e  Schism" in t he  
f o m  : 

/-12-aoQt-1395/-/-/-/Paris/Bibl: Valois /  ( 1  1) 
(UIVIERSlrE-DE-PARIS ,SUJ. ( ~ v ~ Q + ~ ~ Q ~ + P R E N D R E - P O S ~ T K O N  . OBJ . PIERRE-D ' A ILLY)  ) 

12-aoGt-1395/-/-/-/-/Paris/Bibl: Valois /  (1 2 )  
(PIERRE-D "ILLY . SUJ, (neg+E/PRESENT . SPECIF. (assembZde- 
u n i v e r s i t a i r e  .ARG. schisme)))  

. FINAL. 

A r e sea rch  i s  then  s t a r t e d  by the  program t o  f i n d  t h e  f i r s t  oc- 
curence of t h e  e o r r e l a t o r  ARG; i t  i s  cont inued,  i f  need be,  i n  
a l l  t h e  p lanes  connected t o  t h e  f i r s t  by co r r e l a to r s -po in t e r s .  
I f  t h i s  r e sea rch  d id  not  lead  t o  anything,  we would g e t  ou t  of 
t h e  program PRENDRE-POSITTOM by g iv ing  t h e  s e t  of p lanes  we ha- 
ve  found a s  elements of i n f o m a t i o n .  

According t o  t he  hypothes is  t h a t  a '"manifestation'"£ A 
'kowards" B can be caused by a  previous "manifestion" of B on 
the  same ma t t e r ,  t h e  program then acknowledges i n  t h e  elements 
taken from 1 1  + 12, the  f i r s t  p a r t  of a  f i g u r e  : 

( see  a l s o  the  "demonss' of Charniak 1972); t he  program t h e n t r i e s  
t o  complete t h i s  f i g u r e  even i f  i t  may have t o  r e t r a c e  i t s  s tepq  
i n  ea se  of f a i l u r e ,  and go through t h e  d e f i n i t i o n  of t h e  l e x i -  
con term a. PRENDRE-POS777ON w i l l  thus  look i n  t h e  volume of P I  
( P i e r r e  d P A i l l y )  f o r  a  p lane  bear ing  a  d a t e  p r i o r  t o  t h a t  of a 
(borrowed from I I + 1 % )  and having t h e  form of 8, I f  t h i s  re -  
search  i s  succes s fu l ,  i t  remains t o  look i n  t he  p lanes  comon 
t o  P3 and P2 (Univers i ty  of P a r i s )  -by a  "genera l i sed  d i r e c t  
m a t c h ' h e s e a r c h -  f o r  t he  fo l lowing  f i g u r e  : 



where the  d a t e  i s  a l s o  p r i o r  t o  t h a t  of a and where t h e  modula- 
t o r  must cor respond t o  what t h i s  t a b l e  r e q u i r e s  : 

a 6 Y 
c o n t r e  pour c o n t r e  
con t r e  c o n t r e  pour 

pour pour pour 
pour c o n t r e  c o n t r e  

Thus, 6 w i l l  be s a t i s f i e d  by "about A p r i l  1395, P i e r r e  d%Ailly 
openly adopts  a  d e f i n i t e  p o s i t i o n  i n  favour of t h e  Pope of Avi- 
gnon Benoh  XXIII about t he  S c h i s m e f ' I n  t h e  form : 

/-/vers-avril-1395/-/-/-/Paris/Bibl: Valois /  ( 1  3)  
(PIERRE-D 'AILLY . SUJ, ( (~o~~+PRENDRE-POSTTTON . O B J .  BENOIT- 
XIII .ARG, schisme)) 

The i n t e r s e c t i o n  of t h e  volumes of P3 and P2 g ives  among o t h e r s  
'"as from 6 January 1391 and u n t i l  1418,  t he  Un ive r s i t y  of P a r i s  
i s  always i n o p p o s i t i o n w i t h t h e P o p e o f  Avignonabout t h e  Schism" 
i n  t he  form : 

16-janvier-13911-/1418/-1-1-/Bibl: consensus/ ( 1 4 )  
(UlvlVERsrTE-DE-PARIS .SUJ. ((co&e+PRENDRE-POSITION . O B J ,  
papes-dQvignon) .ARG. schisme)) 

where the  methode of gene ra l i s ed  d i r e c t  match enables  u s  t o  
recognise  i n  14 t h e  f i g u r e  y ( s ee  " c o l l e c t i v e  of p ro t agon i s t s "  
i n  2,2,2.1,), 

A l l  t h e  condi t ions  having been met, t h e  program PRENDRE-PO- 
STTION ends and g ives  t o  t h e  a lgor i thm of answer a l l  t h e  r e l e -  
vant  p lanes  which helped b r i n g  i t  t o  a  succes s fu l  i s s u e ,  and 
which w i l l  thus  make up t h e  answer t o  t h e  ques t ion  t h a t  was 
asked, 

I f  t h i s  r e s u l t  i s  judged t o  be f e a s i b l e ,  t h e  c o n n e c t i o n e s t a  
b l i shed  between planes ( I 1  .FINAL, 12) and 13 w i l l  be s to red  by 
a  po in t e r - eo r r e l a to r  .CAUSE, i n  such a  way a s  t o  f i n d  i t  d i r e c -  
t l y  i n  t h e  fuhfclre, should the  occas ion  a r i s e ,  

5 ,  Some f i n a l  words, now, about  t h e  p re sen t  s t a t e  of t he  work 
and i t s  pe r spec t ives ,  October 1977 has been f i x e d  by t h e  D.G.R .  
S e T q  a s  dead l ine  f o r  our  Team t o  work ou t  a r e s t r i c t e d  opera- 
t i o n a l  model of WSEDA on a body of about a thousandbiographies ,  

A t  t he  p re sen t  time -April  1976- t h e  gene ra l  o r g a n i s a t i o n  of 
t h e  p r o j e c t  and i t s  dynamics a r e  f u l l y  def ined  and process ing  
t e s t s  have been made on t h e  Logical coherence of c e r t a i n  com- 
p lex  p a r t s ,  on the  s t r u c t u r e s  of k i n s h i p ,  on t h e  p r e d i c a t e s ,  on 
t h e  h i e ra rchy  of c o r r e l a t o r s  e t c , , .  

From Play onwards, w i l l  s t a r t  t h e  phase of t r a n s c r i b i n g  and 



entering biographical data and the study of the definitive im- 
plantation of files on mass memory. This should enable us to 
launch an intensive campaign of tests on procedures for retrie- 
ving infomation in RESEDA and, more particularly, on inference 
algoriths. 

RESEDA is constructed and operated from a 2741 Ibm terminal 
linked to the Centre Inter Regional de Calcul Electronique (C. 
I.R,C.E.) of Orsay, The absence, in the latter" instrumenta- 
tion, of specialised languages for Artificial Intelligence-like 
MICRO-PLmNER and COMIVER (Bobrow, Raphael 1974)- has led us 
to choose the language APL\360-TSO as progr ing support. Its 
mode of functioning, based on structuring data in arrays has 
proved particularly useful for the representation of the trees 
contained in the planes. In a more general way, its power and 
its flexibility shou enable us to simulate certain characte- 
ristics of the progr ing languages proper to Artificial inteP 
ligence as well as to have at our disposal general frames for 
constructing discrimination nets, processes for the control of 
tree search, pattern matching mechanisms. 
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SEE IMG PUPPETS QUICKLY 

t o  i n t e rp re t  scenes containing a puppet with 
s i n  order to  t r y  t o  understand how we can get  

an in te rpre ta t ion  of the scerle without noticing a l l  the 
d e t a i l s -  This involves the  use of several  intermediate dee- 
e r ip t ions  (e .g . noid postures, occlusion, support ) . 
Keywords: intermediate representations,  models, scene analysis  

If you, the reader ,  quickly glance a t  t he  photograph of -the 
puppet (f igure 1 ) , you a r e  able t o  determine a l o t  of infor-  
mation about the puppet very eas i ly ,  f o r  example, h i s  p s t u r e  
(standing, s i t t i n g ,  e t c .  ), the  d i rec t ion  he i s  facing,  and the  
approximate angles between limbs and t he  t If you look 
more closely,  and examine the  pic ture  i n  greater  d e t a i l ,  you 
see t ha t  the arms and l egs  are  composed o ctangular prisms, 
the head of a t r iangular  prism, and the t i s  ra ther  
e l l i p t i c a l  i n  cross-section. Notice what has happened: we 
seem t o  see the puppet before,  o r  without, noticing d e t a i l s  of 
i t s  construction.  This i s  i n  the opposite d i rec t ion  to  which 
a ~ c h s s i c d ~  scene analysis  program would operate. It is  the  
a b i l i t y  t o  see these p ic tu res  ftat a glance fr (almost), without 
a deta i led analysis  of the  picture,  t h a t  I arn attempting t o  
give the computer. 

Let us see what the a b i l i t y  to  see these pic tures  a s  repre- 
sentations of puppets impl ies ,  'tde have somehow divided the 
image up i n to  meaningful regions, which somehow suggested a 
hwnanoid f i gu re ,  which helped us divide the image i n t o  meaning- 
f u l  regions,  The r e s u l t  i s ,  in the  pic ture  domain, a f igure-  
ground separation (puppet arrd everything e l s e ) ,  and a drlvision 
of the  f igure  area i n to  meaningful. regions ( r i gh t  arm, l e f t  
a m ,  e t c , ) ,  I n  the scene domain, t h e  r e s u l t  i s  an in te rpre ta -  
t i o n  in terms of h m m o i d  posture, e.g. facing s l i g h t l y  t m a r d s  
l e f t  and s i t t i n g .  The point  i s ,  p r c e p t i o n  of t h i s  s o r t  i s  a 
complex process i n  which a l l  of these in te rpre ta t ions  are  
developing a t  the  s m  time, 

Why i s  the a b i l  o get  a quick in te rpre ta t ion  of t h e  
pic ture  without ex ng a l l  t he  d e t a i l s  important? This 
a b i l i t y  is one of t he  hallmarks of r intel l igent behaviour , Most 



cf our ordinary perception requires  t h i s  a b i l i t y .  Otherwise, 
we should never see the f o r e s t  fo r  t h e  t r ee s ,  never see the 
house f o r  the  b r icks ,  We would be l o s t  i n  a barrage of de t a i l s .  
Once we have done some f a s t  processing, and iden t i f i ed  the  
object ,  we can then ignore it, or  examine it more closely,  a s  
we choose. It seems c l ea r  t h a t  an i n t e l l i g e n t  v is ion system 
w i l l  have t o  have t h i s  a b i l i t y  in order t o  cope, It i s  the  
same type of a b i l i t y ,  to  deal  quickly and i n t e l l i g e n t l y  with 
sentences i n  a specif ic  domain, t ha t  workers i n  na tura l  
language are t ry ing  t o  achieve, e .g . Schank (1 975 ) and 
Gharniak (1 975 ) . A t  a more general l eve l ,  it i s  the question 
t h a t  Mhsky addresses i n  h i s  Trames Qr paper  i in sky 1 975 ) . 

How does t h i s  research f i t  i n  o r  compare with other scene 
analysis  work? It can be opposed t o  Winston (1 970) who has t o  
see very c l e a r l y  each block which composes the arch before 
perceiving the  arch,  Closest in s p i r i t  t o  mine are ~uzrnan(1971) 
and Adler (1 965 ) . Working respect ively  on children f s s to ry  
book i l l u s t r a t i o n s  and Peanuts cartoons they t r y  t o  iden t i fy  
a s  wel l  as possible d i f f e r en t  par t s  of t he  p ic tu re ,  bu t  many 
shapes are ambiguous o r  unclear,  and can only be i den t i f i ed  i n  
the  l i g h t  of global hypotheses, or r e l a t i o n s  t o  other  objects 
i n  the  scene, 

Why work on pic tures  of a puppet? His to r ica l ly ,  the answer 
i s  ?Because it % %hereme Clowes (1 972) created the puppet to  
provide meaningful scenes f o r  the study of polyhedral ob jec t s ,  
The polyhedral objects  are  not ,  now, j u s t  objects sca t te red  on 
a t ab le ,  bu t  meaningfully re la ted .  (My research i n t e r e s t s  were 
formed i n  looking a t  the photographs of the  puppet, and r e a l i -  
zing t ha t  almost no knowledge of polyhedral objects  was 
required t o  f i nd  a f a i r l y  r i c h  in te rpre ta t ion  of the  scene), 
I n t e l l e c tua l l y ,  the answer i s  t ha t  t h e  puppet provides a good 
vehicle fo r  s t u e i n g  the  issues  out l ined above, i ,e ,  how can 
we use many d i f fe ren t  types of knowledge ( i n  t h i s  case, 
humanoid postures,  3-D s t ruc tures ,  occlusion, l i n e s ,  regions, 
e t c  . ) t o  i n t e r p r e t  a p ic tu re  quickly, 

1 have several  points i n  mind while developing the  system, 
which follow d i r ec t l y  from the  s t a t ed  goals and motivation of 
the research, and manifest themselves i n  d i f f e r en t  ways, For 
examp l e  , 
- Don" expect everything t o  be meaningful, Don% try f o r  too 
much high l eve l  knowledge from simple low l eve l  d e t a i l s .  And 
d o n r t  expect a l l  d e t a i l s  t o  be explained in terms of a high 
l e v e l  in te rpre ta t ion ,  
- Make the  system puppet speci.fic. Create a data  base which 
deals  e x p l i c i t l y  with puppets, e.g. handles limbs, trunks, e t c ,  
r a ~ e r  than any general form of model of which *puppet?@ i s  a 
spec i f i c  example a Decisions are  made a s  howledgably a s  pos- 
s i b l e ,  and based on puppet-specific considerations.  



Let me make c l ea r  the l imi ta t ions  of t h e  system, F i r s t ,  i t  
has a bu i l t - in  VtsetQ f o r  seeing a puppet, and cannot recognize 
any other  type of object .  It t r i e s  i t s  hardest  t o  see a pup- 
pe t ,  no matter what i s  i n  the p i c tu r e ,  Second, the puppet 
must be eobviousft - one must be able t o  see it and i den t i fy  
it e a s i l y ,  This means, f o r  example, t h a t  the  puppet must be 
well  d i f ferent ia ted from the  background, the  pic ture  must not 
be too c lut tered,  t h e  puppet should not be occluded, and we 
don" t a t  any t r i cky  cmera  shots  (no view from d i r e c t l y  aboxe, 
no f i s h  Lens, no gross s i ze  d i s to r t ions ,  e t c ) ,  

2$-D MODEL 

The puppet model t h a t  we use t o  f i nd  the  puppet i n  the  image i s  
a 2$-D model (2-D, plus occlusion of laminar regions ) . The 
model consis ts  o f  six 2-D pa r t s :  head, t m k ,  two l egs ,  two 
amns. The shapes of the regions a r e  vaguely defined; the  
important point  i s  t h a t  they a l l  have two p a r a l l e l  s i d e s ,  !€!he 
pieces must be assembled so t h a t  they follow the  ru l e s  of t he  
model. These ru l e s  specify  Q e  re la t ionsh ips  between different  
pa r t s ,  For example : the head region should be p a r a l l e l  t o  
the trunk region, adjacent t o  it, and near one end; the  jo in t  
end of t h e  arm should be near the head end of the  t 
one arm i s  occluding and the  other  occluded, o r  they  a r e  both 
beside the  t w k .  It i s  the business of the  prograrn t o  f i nd  
regions t o  s a t i s f y  the model, even it i s  has t o  a l t e r  regions 
found i n  the pic ture  by elongating o r  widening them, o r  even 
hal lucinate  regions based on some s o r t  of evidence i n  t he  
p ic tu re .  

This 2 * - ~  model o d y  specbfies what t h e  puppet looks l i k e ,  
and even then it cannot r e j e c t  a l l  bad puppets, m y  use i t ,  
ra ther  than some s o r t  of 3-D model? 
- 1% 2s a much simpler model Lhan any 3-D model I could th ink 
of 1% allows a much quicker, though Less r e l i ab l e ,  recog- 
n i t i on  of the pa r t s  t o  be achieved. It i s  probably adequate 
f o r  ~1 wise range of p ic tures .  - It i s  very usefu l  f o r  thinking about occlusion of the pa r t s  
of the p p p e t  . The reason t h i s  works i s  Lhat the  puppet f s  
limb motions a r e  r e s t r i c t e d  t o  movements i n  p a r a l l e l  planes, 
Thus the occlusion of the  puppetts p a r t s  must follow t h a t  of 
the  ~ b - ~ ~ m o d e l ,  and vice versa. 
-. The 22-D model i s  a goad intermediate stage between the  data  
and a 3-D model. Any syrt of 3-D model w e  might w a n t  t o  f i t  
could make use of the 25-B model a 

Me shall r e f e r  -to the  i n s t an t i a t i on  of the  2%-D model as 
being a 2$43 puppet, 

This section gives a sough descr ipt ion of t be  program I am 



wri t ing.  The example l a t e r  on demonstrates how much of t h i s  
plan e x i s t s  i n  program form. In  t h i s  explanation, problems of 
control ,  backtracking, e t c ,  a re  not  included. We can think of 
t h e  program as having f i v e  stages,  

1 . Get l i n e  drawing from grey-level da ta .  

The i n i t i a l  grey-level. p ic tures  are  d ig i t i z ed  t o  about 250 by 
250 pixels .  A program wr i t t en  by Frank 0 "orman i s  on t he  
data  f i r s t  t o  f i n d  t he  l i n e s  (0  %oman and Clowes , 1 973), and 
then t o  extend the  l i n e s  t o  f i n d  junctions i n  the  pic ture .  
The l i n e  drawing produced from t h i s  f i r s t  stage forms the  
i n i t i a l  input t o  rqy program (e .ga f igure  2 ). 

2. Find p a r a l l e l  regions, and rough descr ipt ions ,  

A p a r a l l e l  region (usually re fe r red  t o  a s  w e g i o n ~ )  i s  a  s e t  
of more or  l e s s  pa r a l l e l  l i n e s  t h a t  overlap to a  g rea t  extent .  
FOP example, i n  f igure 2,  l i n e s  37, 45, 49, 24, 56, 55, 52 
form a  p a r a l l e l  region, but not  l i n e s  38, 53 (the overlap i s  
too smal l ) ,  The program def in i t ion  i s  more complicated than 
t he  verbal  one above, but  t ha t  i s  ba s i ca l l y  what i s  wanted. A 
pa ra l l e l  region i s  usually defined i n  terms of i t s  two outer-  
most edges, and the p a r a l l e l  l i n e s  it encompassss, 

The reason we look f o r  c lu s t e r s  of pa r a l l e l  l i n e s  i s  t ha t ,  
i_n the types of scenes we are studying, i n  which a l l  compon- 
en t s  have p a r a l l e l  edges, c l u s t e r s  of p a r a l l e l  l i n e s  are 
common i n  the  derived image, and f requent ly  can be associated 
with one of the components of the scene. We hope t h a t  in 
many cases we can ea s i l y  i den t i fy  a  component by t he  clusber 
of l i ne s ;  y e t  the f a c t  t h a t  t he  l i n e s  found so o f t en  badly 
match the edges of the component, and our na tura l  scepticism, 
and the f a c t  t h a t  we d o n f t  how the  ac tua l  s i z e  of a  component 
in the  scene, prevents us from making fu r the r  deductions, e ,g .  
concerning the  component$s or ienta t ion i n  3-D. 

The program joins co l l inear  adjacent segments i n to  longer 
l i n e s ,  e  .g . l i n e s  37 and o f  f igure  2; then, s t a r t i n g  a t  
the longest  l i n e s ,  it looks f o r  p a r a l l e l  regions,  m e n  it 
f&ds a  region, i t  t r i e s  t o  give it an i n i t i a l  c l a s s i f i c a t i on  
of @r tmkw,  ntheadar, or  '$llimb@a region, based on i t s  l e n g t h h i a h  
r a t i o .  The region i s  then r e l a t ed  t o  the other regions found. 
I f ,  f o r  example, a  limb-shaped region i s  found, it compares 
t h i s  with head-shaped regions already found, making sure t h a t  
the r e l a t i v e  scales  of the limb and head region a r e  about t he  
same, and then seeing i f  they  are  near each o ther ,  If so, the  
l inb-shapd  region i s  associated with t h e  head region.  
S h i l a r l y ,  r e l a t i v e  scales  and nearness r e l a t i ons  between limb 
and trunk, and r e l a t i v e  sca les ,  nearness, and c o l l i n e a r i t y  
re la t ions  between head cld t r d  regions, are  checked, me 



purpose of doing t h i s  i s  t o  make it eas i e r  t o  decide the b e s t  
place t o  put serious e f f o r t s  i n to  f inding the puppet, and t o  
make the  2$-D model matching eas ie r  l a t e r  on. 

There i s  a special-purpose h e u r i s t i c  which i s  a l so  applied 
a t  t h i s  point .  Large s e t s  of p a r a l l e l  l i n e s  seem t o  be a 
common feature  of a l o t  of these pic tures ,  f o r  example, the  

k and arms region, and legs  region of f i gu re  2. The main 
idea  of the region f i nde r  was t h a t  i t  should pick up s e t s  of 
l i n e s  which correspond t o  a single p a r t  of the bo*, e .g, the  
s e t  SO, (46,59) correspond t o  the head, This does not happen 
i n  the trunk and arms region, o r  the  l egs  region,  so we make 
any s e t  of p a r a l l e l  l i n e s ,  i f  it has a t  l e a s t  t h r ee  l i n e s  i n  
i t ,  and i s  wider than a limb region, i n t o  a spec i a l  p a r a l l e l  
region. We try t o  break it dawn i n t o  smaller regions ,  a s  
follows: We f i n d  -the l i n e  c loses t  t o  t h e  center of the  region, 
i f  t h i s  forms two new regions each of which could be a limb, 
we add these two regions t o  our l i s t ,  I f  not ,  we s t a r t  from 
each edge of t h e  region, and try t o  peel off  the  be s t  limb- 
shaped region we can f i n d ,  For example, i n  f i gu re  2 we pick 
l i n e s  37, 45> 49 and 5 6 ,  55 52 a s  being nice limb-shaped 
regions, leaving the region defined by l i n e s  49, 24, 56 i n  
between. 

3.  fTck s t a r t i n g  point ,  look f o r  puppet. 

Given t he  rough descr ipt ion found above, pick the most 
l i k e l y  place t o  s t a r t  looking f o r  the  24-D model, For example, 
a trunk with three limbs near it seems a b e t t e r  f i r s t  b e t  

k with one limb near i t .  The s t a r t i n g  locat ion 
doesnf t  have t o  be a trunk region -- there  may be  none f ouncl; 
it could be a head region, or a co l lec t ion  of limb regions. 

Once t he  s t a r t i n g  point  i s  found, try t o  f i t  a s  many of the  
regions a s  possible to the  2$-D model. For example, if a 

k region i s  found, see i f  any of the head regions found 
nearby match it, see i f  any of the limb regions found could be 
i t s  m s  o r  l e g s ,  A t  t h i s  stage,  we try only Lo use those 
regions t en t a t i ve ly  i den t i f i ed  in s tage 2; we do not t r y  t o  
hal lucinate ,  r e in t e rp re t ,  e t c ,  The hypothesis i s  t ha t  f o r  a 
l a rge  e l a s s  of scenes and pic tures  t h i s  w i l l  enable a 2%-D 
puppet to  be completely o r  almost completely detemined with 
no backtracking or hypothesis t e s t i n g ,  Global re la t ionsh ips  
w i l l  have made it emerge, 

b e  Get in te rpre ta t ion ,  seek missing pa r t s ,  

I f  we are  lucky, we w i l l  have found enough p a r t s  Ito specify  
a good 2 $ - ~  puppet a t  t h e  end of s tage 3 ,  Lf no t ,  we t r y  t o  
get  an in te rpre ta t ion  of t h e  p a r t i a l  puppet found, and 
possibly use t h i s  t o  guide the  search f o r  missing pa r t s .  It 
i s  a t  t h i s  stage t h a t  we try t o  fo rce  things on the  pic ture  by 



extending regions,  h a l l u c i n a t h g  hidden regions on the  b a s i s  
of a  l i n e  o r  two i n  the pic ture ,  e t c .  

5. Find fu r the r  in te rpre ta t ions  from 29-D model. 

We can get  a  more de ta i l ed  3-D in t e rp re t a t i on  of t h e  picture 
based on the 2&-D puppet. The in te rpre ta t ion  can include t h e  
p s t w e ,  the  di rect ion it i s  facing,  t he  viewing angle (are we 
looking s t r a i g h t  across a t  the  puppet, o r  perhaps s l i g h t l y  
downward), the approximate angles between the limbs and trunk, 
and the approximate locat ion of the  l i g h t  source. 

There a r e  a  number of things we could do with t h i s  i n t e r -  
p re ta t ion ,  For example, we could ask more deta i led questions 
about t h e  pic ture ,  such a s  @exactly where ( i n  the  pic ture  ) is  
the l e f t  annzt, and use the  in te rpre ta t ion  t o  guide t h e  mateh- 
ing t o  a  2-D block model, and a  re-examination of t he  grey- 
l e v e l  data t o  look f o r  o r  confirm missing l i n e s  (a  combination 
of Sh i r a i  ( 1  975 ) and Grape (1 973) ) . O r  we could use t h i s  
in te rpre ta t ion  t o  guide a  more demanding pupyet f inder /  
v e r i f i e r ,  one t h a t  was not a s  slack a s  t he  22-D model f inder .  

Figure 2 i s  the  l i n e  diagram produced from the d ig i t i z ed  
version of f i gu re  9 , i , e ,  a t  the end of the f  Frs t  s tage 
described above. f igure  3, shows the  groups of p a r a l l e l  l i n e s  
which were grouped together t o  form p a r a l l e l  regions,  and the  
subregions derived from these.  Table 1 shows t h e  s t a t e  of t h e  
system a f t e r  stage 2 -- the  p a r a l l e l  regions have been found, 
and the re la t ionships  between them described, The region 
numbers a re  not sequential  -- the missing numbers represent 
regions t en t a t i ve ly  created and then re jected.  The trpart of 

i s  not  found by the computer -- they ars my - 
comments t o  he lp  examine t he  p ic tu re ,  The ttinterpn c o l m  
contains t h e  initial c l a s s i f i c a t i ons  which the  system does 
based roughly on lengthlwidth r a t i o s ,  These regions (and 
t h e i r  corresponding in te rpre ta t ions  ) with which the  given 
region r e l a t e s  on the ba s i s  of r e l a t i v e  sca le ,  p r o x s l y ,  and, 
f o r  head-trunk pairs ,  co l l i nea r i t y ,  a r e  shorn i n  the "Pelates 
-to c o l m .  

The f  &st l i n e  in tab le  ? , f o r  example, ind ica tes  t ha t  
region 1, defined by l i n e s  53 and 47 i_n f igure  2 ,  lJran 
shadow p a r t  of the  p ic tu re ,  could be in te rpre ted  a s  a  
I f  so considered, regions 1 2  and 24 could be considered as  
limbs which are r e l a t i v e l y  the same scale  as trunk region 1, 
and l i e  near it. Region 9  could a l so  be a limb, but  it i s  not  
near enough region 1 - The in t e rp re t a t i on  of region 18 a s  a  
head and region 1 7  as a trunk i s  not allowed because of the  
difference i n  r e l a t i ve  s i ze s  ( i t  would have been re jec ted  by 



the co l l i nea r i t y  requirement between head and trunk a ~ > e  
Region 30 i s  re jec ted  a s  head t o  region 17 by the co l l i nea r i t y  
r e q ~ r e m e n t  . 

I n  the  t h i r d  stage,  i t  picks trunk region 17 t o  be the  
most l i k e l y  s t a r t i n g  point;  the current  c r i t e r i o n  f o r  choosing 
i s  the number of limb and head regions which r e l a t e  t o  it. It 
confirms region 29 a s  the  head, For the  arms, it considers 
those limb regions found t o  be near the top of region 17, i . e e  
regions 9 and 12. Each of these i s  confirmed a s  a possible 
arm, bu t  t he r e  i s  no evidence from the  picture f o r  e i t he r  arm 
t h a t  it e i t h e r  occludes or  i s  occluded by the trunk.  The type 
of evidence t h a t  would indicate  occlusion would be if one of 
the p a r a l l e l  l i n e s  associated with an arm region was found t o  
l i e  b e b e e n  the edges of the trunk region. Regiocs9 and 12 
f o m  a possible arm p a i r ,  The possible l e g  regions (those 
limb regions near the bottom of region I T ) ,  a re  regions 28, 
24, 23, 9, and 12. Regions 28, 24, and 23 are  accepted a s  
p s s i b l e  l e g  regions, However, it i s  noted t h a t  23 and 24 a re  
both end regions from one of those spec ia l  p a r a l l e l  region 
s e t s  (region 18), which means t ha t  they form a more l i k e l y  l eg  
pair than any other combination of two, So t h a t  most l i k e l y  
puppet i s  composed of regions 29 f o r  head, 1 7  f o r  trunk, 12 
and 9 f o r  arms, and 23 and 24 f o r  l eg s .  Furthermore, because 
there  i s  no evidence of occlusion, we assume t h a t  the  t m k  i s  
not  turned very much, so we can associa te  regions 1 2 and 24 as  
limbs on the same s ide  of the  body because they a r e  on the  same 
side of t he  trunk region; s M l a r l y ,  regions 9 and 23 a re  
paired,  If we square off  the limb regions, and lengthen them 
t o  accommodate the longest  l i n e  in the  region, t he  f i n a l  2$-D 
puppet i s  i l l u s t r a t e d  i n  f igure  L. Figure 4 may look a b i t  
strange ; it fs not the  2s-D puppet one might have &-awn from 
f igure  2 .  But it i s  very quickly found, it i s  possible to say 
a l o t  about t h e  Bn te rpe t a t i on  of t h e  pic ture  from t h i s ,  and 
it should prove t o  be a good guide t o  fu r the r  examination of 
the pic ture  , 

This i l l u s t r a t e s  the  current  s t a t e  of the  program, Further 
e f fo r t s  w i l l  extend it t o  cover more d w f i c u l t  p ic tu res  (e.g. 
no trunk region found, ambiguous parsing i n to  regions, l h b s  
p a r t i d l y  o r  completely occluded), and w i l l  i nves t iga te  
c r i t e r i a  f o r  choosing t h e  order of processing, and w i l l  
h t e r p r e t  the  2 + - ~  puppet as  a 3-B puppet. 

CONCLUSION 

I n  terms of control  of information processing, v i s ion  seems 
to  be a "Pniddle out" r a the r  than the  %ottom upm a f f a i r  
assumed by most scene analysis  p rogrms .  That i s ,  i n  examin- 
ing a p i c t w e ,  we start a t  some intermediate level ,&gher  than 
the  l i n e s  and junctions l e v e l ,  y e t  below the  f u l l  



in te rpre ta t ion ,  and use t h i s  l eve l  t o  f i h d  the in te rpre ta t ion  
(going rbpn), occasionally looking a t  de t a i l s ,  such a s  l i n s s  
and junctions, (going ~ d o m ~ ~ )  to guide the process. We do n o t  
s t a r t  a t  t he  l e v e l  of l i n e s  and junctions, then f i n d  the  
blocks ,' then f ifid the  re la t ionsh ips  b-etween the 6locks, to 
i den t i fy  an object  such a s  the  puppet. Once an i n t e rp re t a t i on  
has been found, the d e t a i l s  of the  scene can be seen i n  t he  
l i g h t  of the in te rpre ta t ion .  

The puppet p ic tures  provide an i n t e r e s t i ng  c l a s s  of pic t - 
ures f o r  invest igat ing @seeing without detailswf. The 22-D 
puppets provide a useful  intermediate s tage t o  help  us quickly 
locate  the puppet i n  the  p ic tu re ,  t o  f u r t h e r  i n t e r p r e t  the 
scene, and to  guide fu r the r  exploration of the p ic tu re ,  The 
r e s u l t s  so f a r  indicate  the methodology of giving a program 
hawledge of several  %ntemediatem l eve l s  of s t ruc ture  (lines, 
regions, region-clusters , 2 * - ~  model, 3 -D model ) ins tead of 
the usual  2 l eve l s ,  i e e e  2-D l i n e s  and junctions, and 3-D 
ve r t i c e s  and edges, 
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PROmENS I N  LOCAL SEMANTIC PROCESSING 

ABSTRACT 

Winograd" S m L U  program c a r r i e d  out  f u l l  semantic process- 
i n g ,  i nc lud ing  computing of r e f e r e n t s ,  a s  i t  parsed,  I f  we 
t r y  t o  gene ra l i s e  t h i s  mechanism, c e r t a i n  d i f f i c u l t i e s  a r i s e  
concerning inadequate  informat ion  about  contex ts  of re ference ,  
This  sugges ts  t h a t  we may need t o  perform much of the  semantic 
p roces s ing  on senses  r a t h e r  than  r e f e r e n t s ,  

Key Words 

computational l i n g u i s t i c s ,  s e m n t i c  process ing ,  s ense  and 
r e fe rence  , parsing,  t ime and t ense ,  mn-environment , 

of Winograd ( 1  972) showed how computat ional  dev- 
a r t i c u l a r ,  t h e  represent  a t i o n  of a  meaning a s  a 

could be used t o  desc r ibe  the  s t r u c t u r e  of English, 
I a engaged i n  t r y i n g  t o  extend Winograd's model, by w r i t i n g  
an  Engl i sh  conve r sa t iona l  program i n  which the semant ic  mech- 
anism is more s y s  temat ic  and genera l  (R i t ch i e  (forthcoming) ) , 
My program c a r r i e s  out a s  much semantic process ing  a s  poss ib l e  
a f t e r  each word i n  the input  s en tence  ( i n  l e f t - t o - r i g h t  o rde r ) ,  
Attempting t o  perform immediate semantic process ing  b r ings  up 
the  ques t ion  of whether t h e r e  i s  adequate  informat ion  ava i l -  
a b l e  a t  such a  low l e v e l  t o  c a r r y  out a l l  semantic  processing,  
Although t h e  problems involved have a r i s e n  wh i l e  c o n s t r u c t i n g  
a p a r t i c u l a r  program, they  a r e  e s s e n t i a l  i y  t h e o r e t i c a l  i s s u e s  
which can  be d iscussed  us ing  the  concepts  from Winograd's 
program, 

Winogrados program performed semantic p roces s ing  (i, e,  con- 
v e r s i o n  from a s u r f a c e  s y n t a c t i c  t r e e  t o  a BLOCKS world s t r u e -  
t u r e )  a t  the  end of each noun group (as w e l l  a s  t h e  end of 
c e r t a i n  o t h e r  major c o n s t i t u e n t s ) ,  One advantage of t h i s  was 
supposed t o  be t h a t  an ana lys is -pa th  conta in ing  a seman t i ca l ly  
odd i tem could b e  discarded,  The semantic process ing  covered 
two l o g i c a l l y  d i s t i n c t  s t a g e s ,  F i r s t l y ,  the  t r a n s l a t i o n  of  
t h e  syntax t r e e  f o r  t he  noun group t o  a  Micro-Planner proced- 
ure ;  secondly,  t h e  execut ion  of t h i s  procedure i n  t h e  EILOCKS 
world (which, i f  succes s fu l ,  should provide a p o i n t e r  t o  some 
i t  em i n  the  EL, OCRS world),  

It is  worth no t ing  a  r e l a t i o n s h i p  between t h e s e  two s t e p s  



and the t r a d i t i o n a l  no t ions  of "sense" and " reference" ,  The 
Micro-Planner procedure f o r  a noun group is  a complex descr ip-  
t i o n  which w i l l  i d e n t i f y  d i f f e r e n t  i tems i n  d i f f e r e n t  contex ts ,  
The succes s fu l  execut ion  of t h i s  procedure i n  a run-environ- 
ment maps the  d e s c r i p t i o n  t o  a p a r t i c u l a r  i tem, Hence t h e  
procedure could be looked on a s  a func t ion  from run-environ- 
ments t o  BLOCK3 world i tems. I f  we regard the run-environ- 
ment as a " s t a t e  of the  worldft  o r  "poin t  of r e f e rence" ,  and 
the  B L O E S  i t e m ( s )  a s  t he  r e f e r e n t ( s )  of the noun group, t hen  
t h i s  is very s i m i l a r  t o  t he  " intension/extension" system of 
Montague (1968,1970,1972), The i n t e n s i o n  of a term i s  a 
f u n c t i o n  from p o i n t s  of re ference  t o  ex tens ions ,  The exten- 
s i o n  i s  (roughly) the s e t  of t h ings  r e f e r r e d  t o  by the term, 
Montague regards t h i s  mechanism a s  fo rma l i s ing  the  d i s  t i n c t i o n  
between sense and re ference  ( ~ r e ~ e  ( 1 8 9 2 ) ) ~  'What fol lows he re  
does not  depend c r u c i a l l y  on the  analogy between procedures 
and senses ,  and between r e s u l t s  and r e f e r e n t s ,  but the  two 
approaches seem very s i m i l a r ,  The terms "procedure-meaning" 
and s'result-meaning" w i l l  be used f o r  the  Micro-Planner proc- 
edure and i ts  r e s u l t  when executed ,  r e spec t ive ly ,  

One way i n  which semant ica l ly  anomalous i tems  were de t ec t ed  i n  
Winograd" p r o g r m  was i n  t he  cons t ruc t ion  of t he  procedure- 
meaning, Semantic markers of the  c o n s t i t u e n t  meanings were 
checked t o  s ee  i f  they were compatible ( a s  i n  Kate and Fodor 
( 1 9 6 3 ) ) ~  and incompatible  ana lyses  d iscarded ,  I n  p r a c t i c e  i t  
i s  v e r y  d i f f i c u l t  to e x e r c i s e  such s u b t l e t y  i n  t h e  sma l l  
BLOGIZS world, but the f a c i l i t y  was t h e r e  i n  p r i n c i p l e ,  How- 
ever ,  as  McCawley (1968) pointed out  ( i n  c r i t i c i s i n g  Katz and 
 odor), a s eman t i ca l ly  odd item may appear i n  a sen tence  which, 
a s  a whole, is  well-formed, a s  i n  ( 1 )  and ( 2 ) ,  

It i s  nonsense t o  speak of a rock having d i a b e t e s ,  ('I ) 
He s a y s  t h a t  he poured h i s  mother i n t o  an inkwel l ,  (2) 

There need not  be a s i n g l e  c l e a r  device  l i k e  "'It i s  non - 
sense  t o  s a y  t h a t s 9 o  allow such e f f e c t s : -  

A round square i s  a puzz l ing  i d e a ,  ( 3 )  
Rence, t he  t a c t i c  of a b o r t i n g  l o c a l l y  anomalous ana lyses  

seems t o  be a device which is n o t  g e n e r a l l y  app l i cab le ,  
The only way round t h i s  problem t h a t  has  been s u  

t h e  l i t e r a t u r e  is  V i l k s V r e f e r e n c e  Semantics (1975 
d i f f e r e n t  poss ib l e  ana lyses  a r e  not "discarded" o r  " re ta ined ' "  
on a n  al l -or-nothing b a s i s ,  but a r e  ranked i n  o r d e r  of prefer-  
ence ( u s i n g  e i t h e r  Wilks mechanism, o r  some o t h e r  device  with 
t h i s  purpose) ,  then  examples l i k e  ( 1  )-(7) a r e  covered autamat- 
i c a l l y ,  I n  each of t hese  cases ,  on ly  one a n a l y s i s  i s  poss ib l e ,  



and so i t  i s  r e t a i m d  d e s p i t e  the semantic  oddi ty,  
Hopefully,  such an approach is  able, s o  t h i s  problem i s  

no t  as d i sconce r t ing  a s  those  which a r e  t o  fol low,  

2,  REFERENCE EVAE UATI O N  

The second s t age  of semantic process ing  ( l e t  us c a l l  i t  '"ref- 
erenc e-evaluation" ) provided a check on anomaly a s  fol lows,  
I f  the procedure-meaning d i d  n o t  r e t u r n  a r e s u l t  when executed, 
t hen  t h e  noun group was l e s s  p r e f e r r e d  (winograd, p ,14) ,  One 
p o s s i b l e  ques t ion  t o  a sk  i n  t h i s  framework i s  - i n  what 
envTroment  should the procedure-meaning be  executed? A run- 
environment, o r  con tex t ,  can be regarded i n  t h i s  model, a s  a 
" s t a t e  of the world". A h r a s e  l i k e  ( 4 )  might r e f e r  (as 
Winograd p o i n t s  out (p,146 7 ) t o  someone s i t t i n g  on t h e  t a b l e  
now, o r  to  someone s i t t i n g  on the  t a b l e  a t  some o t h e r  s p e c i f i e d  
time; t h e  context  of u t t e r a n c e  of (4 )  should make it c l e a r  
what t h e  necessary environment i s ,  

The man s i t t i n g  on the  t a b l e ,  (4 1 
It might be thought t h a t  the  procedure-meaning of a noun 

group should be m.n on t h e  completion of t h a t  group, so t h a t  
in format ion  about  t he  result-meaning ( o r  l a c k  of one) can guide  
the  ana lys i s  process ,  However, the ques t ion  is: does t h e  
context  of u se  provide t h i s  in format ion  e a r l y  enough i n  t h e  
a n a l y s i s  process  t o  enable re ference-eva lua t ion  t o  occur  as 
soon a s  a noun gmup  is parsed? I f  we i d e n t i f y  run-environ- 
ments wi th  s t a t e s  of the world, then  tense-markers and/or 
time-adjuncts provide re levant  c lues ,  a s  they  i n d i c a t e  a t  what 
p a i n t  i n  t ime a phrase denotes  i t s  r e f e r e n t ( s ) ,  These c l u e s  
o f t e n  occur  o u t s i d e  the noun group i n  ques t ion ,  e ,g ,  

worked f o r  I T T ,  was - boss i n  the  CIA ? 

The - f the United S t a t e s  s igned  the test-ban 
t r e  ( 6 )  

The - was blown dawn in 
Such c l u e s  o r  p o i n t e r s  a l low the e x p l i c i t  swi tch ing  of  t h e  

focus  of a t t e n t i o n  fmm one e n v i m m e n t  t o  ano the r  i n  the  
course of a d ia logue  ( see  I s a r d  (1974) f o r  d i scuss ion  of such 
manipula t ion) ,  Unfor tuna te ly ,  the tense-marker o r  time-adjunct 
may occur  i n  a c o n s t i t u e n t  which i s  parsed a f t e r  t h e  noun group 
i n  ques t  ion ( a s  i n  ( 6 )  and ( 7 ) ) ,  This  c a s t s  doubts on the  
p o s s i b i l i t y  of immediate re ference-eva lua t ion ,  

If we assume ( f o r  the  sake  of a p e s s i m i s t i c  argument) t h a t  
such environmental in format ion  is  not always a v a i l a b l e  f o r  
each noun group a s  i t  is  parsed,  a t  l e a s t  two p o s s i b i l i t i e s  
a r i s e ,  which can now be considered (2a ,  and 2b, below), 



2a, Backtracking Semantics 

The problem of making a  process ing  d e c i s i o n  on inadequate  info-  
m a t i o n  is not  a  new one i n  A I ,  and i s  p a r t i c u l a r l y  f a m i l i a r  in 
s y n t a c t i c  pa r se r s ,  Two c l a s s i c  approaches can be descr ibed  a s  
" dep th - f i r s t  w i t h  backtracking9'  or "breadth- f i r s  t" ",d need no 
e l a b o r a t i o n  here ,  I n  view of the  problem r a i s e d  i n  2 ,  above, 
perhaps some such measures could be in t roduced  i n  t he  a r e a  of 
r e f  erenc e-evaluation. Rowever, t hese  exhaust ive strategic s 
a r e  normally employed i n  a  s i t u a t i o n  where the re  i s  a  l i m i t e d  
s e t  of choices ,  so t h a t  e i t h e r  one op t ion  can be chosen (depth- 
f i r s t ) ,  o r  a l l  op t ions  can be developed i n  p a r a l l e l  (breadth-  
f i r s t ) ,  When the choice  is  among a l t e r n a t i v e  e v a l u a t i o n  
environments, t h i s  may not be the case  -- how can a r b i t r a r y  
po in t s  of time be chosen from an i n d e f i n i t e l y  l a r g e  s e t  ? 

This d i f f i c u l t y  may be surmounted by assurning t h a t  t h e r e  i s  
a l i m i t e d  s e t  of poss ib le  p o i n t s  of time ( o r  '%states of t h e  
wol-ld'" ava i l ab l e  a t  a  given poin t  i n  a  dialogue,  I s a r d  and 
Longuet-Riggins ( 1  973) suggest  t h a t  a  c l ause  can be descr ibed  
a s  be ing  r e l a t e d  to  7 po in t s  of t ime the  time of u t t e r a n c e ,  
t he  time used a s  focus  of a t t e n t i o n ,  and the time of occurrence 
of the  event descr ibed ,  The Engl i sh  t ense  system ca.n be used 
t o  manipulate t hese  po in t s  of time (with a s soc i a t ed  s t a t e s  of 
t he  world)  so t h a t  phrases  can be understood i n  s e l e c t e d  envir- 
onments, The t ense  system al lows two s e l e c t e d  time-points t o  
be kept  i n  prominence  PAST'^^^ 'TRESENT'"), and t h e  time of 
u t t e r a n e e  is always a v a i l a b l e  a s  a  ("PRESENT") time p a i n t ,  
Thus i t  may be t h a t ,  us ing  the t ense  system, a  pa r se r / ana lyse r  
could narrow the  poss ib l e  opt ions ( f o r  environments f o r  r e f e r -  
ence-evaluation) t o  about t h ree ,  and use  some exhaus t ive  s t r a t -  
egy on these ,  

Even then,  the b read th - f i r s t  approach could not be completely 
c o r r e c t ,  a s  t he  t ime l t ense  system i n  English allows t h e  c r e a t i o n  
of completely new f o c i  of a t t e n t i o n  (us ing  "When'"c1aus e s ,  f o r  
example - see  I s a r d  ( 2 9 ~ 4 ) ) ~  

I n  such s i t u a t i o n s ,  t h i s  newly-created environment might be 
t h e  one needed f o r  re ference-eva lua t ion ,  even though i t  was not  
a v a i l a b l e  a t  t h e  s t a r t  of the u t t e r a n c e  a s  one of the opt ions ,  
However, i-f we allow some form of "undoing" of semantic  proc- 
e s s i n g  ( i , e ,  t r y  backt racking) ,  t h i s  r e t ro -ac t ive  choice  of a n  
environment might be f e a s i b l e ,  Such a  mechanism would not be 
t r i v i a l ,  e i t h e r  i n  p r i n c i p l e  or i n  implementation, 

2be Semantic Process ing  Using Procedures 

One p o s s i b l e  s o l u t i o n  t o  the  problem of choosing an eva lua t ion-  
environment f o r  noun groups is t o  postpone a l l  reference-eval-. 
u a t i o n  u n t i l  some s u i t a b l y  l a t e  s t a g e  i n  t he  a n a l y s i s ,  where 
the i n f o m a t i o n  has become a v a i l a b l e ,  This might, f o r  example, 
be p o s s i b l e  on the completion o f  eaeh c l ause ,  Any semantic 
p roces s ing  would have t o  involve manipulat ion ( o t h e r  t han  



rvinni_ng) of procedure-meanings, I n s t e a d  of e v a l u a t i n g  a 
procedure-rn aning immediately and u s i n g  the r e s u l  t-me an ing  
from then  onwards, t he  a n a l y s e r  would have t o  perform semantic 
p roces s ing  on the unevaluated procedure-meanings, Semantic 
anomaly could be de t ec t ed  only to  t h e  ex t en t  t h a t  the  proced- 
ure-meaning' s own s t r u c  'cure ( o r  some e x p l i c i t  l a b e l l i n g )  dis- 
played i t s  semantic a s p e c t s ,  I f  we adopt  t h i s  approach, two 
p r e l i m i n a ~ y  observat ions a r e  necessary,  

F i r s t l y ,  one way i n  which semantic information can be used 
without l o c a t i n g  the  p a r t i c u l a r  r e f e r e n t  has a l r eady  been men- 
t i oned  i n  I ,  - i f  we accept  t h a t  t h e r e  i s  some n o t i o n  of 
semantic anomaly i n  t h e  i n t e r n a l  s t r u c t u r e  of a noun group, 
then  i t  can be de t ec t ed  i n  so= cases  from the  semantic  mark- 
e r s  of t h a t  noun group while t he  procedure-meaning i s  be ing  
b u i l t  (e ,g ,  (1 ) and ( 2 )  ) Rowever, semantic odd i ty  can 
a l s o  a r i s e  from s u b j e c t s ,  ob j ec t s ,  e t c , ,  f a i l i n g  t o  meet t h e  
s e l e c t i o n a l  r e s t r i c t i o n s  ( o r  p re fe rences )  o f  the main ve rb ,  
and t h i s  k i d  of semantic checking i s  more complicated, A s  
McCawley ( 1  968) observed, t h e  s e l e c t i o n a l  r e s t r i c t i o n s  on a 
ve rb  a r e  r e a l l y  r e s t r i c t i o n s  on the  r e f e r e n t s  ( i n  t h i s  model, 
t h e  result-meanings) of the p a r t i c i p a n t s  of t he  ve rb  ( s u b j e c t ,  
o b j e c t ,  e t c ) ,  I f  we t r y  t o  opera te  e n t i r e l y  wi th  procedure- 
meanings, verbs w i l l  have t o  have s e l e c t i o n a l  r e s t r i c t i o n s  
which c l a s s i f y  procedures ,  if a t  a l l ,  That is ,  i n s t e a d  of 
s t a t i n g  t h a t  "see" r e q u i r e s  an ob jec t  which is [VISIBLE] , we 
r e a l l y  need t o  s a y  t h a t  i t  r e q u i r e s  a n  o b j e c t  which i s  [IFvAL- 
UATES-TO VISIBLE] , s i n c e  t h i s  r e s t r i c t i o n  w i l l  have t o  be 
t r u e  of the  procedure-meaning, not of t h e  result-meaning, 
(1n the  analogy suggested i n  the i n t r o d u c t i o n ,  markers l i k e  
[WALUATES-TO T] correspond t o  Montague i n t e n s i o n a l  t ypes  

C s , t ,  ( ~ o n t a g u e  ( 1 9 7 0 ) ) ) ~  For each ve rb  r e l a t i o n  R, with 
argument domains Dl ,D2,,, , , ,Dn , (def ined  on t h e  r e s u l t  s e t )  
t h e r e  is  an a s soc i a t ed  verb-meaning R h w i t h  argurnent domains 
Dl \ , , , , , , , ,Dn@ , where D i L  s e t  of procedures  which eval- 
uate t o  i t e m  i n  Di, s o  Ghat verb-.meanings a r e  r e l a t i o n s  
between procedures,  

Secondly, s e l e c t i o n a l  r e s t r i c t i o n s  a r e  g e n e r a l l y  a weak 
f o m  of c o m p a t i b i l i t y  checking, s i n c e  many noun groups (e,g, 
"somethingm",'"what i t  is'" e t c c , )  do not  c a r r y  much inform- 
a t i  on about  t h e i r  r e f e r e n t s ,  McCawley ( 1  968) comment s t h a t  
t he  verb ""dagonaliseP'  has a ve ry  s p e c i f i c  s e l e c t i o n a l  r e s t r -  
i c t i o n  on i t s  ob jec t  .-. t he  r e f e r e n t  of t h e  ob jec t  should be 
a matr ix,  However, this r e s t r i c t i o n  cannot be invoked un le s s  
the o b j e c t  noun group i s  s p e c i f i e d  i n  s u f f i c i e n t  d e t a i l :  

Be  d iagonal i sed  something, (8 )  

" Re di agonal i sed  h i s  p a r r o t ,  (9) 
The only  t e s t i n g  poss ib l e  i s  of t h e  form "could t h i s  t e r n  

r e f e r  t o  a n  i tem which meets t h e  r e s t r i c t i o n  of t h e  verb- re la t -  



i o n  ?" If t h e  ana lyse r  has  access  t o  the result-meaning ( a s  
happened i n  Winograd" program) then  i t  has f u l l  information;  
procedure-meanings, on the o t h e r  hand, a r e  of t e n  somewhat 
i n s  e m t a b l e ,  

One p o s s i b l e  approach t o  process ing  of procedure-meanings i s  
a s  fol lows,  Minograd' s semantic s p e c i a l i s t s  opera ted  on sur -  
f  ace  s t r u c t u r e s ,  combining meanings of cons t i  t u e n t s  h i e ra rch ic -  
a l l y  ( a s  i n  Katz and Fodor ( 1  963) pro jec t ion  r u l e s ) .  A s  com- 
mented i n  2, above, t hese  r u l e s  a l s o  performed reference-eval- 
ua t ion ,  and produced a  result-meaning a s  t h e i r  ou tpu t ,  Supp- 
ose  we s t i p u l a t e  t h a t  t h e s e  combining-rules g e n e r a l l y  opera te  
on procedure-meanings, and t h a t  r e f  erence-evaluat ion occurs  a t  
some l a t e  s t a g e  (perhaps a t  t h e  end of the  sen tence ) ,  I f  we 
wish t o  de tec  t semantic oddi t y  u s ing  s e l e c t i o n a l  r e s t r i c t i o n s  
a t  an e a r l y  s t age  i n  t he  a n a l y s i s ,  before  r e f  erene e -eva lua t i  on 
occurs ,  t hen  we need some way of making p r e d i c t i o n s  about the  
semantic d e t a i l s  of t h e  r e f e r e n t s ,  That i s ,  the procedure- 
meanings m u s t  somehow d i s p l a y  t o  the  a n a l y s e r  some informat ion  
about t h e  p r o p e r t i e s  of t h e i r  r e s u l t s ,  For a  common noun l i k e  
"par ro t"  t h i s  may seem f a i r l y  s t r a igh t fo rward  - sone t h i n g  
r e f e r r e d  t o  a s  " the  pa r ro t "  should be p red ic t ed  t o  be  ANIMATE]^ 
e t c ,  But l i f e  i s  not so  simple - t h e r e  a r e  " toy  p a r r o t s " ,  
and "dead pa r ro t s " ,  The i n t e r n a l  s t r u c t u r e  of a  complex 
express ion  may make non- t r iv i a l  con t r ibu t ions  t o  t h e  p r e d i c t i o n s  
about the  p r o p e r t i e s  of t h e  r e f e r e n t ,  Let  us a s s o c i a t e  with 
each combining r u l e  a  "semantic c l a s s i f i c a t i o n  r u l e "  which 
s t a t e s  how the  p rope r t i e s  of the output  i tem ( a  procedure-mean- 
i n g )  w i l l  be r e l a t e d  t o  the  p r o p e r t i e s  of t h e  i n p u t  procedure- 
meanings, For  example, t h e  r e l a t i ve -c l ause  semantic r u l e  
might have an a s soc i a t ed  c l a s s i f y i n g  r u l e  roughly a s  fol lows:  

The output  w i l l  meet t h e  s e l e c t i o n a l  r e s t r i c t i o n  of 
t he  verb-s lo t  from which the r e l a t i v i s i n g  occurred,  ( 1  0) 

This i s  in tended  t o  express  the  f a c t  t h a t  a  c l ause  l i k e  

m a t  I saw ( 1 1 )  

w i l l  r e f e r  t o  an  item which i s  [VISIBLE] s i n c e  the  ob jec t  of 
"saw" has  been r e l a t i v i s e d ,  a s  t he  ob jec t  of "see" has t h e  
s e l e c t i o n a l  r e s t r i c t i o n  [ E V ~ U A T B - T O  VISIBLE], S i m i l a r l y ,  i f  
we assume t h a t  "break" p r e f e r s  a  [PITYSOB] (Winograd% marker 
f o r  a  phys i ca l  o b j e c t )  a s  i t s  objec t  r e f e r e n t ,  then  ( 1 2 )  w i l l  
have a  r e f e r e n t  which i s  a  [PHYSOB], (Th i s  ignores  the  s l i g h t  
problem t h a t ,  s i nce  rue a r e  d e a l i n g  d t h  preferences ,  even t h i s  
p r e d i c t i o n  is not ca s t - i ron )  , 

What you broke, (72) 



The aim of t h i s  paper has  been t o  examine t h e  semantic process- 
i n g  t h a t  was c a r r i e d  out  i n  Winograd's program, arx3 to p o i n t  t o  
c e r t a i n  modi f ica t ions  t h a t  may be necessary,  The terminology 
used has impl ied  t h a t  syn tax  and semantics  a r e  s epa ra t e ,  c l a s s -  
i f i c a t i o n s  l i k e  "subjec t"  and " o b j e c t r b r e  used r a t h e r  than  
F i l h o r e - s t y l e  deep cases   illmo more (1968))- It might be f e l t  
t h a t  t h e  d i f f i c u l t i e s  r a i s e d  he re  a r e  consequences of t h i s  
approach, and would not a r i s e  i n  a more obviously seman t i ca l ly  
based model, This i s  not t h e  case ,  s i n c e  the p o i n t s  mentioned 
he re  have a r i s e n  while a t t empt ing  to work wi th  a model i n  which 
the semantic r u l e s  have t o  t a l l y  taken over the prominence prev- 
i o u s l y  a f fo rded  t o  syntactic r u l e s ,  and i n  which deep c a s e  
s t r u c t u r e s  a r e  used, The problems a r e  i n h e r e n t  i n  t h e  t a s k  of 
performing a 1  l process ing  ( i n c l u d i n g  r e fe rence  eva lua t ion )  as 
the  a n a l y s i s  proceeds, 

The r e l e v a n t  p o i n t s  a r e  a s  fo l lows ,  Semantie anomaly cannot 
be decided once and f o r  all a t  a l o c a l  l e v e l  and i t  i s  probably 
b e s t  handled by some kind of o rde r ing  o r  "preference" system, 
I f  we r ep resen t  noun group meanings as procedures ,  t hen  semantic  
process ing  r equ i r e s  environments i n  which t o  r u n  those  proced- 
ures ,  These environments may not be determinable a t  a l o c a l  
l e v e l ,  and so i t  may be imposs ib le  t o  f i n d  a r e s u l t  a t  ome ,  
This  sugges ts  t h a t ,  i n  a t  l e a s t  some eases ,  semantic  r u l e s  
should handle proe edure-meanings r a t h e r  than result-meanings . 
I f  we wish t o  e a r r y  out semantic  preference  a t  an e a r l y  s t a g e  
us ing  procedure-meanings, we w i l l  need a device  (such a s  t h e  
semantic c l a s s i f y i n g  r u l e s  of Sec t ion  2b, above) t o  l a b e l  
procedure-meanings with i n f o m a t i o n  about t h e i r  r e s u l t s ,  

Exmin ing  t h e  limits of semantic process ing  is a necessary 
p r e l i m i n a ~ y  t o  a t t a c k i n g  t h e  problems involved, Asse r t i ng  
t h a t  Minograd has shown how t o  use  semantic process ing  du r ing  
s e n t  enc e-analysi s obscures t he  r e a l  c o n t r i b u t i o n  of Winograd' s 
program - namely, provid ing  the  foundat ions of a framework i n  
which s u b s t a n t i v e  ques t ions  can be examined i n  d e t a i l ,  
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i(iffen.mt v h e s  2%- i~ &f"ferenL 
t%ontedsB@. The exteneioa t o  has k e a  the provi- 
siora of a "demon" a procedure hvoked 

t a 
i % t o  the 

pa%tem, Bi Rpossib a prodded, so that 
z e d  o r  ~imullated daka-bljase i"es q be gmerated w d  Lrled 
oae a% a t h e ,  if" neeessm,  Ge~era%ors ase the proseas pa&- 
we, deaedbed below, PassibUities l ists w e  themselveg 
gae~a+&rs, m *a% cssrp1keiP; $is%a esf passibfl i t ies  don@% have 
%a "ga e a t  up, 

Eight ,&mdmd of pa%tsm-bv~keel demons me  prseded9 
~ h ~ s e  nmes oaar m&m 
EASmm J ms m m ~ ,  &P= 
& 5 r n r n 9  
r e a h %  da%a-bme dtera%ions - espeo iaw  n a e m  for de-. 
Mga. The wstern U e s  E% e a q  ts d d b e  a d  use f i ~ h e r  
% ~ e s  of demons. For h s tmoe ,  %he h & f o a  BUEJU t&es a 
pa%%em, & a. X i s t  of types of demons, a d  eaaaes d deaons 
of the % n e s  %i&edlsskbQse pa%%ems ma%& the given pa%tem, t o  
"k exeoa%ed. TMe i s  t-raed the  pmcesses packwe, Ro- 
cesses w be sa% @"wessqestg La the fcam a2 pa%"i;msa, Eaeh 
& a s  of processes lases a ~ p e o i a i s e d  8e% of demons t o  react 
t o  a& massees.  late^ we &a U=%ta&rate the t%se o f  %he 
Ba%s bwe ia c o & b a % i o ~  ~ d % h  $he process packwe, 

The process pack%@ cansi&8t of (a) ca, ~ & e d d e r ,  (b) p~poeegm 
e ~ e e ~ . % a  fcacfl i%ie~ a d  (6) a ~ e s s ~ - b ~ @ ~ e & s t ~  w&m, 
~ ~ h r i &  uses *e da%& bme, These %dl1 be descr%bed $an that  



order % 

The s o m  a t t q t  h o ~ e r e ~ ~ 1 6  %he f o l l  
bbem. be mays- a ~ d e  sw&ety of p i  
Trmmmts, yet mting t c t  d t e h  at% t e  %he mast impor- 
t-% featwes  w %hey emerge, mis es te  %he need fop slome 
e & r d  jateUigen% pmcess a%la arr ew of eve*h* 

 at ilagorraed deefaioas c m  be %&ene Ye% no 
s%raLor e m  mmqe a %he coqzex d l f f e r a t  
edge reqdred fo r  e s q m a  m f e r a t  possible 

devdop~mLs, We have therefore %Aed to dee~nrpose %he sche- 
cltx$% task as foabows, 

B e  c e n t r d  sehedder hows o w  &ou% %he mdos categories 
of jobs ~~hiekr q be re* 50 m a  mess ce;LegerW m e  h i d e d  
h SCmm, & m A e v &  pmeess~lf~ h m  ho~g t o  decide, on %he 
biasis of de%aUed evidence &vaSabXe Lo % h a 9  when %o ereate a. 
Job, md &Teh eategoq t o  a s s i s  2% %o, o r  more g e n e r u y  
@M& j ob-de scription cia%e ~d~ LL, For a d w e e ,  pm- 
cesses eoneerned d"t;h 1 g 1 b e = f i ~ & g r  b % o  l a g e r  
c211s%ers rsight be able eids t o  create a laygo%hesis Lh 
Jm@a;ion betwe= two bms has b fomd, haTglothe~is 
bs a pmcess &eh m q  collee% her midmee, md psrhrrps 
1- i%sU wjl%h o%her b w - e o  ea %a gaem°a"t;e a le%%er hy.. 
po%esis * 

A s  B&& process i s  either M t i U y  mea%ed, os  g i s a  aome 
a@@ efldm(3e9 5% e m  pt i%graf ~ % o  a qpmpria%e ca%egow 
0% l e  Joba, l e  t t o  $.he c m % r a  sohedder t o  de- 
e i  h categoq at* m& mo&=%. SQ %he 
s&eWer  has Lo do the m& mos2;mt amo~-eq%y eat* 
goq, md select a job fmn i%, elthes* &-bit~mfiy or  by a&- 
a w e e r  fo r  that categomy ale-Q schsdders then- 
s a v e s  t o  be pmeesses h i c k  CO?S? ~ 1 9 ~  f o r  B trakadle, % h a  lad%,  
%hen eon%bue, we e m  m o w  sorae 02 %he t o  have %heL~ o m  
% o c a  versfons of %he sehePPu%er, d t h  %he* o m  l o c a  

Sbee  mE does ape% p ~ ~ u & d @  s %be-&wbg  facbli%y, 
has %a t&e c a e  t o  d e s i ~  mcaddes so %hat they 

f o r  Loo loag, For b&mce,  ~rheasver a process does 
soae%hbg p.Mef-H q have chpea%ed o r  rese%iva%ed more impori;an% 
processes, % h a  i$ &odd au@enc% i % ~ e f  soon &%ere The 
DETACB f aaai%y, descfibed bdow, nbkes %h$s pcasdble r 

me nse a% jab-deseripticaaas b s t e &  s f  nmpefisd p ~ i o r i t i e s  
has ai M ~ D ~ F  of a d v m t e e ~ ,  For h & m c e  52 %he %ask elzmges 
(e.&, "f id d l  v e ~ i e &  bw@@),  he^ the order of jar?polrt;~klace 
~ e p ~ s s a % e d  by %he achedae c m  bs a t e r e d  09n %he basis of 
bow1edge of a c h  kbda  of praeesaas me  r e l e v ~ a t  t o  the 
%a&, m a e r ,  if a r&a%i as%=% process needs a @* 

o u i c  lo~g=lear& pmcess t o  be (@.gad 8, bcw proeealf~ needs a 
U*B@;E=% Ipmeess to geL W o m a % i o ~  &boa% jmekioas a% i%s 
ends), &ea. bs t ead  of j w l a  .ed* p ~ o d t i e a  %he f i re% 
pmoeaas e m  look h %he appropAa%e job @a%egow, f b d  &a% fL 



nee& md m Ad, 
%e p~ocesecrea%ing facflitfes make elPteasive use of "piu~. 

%id &pplica%ioaad one of the fe~%mes of mP2, A mR m e -  
%ioa am be par'f;i of wm~?n%s, $0 8 

For e me%lon assiss be 
the ~seond elemat of E, 

E IXL is ez list, lt~e e m  W e  a & o w e  u& behaves Iae a 
met%oa h o s e  execudion assif?ns %he trord @ca%$t %to be %he 
secaad deaneat of 19, thus: 

mew % h e  mTCBT is exeeu%ed, it s the %ulPc$ioa mSEGONP 
b m t;n*ornat in ~ielr X eand L m e  g2vm tehe %m Rfiozsss 
v&txes@ speesied, T h ~ s  HUTGAT has bo%h gmgrw md data 
&pad d%m A%, 1% c m  be emeuhd, l&a a mction, but It 
c m  aso be easeesaed, lihe a da%a stbme%me, Bo%h the fmsen 
v a d  Wre fmzen procedma rnw 1a%er be atered, Ey 
8 a mP2 r?lagure a po~P;er .t;o i%seU, we e m  allow i% %a 
qda%e i%s a frog= vdueg, SQ it C= b&ave like a process 
pcd%h B memory, d i k e  o r a q  me"tons, Do- Ufs & mR 
zegdres d& Metions whi& m e  wly a d  obscure, So we 
have &&bed @maems@ &I& d % e ~  the mtm, M. %he 
u e h e s s ,  The ea%ra l  ideas mme hrn Steve E W @ ~ E  Om 
w&=, ent1y mder developntmt , 

"re most basic m e c h a m  is the creation o f  ;t;; @processE 
csns$stbg 0% a faction md a vasiable- g enviroment 
~shich, d i k e  rn ordfnary B8E elowe, remember =sign-. 
nests .to i%ssnriables, EFOO is amc%Ion ira v~laicbz %he 
vwiaObet3 B Q a d  R m e  130% declmed a 1oedh3, tbm %he bra- 
ckets tf \e t m  algd @tt  ~ / t @  e= be used to crezp.%e a process vrkrose 
"mmager" fs a e  g"unction mO md  those e n d ~ o m e n t  uses the 
V ~ E Z ~ B  0% P Q md B B% "che %be of  crea%fo~, 

mOG is sew a precess ajkieh m F W  each time it is exeeu- 
&% .fX PW assigns new v d ~ e s  to P, 9 or R, than %hey 
be remembered fos sabsequsEa% exeeu%i~~s, 
a& processes e m  be accessed frakg gapttside, For bg"tce 

~ Q C Q ~ ~ P " )  d19 produce %he cwre~% v d ~ z e  0% P in PROC, &Q- 

eeases autorn@%iea7.1y get apdaters+ 

evd?~a%e a 
l o c a  ~ w a b l e  



m e t i o n  or  lmbda earpression md give the en% process 
a new nmrJger function, 

w effects could have been obtsined using the slate- 
ions of PO=. Eotsever, this m a d  have been much 
t o  use, euld mu& l e s s  e 2 f i ~ i e n . l ~  

We have provided adi.tiona3 macros md flulclions, using the 
pmceawereatirag ets, Jco provide featmes a a o g o u s  Lo 
the @ d w s e ~ i @  of A6'7r We use %he %em rvroeesm&e~@, 
TMa denotes a funetfon wM& creates a process, does some %xi- 
t i d i s f n g  eorrtputatfasp sueh as setting up datessLkuc%ues f o r  
the pmcess;, l h m  re% rpoaess, The pmcese has the 
f eat;ures aaLioned Isbove . her, %he maem mTAh:W, ilPuslra-. 
ted below, mnkes i-2; possj-bl m i t e  code ~ h i c h  e m  be exeeu- 
ted, l e f t  f o r  a trhiae, *en con%buedt oeeas-M%idi-  
sigg bstruet ions  are a s t i w i s h e d  by 
wrds  @INITLAJ;ISEtg and @13EGmRb, 

Were i s  a simple exampler a proees 
genera%ors for paipls of amberse 

mQ P A m  ' J T ~ P  
IAT 
vm X Y j  

BEGrnf  
FOR X IFfROM 1 J3Y % TO 

FOR P mOM 3 Ex 1 To 
G O N S P A ~ ( W , H )  
DEUCE5 

m D O ;  
ENIIBO; 

8 

V m  P A B W j  
PAIBS(s,?) 4 

B U W  i s  now a process @hi& d l  gaera%e a new p d r  each 
tfne i J c  is exee~ked, it i ded, in wMch case i% 
prodaces the mP2 R t e  car" 

A nzssm whfeh uses mTACH, is pmalded b enable 
one g a e r a t  este md nse oLhe the erewption %ha% 
a @&8ta&ed gmerator @d%a, produce as i ts  result,  The 
20Uo l a  a reewsive procesmzckes *sh sreates a genera- 
t o r  far the &%oms of a b e e ,  (m mP2, a d  = e o m e ~ o n d  
t o  md CDR 06 LISP). 



is now sa pm@ess Web whsn S b &  c u e d  
@@A@, ~m .t;he ne& %be @B@, m d  evm 
aged lfie  ME^ is rather h&fiaiea%, 
facfiities, 

%&es ~ l r p a % s ,  Kowwsr, a 
ion wU& %&es wpenls, in 

o%hes pmcesses "to go caLe d L h  
For bs%mce we w e  emm%lgr ear-. 

f pmcesses zlse %he 

A process d % h  thi~ anmagel. o w  ff given en - p e n t ,  
Hf it is a m a l i o n  it be eeea ted  b the en- 

is ar~sulmed to be s 
ne or mre d8180as of %he tries 
The da%hbase adex 18 nsed %o f h d  

nse U f e ~ a t  versions of DB40M Fos hsk;=ce, Zf some 
have demns fiela h o w  ki, maderdmd -11 slr, %hen 

they c m  tU to oae mother %a =I%&, h 
fu9e%ions and ~&%%8m8~ m cak;er f o r  %I* easese 
a%* d t h  a pro~essa~ if you h o w  ems%ly what 
o do, thm send 2% a m @ % i n n  t o  ewe~~%e, Other- 
a pa%%em a d  l e t  %.$ use $%@ o ~ m  e~edise, 

processes %o have .$he* -%%a versions of WQN- 
.&he r&eve;nt praeesm&e~~ sre d a w  bsLmees 

ts @Merit@ gsocedwd a%%rLbu%e m a e b  qecieee IIo%= 
evw, h&.g.ida& p m ~ e s s ~ s  m Cheb okm vcrsioaaa. 



The concept of sr pmeessdes is dm e d  
mt1y eqerinzmt- wit;h weys of aowjng 

pmeess-vasiables Lo trigger suit;&:,le 80tions, 
f s possible Lo at%&& @'ed%fi demons Lo a pmcess, Fahfch dlf 
arabnaticay amever eont;ml is &on% %o leave %he pro- 

Thus & pmces8 fi& needs to be e m  eaborjvG some- 
g, for a sho& %be, e m  g%ve ftself su dew=, Tor as 

b pmcess raw be loes%ed a% m @a&esst@ h ~e da%a base, 
or poasibu at severeil 8ddresses The &~a@.kfon S T O m T  t&es 
a pa%tem m d  locates the emen% pmeess a% the address speei- 
fie&, me ad&ess is a. publie desefip%i~n of some mor%w% 
fm%s about the pmcess, e,g, i%s L n e  and Xoeation 5a the 
gie%we, sr m ~ b e  some of its relations 4% other % h a s e  In- 
~ide %he pmeess is %he mope de%aed ation it needs to 

to have represen-. 
ted 5.z %he datadase bdex, We eoad hrrrve repxlesat;ed eve=- 
% m g  data base items, end done he1Saozat proeesse~~ but %hat 
~sodd have Loo m q  disadvm%eesg of the r o ~ s  &wmLed by 
Born&%, Ww md Weilinga Fntheir @on%ributions to tMs eon- 
%erace, 

cad* mechdsarr is pmdded to eneible 
pmeesses to eo cab e%h one mother, aging their 
&&esses h th a base, d nsesswe m g  be ei%%aer a 
pa%%em, a& bvoke appropPcrj-a%e fiasne demons, or  a wrd 
or a mckion, In Lhe fatter % ~ m  cases Lt sad= be eva%u&ted 
An the e n d m m m t  of each recipimt, The %=get &odd be a 
desc~pLisn sf" %he htmded reeipiats, For h&mee 

teU %he qpmpriate $ h e  pmeeas that s new pobt has 
be= fovad $or it a TM8 &odd ae%ivea.%e, apgmpr%a%e de 
%he et~vri.mmat sf %ha% proceaa. To po&po~e mese~ge s 
m t 3  therefs no.t;hbg mre mod=% %a be done, nse the 
folbo7zlg wtst 

Thris ~ a ~ s e  the s a% %he mess Q be a job to be 
mLi~a%ed by the sehe The sender Pre %y dela&, 



a d  hope f o r  a reply l a t e r ,  
mesl one process s mother by a d l i n g  it e q l f c i t l y ,  the 

secolad e m  reply by leavhg  results  on the stack, as sub- 
rou tbes  6ia Ln POP2, BuL when messwe broadeastbg i s  post- 
poned, the sender may no% be active &en the message i s  re- 
ceived, so the stack canno% be used for  replies,  32 a repby i s  
seeded, the mess=@ mst hclude some datat..&s?lc%ure &Feh the 
s a d =  cr%n e e l a t e r ,  For betanee, 

uses p&i& app9icalion t o  create a mssage e m  be sent. 
t o  a l o t  of l ines,  By 1ookhg a t  GONT(LETT~OX) from Lime Lo 
t h e ,  %he sender dll, aseover ~r&ch of %he l b e s  has a size 
greater thsn ten, SimiLw1y a letterbox can be fncluded as 
p& of a pattern message, I n e i d w t a y  "cue shows how pro- 
eetsses which a"7;bsl o%lly lcnow af one -%her by desefiption 
e m  get a e e t  pob te rs  t o  one @;nother, 

This message-sending meehmim, combiged kpitls other PDP2 
fea.&mes, mch w h t e m p t s  a d  incrementa3 eompilatfon, 
enables the pmgr icate wit;h processes in mu& 
the sme F T ~  as they e &e vslth one mother, '6his i s  
bdispms&le during d 

Ewe is m e how da%a base demns can use 
proeess brackets t o  save s po&ion of the mviro9me;nt lin f i c h  
%he$ %rere created, Benrons of %me mmm me act5vated when 
a iF1EmBm cornad i s  msuceessPu3, We 5qrn.a; m mEEBm deman 
t o  t q y  t o  ms t~er  a on, snd 3 2  %=b f a s ,  t o  plan$ rn E'- 
ASmm denron WMC watch out f o r  %he a m r e  If the 
~tnsr$rer %ms up Itster, the ~ecowd dmon record %he fact,  
~ M e h  %rigger off other dmoaas, %hen i t s e x ,  %he 
pmtazm i s  *at the second demcsaa ang m loag a e r  i ts  

esrited, eo %fie% it needs t o  gave r&evmt pasts of" 
avbromea?t, u s h g  %he pmeess brackets, ID the 
8 news use %he e mt v d ~ e  of3  a d  $a$++@ ,ems 

gLve %Us vmiable a udue d u b g  m&+cmg, 
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rn 
A einll of I E V E C ~ ~ M  3 5 833 3 5 @>hers never been 
wsefied, activate the in addition, 
&sTnn 2 5 as never beeg as8 produce a re- 
cwsive e U  of the demon, mia i h - o t  be proved, % h a  the 
DUSmTE53 demon, h %he form of a process rmernber* the 
tpduee sf  I P a d  Z, be &ded t o  %the da%a bme. If 1% 
ge%s t ~ L s e r e d  leiLer, i% w U 1  r m m  I t s e x  *om the hdex  md 
&ope %he solution to  the problem, ~rhich aeLivaLe other 

w d t -  f o r  %he solution, Demons ~ a z l  be given nmes, 
it emy fo r  one t o  access mokher m d  k f i l  L.t if it 

s redad&. Thus ehaiws of denoas b -&he da%a bwe e m  
psodde some of the funsctions of s d % f f l e  stack msch&me 
m e  laek of df ic ieney i s  perhaps conpms&%ed for  by the ease 
of h%e%proce~s eo 

seLa a amber of &ffermt  processes goiwg in gerszdlel 
&en presa%ed wiu a pickwe Lo b t e q r e t ,  Some c o l l e ~ t  glo- 
bQ rsta%dsties a b o ~ t  the pietwe, some sem& f o r  d ~ 8 ,  corzfigcrra- 
%ions swges thg  lines. Tfaeae ww k~igger" ~ f f  o*er processes, 
aoae d e e i m g  whether pmdlel  $ h e 9  choad be 1 
@%.ta.bes@, some keep- %rack of JmeJ&ions9 m ~ e  t 
"tube-seetions" W o  f wger s t m e t w e s  eke, 
fabreedah f9ratR appr is r e q ~ r e d  meMy bscause, ~ t h  a 
Xmge tanao1768% of M o  on avdlable for  tsraaysis a d  bter- 
prek.a%Lo~, 1 t  rnw not be emy t o  &acid@ %&a% t o  do ne&, e ,g , 
T&&c~ ~ o d i w a % i o a 3 s  t o  look for,  @ad trhere t o  look f a r  them, 
Deefd5~g ba%wea stack &tema%fves ItseU reqnheg m d y s i s  of 
eddmco, aaad it WU ~ 6 4 %  be obbous t%a% %he -offa;=% clues 
me, nok t~here $hey are, So bbsJid2y n w  gossibUf"%ees me  
sqXed, hma-tfi items both mmbffioaas a ~ d  rela%isaely inrpordmt 
begh  t o  emerge, aueh as a long 119e, m t ~ ~ m b i ~ o u s  clue t o  
%ha loc&%ion of a lbe, m aspect of %he style of %he pictwe, 



or 8 set of liaked &@raents a& &y iden%* a born 
lether, What caunds w d U  depend on tl.le stwe of 
mdysfse TJle scheduler ice the enaergaee of new im- 

them befo~e others &pproa& aeems 
%hat used i~ %fie PI sydem at 

We w e  sided by sever& prbcipbes, b e  is to tase deserip 
$ioas &erever possible insled of anmeric& weights o i- 
tfes, s~ %ha% %he program has adequate Womakion for 
dea%sions, bother is to select kaypotkrese ~ 0 %  on the basis of 
theLr stah3post, or probability, "st on %be bmis of the* ex- 
p b m ~ t o q  power (= recornended ia Popper 's philoso& of 
sciace), For mee, w a ~ k  on et lmge pie-bme fragment 
sather %ha a s one, buL %fork on a &~mea% rather 
% h a  a pictme fremenL, Bra.$ %Us re s a fw.t;ker principle, 
rfhich is not to let my hypothesis be ra%ed d e s s  there is 
good reasorr. to do so Eurd one is not simra9%aneously generatirag 
Zmge nrnbers of rivd hypotheses, Tam there 
chaos- betwean eltermatfves on the basis of 
d ~ ~ @ t  gme~ate either, h&e& there shodd "ra a description 
0% T-& c o m a  .to bo.t;h, Hope %ha% eLaek ness detdhed evi- 
d a c e  emerge to decide $he isme (or look for i-b Ff you 
b e r g  i% ea;n be found qdeuy), or else glob& relationships 
behen ambiguous, htemeaate struc%wes FU enable lwgsr, 
m&ipou;f clusters, to enesge ~~tlaoat combh&%ori& seasches, 
IFOF emple, as Badfs p&per for %his coderenee shows, 
globaft, relation e m  a elu&es aP mbiguous lhb-like 

%here@s %dt%le hope of f b  bocd cBe%aUs to Use ate 

a3.l this mrk requf9.e~ %he pssg~a to have s lwge 
s%~@e of es~cepts eomaesponmg 2;o v~zioua Ehtermediategv 
XeveXs of stmetwe, so that it never aee& to %Pke lmge 
leaps f ~ o m  what Lt h w s  to shdcy motfaeses, En rdation to 
dots ~d leL%ers, iplterraedi~~%e esneepts a d a d e  !%lbe segmmtR, 
' b ~ " ~  " ~ " s ~ t r  ~u;~c"~oD'. FSe ~e~ Grape's tm~k as OB~&ra%bg 
%he m o d m c e  af usbg in%emec$d~%e &mc%wes "9a%tqeen lbe- 
jmc%9~at3 wd pi c%wea of %&ole tsbJec-.k;s, m s  kind of eqer- 

t&n B S ~ ) P ~  6 d y  h 8 ' f ~ & m a y  t - l ~ ~ l C f t ' G  ~%(~%uFBS 
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A, M, S t a n i e r  

P L A N N I N G  TO MAKE TRICKS AT BRIDGE 

P l a y i n g  c o n t r a c t  Br idge,  -illere i s  a b i d d i n g  s t a g e ,  t h e  f i r s t  
card is  lea, t h e  dummy-nand i s  exposed,  and t h e  d e c l a r e r  t h e n  
~ n o l r s  e x a c t l y  what t i  ( s e e  f o o t n o t e )  nas  t o  p l a y  w i t h  t o  make 
t i s  c o n t r a c t .  It i s  u s u a l  and a d v i s a b l e ,  t o  pause  f o r  thought  
a t  this p o i n t ,  and make a  rud imenta ry  p l a n  as t o  how t h e  con- 
t r a c t  shou ld  be made, T h i s  paper  examines t h e  t a s k  o f  making 
such a  p l a n ,  and d e s c r i b e s  a program which a t t e m p t s  it. 

The program i s  t h e  second s t a g e  i n  a  t h r e e - s t a g e  program 
which p l a y s  t h e  e n t i r e  game, The f i r s t  s t a g e  (which b i d s  a  
nand, and i n t e r p r e t s  a l l  t h e  o t h e r  b i d s ) ,  i s  d e s c r i b e d  i n  (2.1, 
'rne t h i r d  s t age ,wf l i ch  p l a y s t h e  c a r d s ,  w i l l  h o p e f u l l y  be wit- 
t e n  i n  t h e  n e a r  f u t u r e ,  

T h i s  paper  assumes a  r e a s o n a b l e  knowledge of Bridge;  t h i s  i s  
r e g r e t t a b l e ,  bu t  unavo idab le ,  The A , I .  ph i losophy  behind t h i s  
r e s e a r c h  has  been t h a t  t o  produce a n  i n t e l l i g e n t  program, it i s  
n e c e s s a r y  t o  g i v e  it a l l  t h e  b e n e f i t  o f  human knowledge i n  t h e  
p a r t  i c u l a r  f i e l d ,  

Thus t h e  b r i d g e  program has  coded i n t o  it a great d e a l  of 
B r i d g e - s p e c i f i c  knowledge, It would be imposs ib le ,  i n  t h i s  
paper ,  t o  d e s c r i b e  t h e  game i n  s u f f i c i e n t  d e t a i l  f o r  a n  ab- 
s o l u t e  beg inner  t o  a p p r e c i a t e  i t ,  A r e a s o n a b l e  i n t r o d u c t i o n  i s  
i n  (1 ) ,  T h i s  a t t i t u d e ,  t n a t  one ought  t o  deploy a l l  t n e  know- 
l e d g e  a t  ones  d i s p o s a l ,  is a c c e p t e d  i n  f i e l d s  such  as language 
u n d e r s t a n d i n g ,  o r  v i s i o n ,  p robab ly  because  most p e o p l e  have a 
d e e p l y  i n p a i n e d  a p p r e c i a t i o n  o f  t h e  t a s k s  invo lved :  I wish t o  
app ly  what a p p r e c i a t i o n  I have o f  Br idge ,  

The first s e c t i o n  o f  t h e  paper  d e s c r i b e s  t h e  t a s k  t o  be  t a e -  
k l e d ,  u s i n g  an  extended example, i n  which we b r i n g  o u t  t h e  

cg Impersonal  Pronouns 
E n g l i s h  c o n t a i n s  no e l e g a n t  way of  e x p r e s s i n g  impersonal  pro- 
nouns,  E a r l y  p a p e r s  would u s e  t h e  word %hehat  t h i s  p o i n t ,  
t h u s  making a l l  b r i d g e  p l a y e r s  male,  L a t e l y ,  t o  b a l a n c e  o u t  
t h e  e f f e c t s  o f  male chauvinism,  some w r i t e r s  have t a k e n  t o  
u s i n g  ' s h e g  i n  such c o n t e x t s ,  t h u s  making a l l  p l a y e r s  female ,  
To a v o i d  t h i s ,  and t o  avoid t h e  cu~ersome ' h e  o r  s h e P ,  we u s e  
t h e  f o l l o w i n g  system of  impersonal  pronouns:  TI  = he o r  s h e  
TIS = h i s  o r  h e r s  TER = him o r  h e r ,  These pronouns were 
f i r s t  sugges ted  by Gul len ,  G i l e s ,  Lloyd and Mooney, and a r e  
recommended a s  s t a n d a r d  usage ,  



va r ious  scnemas used by human p l a y e r s  t o  make t r i c k s .  This  
examp"1e i s  given i n  d e t a i l ,  which may seem excess ive :  t h i s  is 
necessary,  a s  t h e r e  i s  a  g r e a t  d e a l  of d e t a i l e d  r ea son ing  
underlying t h e  choice  of schemas, which we wish t o  fo rma l i ze ,  
The second p a r t  of  t h e  paper d e s c r i b e s  t h e  ope ra t i on  o f  t h e  
program, a g a i n  us ing  an  extended example, and shows how it 
d i scove r s  p o s s i b l e  schemas, and chooses from t h e s e  a  b e s t  plan.  

STATEMENT OF THE PROBLEM 

Af te r  t h e  b idd ing  sequence, t h e  d e c l a r e r  knows t h e  trump s u i t  
i f  any, t h e  number of  t r i c k s  needed t o  make t h e  c o n t r a c t ,  and - 
i f  t h e r e  has  been a  c o r ~ t e s t e d  a u c t i o n  - t i  w i l l  a l s o  have some 
i n d i c a t i o n  of  t h e  d i s t r i b u t i o n  of  t h e  miss ing  c a r d s ,  T i  w i l l  
a l s o  have seen t h e  l ead  ca rd ,  and w i l l ,  perhaps,  have been a b l e  
t o  make deduct ions  from it. 

We contend t h a t  t h e  d e c l a r e r  b u i l d s  up a p l a n  f o r  p lay ing  
t h e  c a r d s  by recogniz ing  c e r t a i n  schemas f o r  producing t r i c k s ,  
and by cons ide r ing  t h e s e  schemas, and t i s  knowledge o f  t h e  
i n t e r a c t i o n s  between schemas, g a t h e r s  t oge the r  a  s e l f - cons i s -  
t e n t  set of  i n s t a n t i a t e d  schemas s u f f i c i e n t  t o  s a t i s f y  t h e  
c o n t r a c t .  The d i f f e r e n c e ,  i n  our view, between an expe r t  
p l aye r  and an average one is t h e  number of schemas recognized,  
and t h e  pe rcep t ion  o f  i n t e r a c t i o n s  between them, 

Example 

Suppose West is  t h e  d e c l a r e r ,  a f t e r  t h e  fo l lowing  b idding  
sequence, 

3D DBLE NO 3S 

The card  l e d  by North is t h e  diamond King, and t h e  hands i n  t h e  
p a r t n e r s h i p  a r e  

West now has t h e  t a s k  of t ak ing  a  minimum of  10  t r i c k s  with 
spades a s  trumps, From t h e  bidding,  t i  can t e l l  v a r i o u s  
t h i n g s  about  t h e  hidden hands, Norths opening b id  of 3D may be 
assumed t o  be convent iona l ,  and shows a t  l e a s t  6 diamonds with 



no a c e s  o r  k ings  i n  any o the r  s u i t ,  Therefore  South probably 
ho lds  t h e  missing a c e  o f  h e a r t s  ( n o t e  t h a t  t h i s  is on ly  
probably: North may have been b l u f f i n g  when t i  opened. Th i s  i s  
h ighly  u n l i k e l y  ( a s  North would probably no t  open t h e  b idd ihg  
wi th  a  f a l s e  b i d ,  s i n c e  t i  would f o o l  t i s  p a r t n e r  as we l l  a s  
opponents) ,  but  it is p o s s i b l e ,  But should West want t o  p l a c e  
t h e  HA, t hen  a  p r i o s i ,  t i  should assume t h a t  it i s  he ld  by 
South) ,  The l e a d  of  t h e  king of diamonds i n d i c a t e s  t h a t  North 
probably a l s o  holds  t h e  a c e ,  

West should then cons ide r  t h e  s u i t s  i n  o rde r :  I n  spades: t h e  
p a r t n e r s h i p  ho lds  a  t o t a l  of  t e n  ca rds ,  i nc lud ing  t h e  ace  and 
k i n g ,  Thus t h e  oppos i t i on  hold on ly  t h r e e  spades,  and s o  it i s  
p o s s i b l e  t h a t  s i x  spade t r i c k s  can be taken ,  The missing c a r d s  
must be s p l i t  between Morth and South 0-3, 1-2, 2-1, o r  3-0. 
I f  it happens t h a t  Morth ho lds  a l l  t h r e e  miss ing  ca rds ,  t h e r e  
i s  no way t o  prevent  t e r  t a k i n g  t h e  queen: any o t h e r  d i s t r i -  
bu t ion  can be c l e a r e d ,  The p lay  of t h e  ace  w i l l  r e v e a l  t h e  
d i s t r i b u t i o n  ( a t  l e a s t ,  it w i l l  f i n d  ou t  whether t h e  c a r d s  a r e  
i n  f a c t  s p l i t  3-0 o r  0-3, i n  which ea se  t h e  void p l aye r  must 
d i s ca rd :  should both fo l low s u i t ,  it i s  not  p o s s i b l e  t o  i n f e r  
who holds  t h e  t h i r d ,  bu t  it i s  no t  necessary  t o  know), Suppose 
both opponents do fol low: t h e r e  is  then  only  one ou t s t and ing  
trump, which w i l l  have t o  be played when West p l a y s  o f f  t h e  
king,  There w i l l  t h en  be 4 c m d s  i n  t h e  East hand, which w i l l  
a l l  win, a s  any card t h a t  might have beaten them has been d r a m  
Suppose, however, t h a t  South does hold a l l  t h r e e  missing ca rds ,  
t h i s  w i l l  be  revea led  when North d i s c a r d s ,  It t h e  Eas t  hand i s  
then  en t e r ed ,  and a low spade played,  South is t rapped:  should 
t i  p l ay  t h e  queen, t h e  k ing  w i l l  t a k e  it,  promoting t h e  jack,  
But should t i  not  p l a y  t h e  queen t i  is known t o  hold,  West 
merely p l a y s  t h e  jack t o  win t h e  t r i c k ,  This  procedure ( a  
k ines se )  i s  f r e q u e n t l y  used t o  e s t a b l i s h  low c a r d s ,  Thus, f o r  
spades t h e r e  a r e  t h r e e  mini-plans which may be considered:  t h e  
p lay  o f  t h e  t o p  two c w d s ,  a p o s s i b l e  f i n e s s e ,  and sunning any 
long c a r d s  which a r e  no t  needed f o r  p u f f i n g .  S ince  spades a r e  
trumps, it w i l l  no t  be necessary  t o  p r o t e c t  t h e s e  mini-plans 
a g a i n s t  benng r u f f e d  away, However, it is p o s s i b l e  t h a t  p l a n s  
i n  o t h e r  s u i t s  based on r u t k i n g  w i l l  vitiate t h e  long t r i c k s  
p l an  an spades ,  a s  each r u f f  w i l l  remove a low spade from t h e  
long t r i c k  l ist ,  

kn h e a r t s :  t h e  p a r t n e r s h i p  must l o s e  a  t r i c k  t o  t h e  ace ,  but  
can then  win t h r e e  t o p  t r i c k s ,  Thus t h e  mini-plan f o r  h e a r t s  
i s  t o  c l e a r  t h e  missing ca rds ,  t hen  run  t h e  s u i t ,  3 t  is  
obvious t h a t  t h i s  mini-plan w i l l  f a i l  i f  t h e  s u i t  is  be ing  kuf-  
f ed  by e i t h e r  of  t h e  opponents,  Thus it is  probably adv i sab l e  
t o  c l e m  trumps i f  p o s s i b l e  be fo re  a t t empt ing  t h i s  p lan ,  

I n  diamonds: t h e  p m t n e r s h i p  has  problems, North probably 
holds  AKxxxx o r  l onge r ,  s o  South ho lds  a t  most two low diamonds 
and w i l l  t h u s  r u f f  t h e  t h i r d  round, Eas t  can r u f f  high,  but  



t h e r e  remains t h e  danger of  an over - ruf f  should South hold t h e  
bueen o f  spades,  Thus t h e  c o n t r a c t  i s  i n  danger o f  being l o s t  
on t h e  21rst 4 t r i c k s :  king of diamonds, a c e  o t  diamonds, low 
diamond r u f f e d  and over - ruf fed ,  a c e  of h e a r t s ,  To a v e r t  t h i s ,  
west must avoid a  t h i r d  round of diamonds by throwing t h e  
queen. Hopefully, North w i l l  swi tch  t o  another  s u i t ,  t h i n k i n g  
West is  void ,  Note t h a t  t h i s  r e q u i r e s  West t o  have an idea  of 
North" plan:  North w i l l  probably have a  p lan  based on p lay ing  
t o p  diamonds, then  l e a d  a  low diamond t o  be r u f f e d .  West must 
a n t i c i p a t e  t h i s  mini-plan, 

Th i s  p lan  may wel l  go wong ;  should North hold 7 o r  more 
diamonds, South w i l l  be d i s c a r d i n g  and g iv ing  North a  f u l l  
count of t h e  diamonds, West could t r y  t o  a v e r t  t h i s  by throw- 
ing  t h e  queen on round one, but  North w i l l  probably no t  
b e l i e v e  West s t a r t e d  wi th  a s i n g l e t o n ,  and w i l l  p l a y  a  second 
diamond round anyway, Finding t h e  decept ion ,  t i  w i l l  t h en  p lay  
t h e  t h i r d  round because West d o e s n ' t  want t e r  t o ,  A l t e r n a t i v e l y  
North may f a l l  f o r  t h e  p lay ,  and swi tch  t o  a  h e a r t ,  won by 
Souths a c e ,  South t hen  r e t u r n s  t i s  l a s t  diamond, and t h u s  a sks  
f o r  t h e  k i l l i n g  diamond r e t u r n ,  

On ba lance  West is  b e s t  advised t o  throw t h e  queen on round 
two, hoping t h a t  North made a pre-emptive b i d  holding AKxxxx i n  
diamonds and t h a t  South does  no t  s i g n a l  f o r  a  t h i r d  diamond 
round, 

I n  c lubs :  t h e  p a r t n e r s h i p  ho lds  t h e  ace  and k ing ,  and t h e  
p o s s ~ i l i t y  of a  f i n e s s e  should one be  needed, However, t h e  
f i n e s s e  almost c e r t a i n l y  won" be  needed, a s  oppos i t e  t h e  AK is  
a  holding of XX, s o  a f t e r  p l ay ing  off t h e  t o p  cards ,  t h e  jack 
may be r u f f e d ,  

So West can b u i l d  up a  composite p l an  o f  ( 1 )  persuading 
North t o  swi tch  from diamonds on t h e  t h i r d  round by throwing 
t h e  queen on round 2, ( 2 )  winning t h e  r e t u r n  ( o r  Souths r e t u r n  
should North swi tch  t o  a h e a r t  won by Souths a c e ) ,  making one 
t r i c k ,  then :  

Drawing trumps (making 5 t r i c k s )  
Forcing out  t h e  ace  o f  h e a r t s  i f  it hasn? a l r eady  appeared 
Winning t h e  second r e t u r n  (another  1 )  
Taking t h e  t o p  c l u b s  ( ano the r  2 )  
Ruffing a  c lub  (another  1 )  
Running t h e  hea r t s  
Running t h e  spades,  

West can expect e x a c t l y  t o  make t h e  10 t r i c k s  needed: 6 spades ,  
2 t o p  c l u b s ,  c lub  r u f f ,  and a h e a r t ,  T i  w i l l  l o s e  t h e  DA, DK 
and HA,  

I n  t h e  above d i scus s ion ,  we may d i s t i n g u i s h  5 d i s t i n c t  
schemas f o r  producing t r i c k s :  

( I )  Taking t o p  t r i c k s  
( 2 )  Ruff ing 



( 3 )  Esthlishing the low cards in a suit 
( 4 )  Finessing 
( 5 )  Losing tricks to missing top cards, to win low ones later, 

It may, however, not be possible to use all of these schema on 
any given suit, as there will be interaction between the 
separate schemas: both Between schemas in the same suits, and 
schemas in different suits, especially the trump suit - for 
example, should the plan %or clubs involve establishing long 
cards, discads will have to be found in the other hand: the 
discwds cannot take part in any other schema, One must, 
therefore, consider the ppe- and post-conditions of the schemas 

TOP TRICKS 

Top tricks are tricks won with master cards - ace, king, etc, 
downwards in cantiaauous sequence such that the partnership 
holds all cards capable of bearing the master, The precondit- 
ions for taking such tricks m e  either that the lead is in the 
hand with the mastep and there is a suitable card to play with 
it in the other hand, or that one is i n  the band opposite the 
master, and has a suitable lead. The postconditions (apart 
from the obvious owe that the cards will have been played) is 
that the head is now in the hand that held the master, It 
some.times happens that, since a card from both hands is needed, 
some masters cannot be made and have to be thrown on other 
masters, But more often, there is an order of taking the 
masters that avoids this: for example, should the partnership 
hold, in some suit 

Then, although the partnership holds four msters, only t h e e  
can ever be made, If the holdings were slightly different, 
such as 

Then, while the naive w a y  of playing ace, king, etc, downwards 
will only take three masters (the queen would have to be played 
on the king), a re-orde~ing to take the queen first, playing 
the 4 can the trick k ~ o m  the opposite hand, will then take 4 
top cards, 

The pre~equisites for being able  to take tricks by puffing w e  
that 

(1) the contract is not being played in notrumps, 
( 2 )  the suit in question is not the trump suit, 
6 3 )  one, and only one, of the hands in the partnership is void 

in the suit, and has at least one spare trump, 



( 4 )  t h e  l ead  must be i n  t h e  hand wi th  c a r d s  i n  t h e  s u i t  

A ca rd  i n  t h e  s u i t  is l e d ,  and a  trumps played,  t a k i n g  t h e  
t r i c k ,  Thus t h e  pos t -condi t ion  o f  a  r u f f  is t h a t  t h e  l ead  is 
now i n  t h e  hand void i n  t h e  s u i t ,  s o  t o  r e p e a t  t h e  r u f f ,  one 
must c r o s s  back t o  t h e  l ead ing  hand, 

Ruff ing t r i c k s  may w e l l  a f f e c t  t h e  p l an  f o r  d e a l i n g  wi th  
trumps - a s ,  f o r  example, t h e  r u f f  w i l l  remove a  low trump, 
t h a t  could perhaps have t aken  a  t e i c k  anyway, by be ing  es tab-  
l i s h e d  a s  a  long card ,  Should t h i s  occu r ,  i t  i s  probably 
b e t t e r  t o  use a  non-ruff ing schema, 

Should n e i t h e r  hand i n  t h e  p a r t n e r s h i p  be void i n  t h e  s u i t ,  
r u f f i n g  chances may s t i l l  be  p r e s e n t ,  a l though t h e  s u i t  must b e  
c l ea red  f i r s t  t o  c r e a t e  a  vo id ,  This  may involve  l o s i n g  a  
t r i c k  t o  do s o ,  and a g a i n ,  a  non-ruff ing schema would be  pre-  
ferr  ed , 

Ruffing should a l s o  be done be fo re  c l e a r n i n g  trumps - t h i s  
imposes a  l i n e a r  o r d e r i n g  on t h e  execut ion  of schema, 

ESTABLISHING THE LONG TRICKS 

Suppose t h e  p a r t n e r s h i p s  ho ld ings  i n  some s u i t  is: 

There a r e  t h r e e  obvious t o p  t r i c k s ,  Taking them w i l l  probably 
e s t a b l i s h  t h r e e  more t r i c ~ k s :  t h e  two hidden hands con ta in  4 
c a r d s  i n  t h e  s u i t s ,  and, except  i n  t h e  u n l i k e l y  event  of t h e i r  
a l l  be ing  i n  one hand, t h e  t o p  t h r e e  w i l l  d r i v e  them o u t ,  
Thus t h e  8 ,  6 and 5 w i l l  win t r i c k s ,  a s  no ca rd  is l e f t  t o  b e a t  
them, There a r e  t h u s ,  probably,  t h r e e  l ong  t r i c k s  a v a i l a b l e  i n  
t h e  s u i t ,  and even i n  t h e  worst  e a s e ,  t h e r e  a r e  two. 

The pre-condi t ion f o r  long t r i c k s  a r e  a long s u i t  w i th  suf -  
f i c i e n t  masters  t o  t ake  o u t  most ( o r  p r e f e r a b l y  a l l )  of t h e  
miss ing  c m d s ,  and no ou t s t and ing  trumps, This  second i s  a  
s i n e  qua non of long t r i c k s :  whereas it is p o s s i b l e ,  a l though 
perhaps undes i r ab l e  t o  a t tempt  any o t h e r  schema while t h e r e  a r e  
trumps ou t s t and ing ,  t h e  e s t d l i s h i n g  o f  long  t r i c k s ,  r e l y i n g  
a s  it does on void ing  t h e  opponents i n  t h e  s u i t ,  f o r c e s  t h e  
drawing of  trumps first, There is a l s o  a pre-condi t ion t h a t  
one must have p o s s i b l e  d i s c a r d s  i n  t h e  s h o r t  hand, 

F iness ing  i s  t h e  process  of t ak ing  a t r i c k  with a  ca rd  which i s  
not a mas te r ,  due t o  t h e  favourable  l o c a t i o n  of  t h e  c a r d s  t h a t  
QQuld bea t  i t ,  There a r e  two d i s g i n c t  forms, wi th  d i f f e r i n g  
advantages and disadvantages:  cons ider  t h i s  holding 

Should t h e  king be i n  t h e  hand over  A 2 ,  nothing can be  done, 



b u t  shou ld  t n e  ace-queen be over t h e  k i n g ,  t h e  k i n g  i s  u s e l e s s ,  
The f i r s t  form of f i n e s s e  i n v o l v e s  p l a y i n g  t h e  3, and p l a y i c g  
t h e  queen i f  t h e  k ing  h a s n f t  appeared ,  T h i s  wins a t r i c k  i f  
t h e  k i n g  is f a v o u r a b l y  p l a c e d ,  The second form o f  f i n e s s e  in-  
v o l v e s  p l a y i n g  t h e  jack QF 1 0 ,  t h e n  throwing t h e  2 u n l e s s  t h e  
k i n g  h a s  appeared ,  T h i s  has  t h e  advan tage  t h a t  t h e  f i n e s s e  can  
be  r e p e a t e d  should it work t h e  first t i m e ,  s i n c e  t h e  l e a d  s t a y s  
i n  t h e  l e a d i n g  hand: on  t h e  o t h e r  hand, it h a s  t h e  disadvan-  
t a g e  t h a t  t h e  h o l d e r  of t h e  k i n g ,  knowing it t o  be u s e l e s s ,  
w i l l  p l a y  it anyway, t h u s  removing two of  t h e  p a r t n e r s h i p s  h igh  
c a r d s  a t  t h e  c o s t  of one u s e l e s s  c a r d  t o  t e r ,  

With t h e  ho ld ing  above,  t h r e e  f i n e s s e s  a r e  p o s s i b l e ,  and 
shou ld  t h e  c a r d s  s p l i t  no worse t h a n  4-1, and t h e  k i n g  be  
favourab ly  p l a c e d ,  t h e  ho ld ing  w i l l  b r i n g  i n  5 t r i c k s ,  

A s  might be  imagined,  t h e  p r e - c o n d i t i o n s  f o r  a f i n e s s e  a r e  
somewhat complex to d e f i n e ,  The p a r t n e r s h i p  must hold  mas te r  
c a r d ,  The o p p o s i t i o n  must have t h e  c a r d  below t h i s ,  and t h e  
p a r t n e r s h i p  t h e  c a r d  belaw that, ( T h i s  i g n o r e s  t h e  p o s s i b i l i t y  
of a  deep f i n e s s e ,  one t h a t  r e l i e s  on t h e  f a v o u r a b l e  l o c a t i o n  
o f  more t h a n  one m i s s i n g  c a r d ) ,  Should t h e  mas te r  and t h e  c a r d  
below t h e  m i s s i n g  c a r d  b e  i n  t h e  same hand, t h e  o p p o s i t e  hand 
must have a l e a d  c a r d  i n  t h e  s u i t :  shou ld  t h e y  be  i n  o p p o s i t e  
hands,  t h e  mas te r  hand must have a low c a r d  i n  t h e  s u i t .  

FORCING LOSERS 

The f i f t h  schema w e  r e c o g n i s e  i s  t h e  s i t u a t i o n  where t h e  
o p p o s i t i o n  h o l d s  master  c a r d s  i n  t h e  s u i t ,  Thus d e c l a r e r  must 
l o s e  t r i c k s  i n  t h i s  s u i t  ( o r  n o t  t a c k l e  it a t  a l l ) ,  Cards  must 
be p layed  t o  f o r c e  o u t  t h e  m a s t e r s ,  i n  t h e  hope of b e i n g  ab le  
t o  make low c a r d s  l a t e r ,  T h i s  schema shou ld  o n l y  be  a t t e m p t e d  
as a l a s t  r e s o r t ,  

THE PROGRAM 

The program i n i t i a l l y  f i n d s  which t o p  t r i c k s  it c a u l d  t a k e ,  and 
any c o n t r a d i c t i o n s  i n  t h e  planned o r d e r  o f  t a k i n g  them, as an  
example, c o n s i d e r  t h i s  d e a l :  

D e c l a r e r  is Morth, i n  t h e  c o n t r a c t  o f  5 h e a r t s ,  a f t e r  t h i s  
b i d d i n g  sequence: 



N E S W 

1 H 3C DBLE NO 

3S NO 5D NO 

5K HO NO NO 

and t h e  l e a d  o f  t h e  diamond king,  
The program gene ra t e s  a l i s t  of  i t s  top  t r i c k s ,  and t a g s  

each master  wi th  t h e  ca rd  it i n t e n d s  t o  p l ay  on t h a t  card :  
s i n c e  it must p lay  such a ca rd  on each round, it does  no t  con- 
s i d e r  more t han  N mas te rs  i n  each s u i t ,  where N i s  t h e  l e n g t h  
of t h e  l onges t  hand i n  t h a t  suit, 

The two l is ts  a r e :  

MASTER OTHER CARD 

Diamond Ace Diamond 2 
Diamond Queen Diamond 4 
Diamond Jack  NONE 
Diamond Ten NONE 
Heart Ace Heart 3 
Spade Ace Spade Jack 
Spade King Spade Queen 
Spade Queen Spade 7 
Spade Jack  Spade 3-0 

Any card which appears  i n  bo th  l i s ts  r e p r e s e n t s  a c o n t r a d i c t i o n  
These c o n t r a d i c t i o n s  may be removed by swapping round t h e  
e n t r i e s  i n  which t h e  ca rd  appears  twice ,  and s e t t i n g  t h e  ' o t h e r  
c a r d t  f i e l d  i n  which it appears  t o  NONE, Th i s  produces a l i s t  
o f  t o p  t r i c k s  wi th  no c o n t r a d i c t i o n s ,  a l though t h e  o t h e r  c a r d s  
a r e  a l i t t l e  e c c e n t r i c ,  

MASTER OTHER CARD 

Diamond Ace Diamond 2 
Diamond Queen Diamond 4 
Dimond Jack  NONE 
Diamond Ten NONE 
Heart Ace Heart 3 
Spade Jack  Spade 10 
Spade Queen Spade 7 
Spade King NONE 
Spade Ace HONE 

This  i s  then  a workable l i s t  of master  t r i c k s ,  The t r i c k s  need 
not  n e c e s s a r i l y  be t aken  i n  t h e  o r d e r  l i s t e d :  indeed,  s i n c e  
drawing trumps has a high p r i o r i t y ,  it is l i k e l y  t h a t  t h e  o r d e r  
w i l l  no t  be a s  listed, bu t  no t r i c k  may be taken  whi le  t h e r e  i s  
an untaken t r i c k  i n  t h e  same s u i t  e a r l i e r  i n  t h e  l i s t ,  

The promam next checks whether it bas  a l r e a d y  found a s u i t -  
a b l e  p lan :  it may not  need t o  make any more t r i c k s ,  The 



program w i l l  produce s imple p l a n s  qu i ck ly  ( a s  do  human  player^)^ 
D i f f i c u l t  p l ans  r e q u i r e  more process ing ,  I t  could be t h a t  
t h e r e  a r e  enough t o p  t r i c k s  t o  s a t i s f y  t h e  c o n t r a c t  (a l though 
it would be a  very poor c o n t r a c t ) .  I f  it has no t  y e t  found 
enough t r i c k s ,  it proceeds t o  examine t h e  s u i t s  i n  o r d e r ,  t o  
d i s cove r  schemas, 

Should t h e  p a r t n e r s h i p  no t  hold a mas te r  i n  t h e  s u i t ,  any 
schema m u l d  involve  l o s i n g  t r i c k s ,  Thus a  schema t o  c l e a r  t h e  
s u i t  is genera ted ,  t o g e t h e r  wi th  d a t a  a s  t o  how many rounds 
must be  forced ,  If it does hold mas te rs ,  a  p o s i t i v e  schema can 
be used,  

The promam next checks f o r  r u f f i n g  chances,  should t h e  two 
holding d i f f e r  i n  l e n g t h ,  and t h e  s u i t  no t  be t h e  trump s u i t ,  
and t h e  c o n t r a c t  no t  be i n  notrumps, a  r u f f i n g  chance e x i s t s ,  
A schema is recorded,  wi th  no t e s  on t h e  number of r u f f s  
a v a i l a b l e ,  and t h e  number of l o s i n g  rounds needed t o  e s t a b l i s h  
t h e  needed void ,  

Next, t h e  p o s s i b i l i t y  o f  drawing o u t  a l l  t h e  miss ing  c a r d s  
t o  e s t a b l i s h  t h e  long t r i c k s  is examined, I f  t h i s  i s  reason-  
a b l e ,  a  schema t o  do s o  is  added, wi th  in format ion  on t h e  
number of long  t r i c k s  a v a i l a b l e  i n  t h e  b e s t  and worst c a se s .  

Las t l y ,  f i n e s s e s  a r e  t e s t e d  f o r ,  A t  t h e  moment, t h e  program 
is on ly  capable  of one- leve l  f i n e s s e s :  deep f i n e s s e s  a r e  beyond 
i t ,  Should a p o s s i b l e  f i n e s s e  be found, i ts  schema is added, 
wi th  a  n o t e  of t h e  r equ i r ed  l e a d ,  and an  e s t i m a t e  o f  t h e  l i k e -  
l ihood of  success ,  Th i s  e s t ima te  i s  based on t h e  be l i eved  
d i s t r i b u t i o n  of  missing c a r d s  suppl ied  by t h e  b id - in t e rp re t a -  
t i o n  r o u t i n e s  i n  b idder ,  

For example above, t h e  mini-plans found a r e :  
Clubs - Ruff 2 t r i c k s ,  a f t e r  l o s i n g  l 
Diamonds - Ruff 3 t r i c k s ,  a f t e r  l o s i n g  1 

Lead t h e  2 and t a k e  t h e  f i n e s s e ,  Chance o f  succes s  
i s  l e O ,  

Hear t s  - A t  l e a s t  2 long t r i c k s ,  and a t  most 4, 
Lead t h e  3 and t a k e  t h e  f i n e s s e ,  Chance o f  succes s  
is l , O ,  

Spades - Ruff 2 t r i c k s ,  a f t e r  l o s i n g  0 ,  

Having t h u s  generated t h e  schema, a t h e s t  p l a n P  is found by 
r e p e a t e d l y  t e s t i n g  i f  enough t r i c k s  a r e  a v a i l a b l e  by apply ing  
schemas i n  o rde r ,  F i r s t  t h e  number a v a i l a b l e  u s ing  j u s t  long 
t r i c k s  i s  considered ( p e s s i m i s t i c a l l y ,  t h e  program u s e s  worst-  
c a s e  expec t a t i ons  f o r  t h i s :  it can always make o v e r t r i c k s ,  bu t  
it may n o t  always be a b l e  t o  r ecove r  from a bad s p l i t  i f  it 
c r e a t e s  a  p lan  r e l y i n g  on an even s p l i t  t h a t  i s n P t  t h e r e ) ,  I f  
n o t ,  it cons ide r s  long  t r i c k s ,  p l u s  r u f f s ,  e t c ,  

F i n a l l y ,  t h e  b e s t  p lan  is  re-ordered s o  t h a t  r u f f s  a r e  taken  
f irst ,  and a  f l a g  i n s w t e d  i n  t h e  p lan  where a l l  r u f f i ngschemas  
a r e  f i n i s h e d ,  Th i s  f l a g  marks t h e  p o i n t  a t  which -umps may be, 



and probably should be i f  p o s s i b l e ,  drawn, Th i s  should ensure  
a  normalf-zed p l a n  t h a t  p r o t e c t s  i t s e l f  a g a i n s t  i t s  schemas 
being d i s t u r b e d  by r u f f i n g ,  

For t h e  example, t h i s  b e s t  p l an  i s  

Drawtrumps Longt r icks  h e a r t s  4  2 

Th i s  is  a very  s imple p l an ,  meaning t h a t  i n  a d d i t i o n  t o  t a k i n g  
t h e  t o p  t r i c k s ,  t h e r e  are two necessary  mini-plans: f i r s t  t h a t  
of  drawing o u t  a l l  t h e  missing trumps (no t e  t h a t  t h e  p l an  found 
does not involve any pu f f ing ,  s o  drawing t h e  trumps i n  no way 
inconveniences t h e  program), t hen  a t t a c k i n g  t h e  h e a r t s  f o r  t h e  
long t r i c k s  it knows are a v a i l a b l e ,  

The r e s u l t i n g  p lan  is  ve ry  crude:  d e l i b e r a t e l y  so ,  Th i s  
p lan  w i l l  be i n t e r p r e t e d  by t h e  p lay ing  r o u t i n e s ,  which w i l l  
t a k e  i n t o  account t h e  v a s t  amount of a d d i t i o n a l  information 
d iscovered  a s  t h e  c a r d s  a r e  played,  Too d e t a i l e d  a  p l a n  a t  
t h i s  s t a g e  would reduce t h e  f l e x i b i l i t y  of  t h e  p l ay ing  r o u t i n e s  
t o  t a k e  advantage of  t h i s  a d d i t i o n a l  information,  For t h i s  
reason ,  t h e  t o p t r i c k s  a r e  not included i n  t h e  p lan :  s i n c e  t hey  
may n e a r l y  always be t aken ,  t hey  may be kept  i n  r e s e r v e ,  and 
used, f o r  example, t o  c r o s s  from one hand t o  another  t o  he lp  
c a r r y  o u t  t h e  schemas, 

Wervey, G.F,,  (1973) The Hamlyn I l l u s t r a t e d  Book of Card Games 
125-144, Hamlyn Publ i sh ing  Group, 

S t a n i e r ,  A , M , ,  (1975) BRIBTP: A-Bridge Bidding Program, 
Advance papers  of IJCAI-4, Vol, 1, 



Olga S t ~ p ~ n k o v b  
Evan M . Havel 

INCIDENTAL AND STATE-DEPENDENT PHENOMENA IN 
ROBOT PROBLEM SOLVING 

After years  of development of specific methods and programs 
in artificial intelligence i t  i s  worthwhile to assume a more 
theoretical viewpoint and t ry  to use mathematical tools for 
unifying, genera1izin.g and comparing the work that has been 
done up to mow, Such attempts may eventually result  in a 
"mathematical theory of a r ~ f i c i a l  intelligence" which would 
be able to formulate and prove "metatheorems" about various 
methods used in  AI ,  a s  well a s  to yield "metaheufistics" help- 
ing to discover good ideas for  new methods. 

The aim of our contribution i s  to discuss a particular attempt 
f ~ r  a uniffing formal approach to robot problem solving, es-  
pecially to methods based on predicate -calculus represents - 
tions (as e , g o  STRIPS) and predicate-calculus reasoning 
(as e . g . the s ibat ion calculus) a W e  have proved some mets- 
theorems elsswhere ($t~p&nkov& and Havel 1976) and in the 
present paper we demonstrate how our formal approach m&jr 
suggest certain new ideas and extensions, 

1. THE IMAGE SPACE 

Our formal structxre for  robot world representation is based 
on the idea s f  an "image space'" a aollecgon of 
( o r  shortly images) of the same role a s  the world models in 
STRIPS ( ~ i k e s  and Nilsson 1971 ; we have reasons for  avoid- 
ing the term "model"), Formally an image is a formalized 
theory (OT just a se t  of well-formed f o r m l a s ,  i t s  axioms) in 
a f i rs t -order  predica.te calculus with a fixed language; intu- 
itively i t  expresses a selection of assert ions about a partic-. 
u lar  state of the world. 

It is convera-ient to take apar t  axioms that r e p r e s e n a t a t e -  
independent facts and to group them into a single theory T 
called the 2 9  (of the image space I). A p a r ~ c u l a r  image1? 
i s  then obtained by adding a specific axiom , say F , to TI ; - 



we write T = TI [F] = TI u 

The image space is defined implicitly a s  a pair 

where T i s  the core of I and i s  a se t  of operator sche- 
I 

mata of 5. An operator schema pc may be understood 
I. just a s  a name of one of robot5 s capabill-ties, e . g .  "'push" ', 

"goto" etc . With each we associate a pair (C v, Rv)  - Z 
of formulas called the condition of tp and the result  of rg , 
resp ,  The f e e  variables in CY and Ry, ( i f  there a r e  any) 
a r e  called the parameters of tp . We write y also in the 
form ip [ x . . . x 1 to exhibit the parameters xl , . . . ,x 

h: m of y . \Me en obtaln operators of I a s  =+% 

tor  schemata by considering a variable-free term (in partic- 
u lar  a constant) instead of each parameter and making the 
corresponding substitution in C and R p . If ' ~ 6 4 ~  and 
i s  an instance of tp , we denote by C y  and R yl the obtained 
instances of C y  and R Y  m s p .  The operators represent  
particular actions of the robot, e .g , "push box a from room 
k into room 1" ". 

The appfiication of an operator y can be explained a s  
follows: i f  T b- C v  ( C  i s  provable in T) for  an image T 
then y, i s  applicable in T and yields a new image T B 1 . I \f" 
Thus the problem solver can in i t s  imagination wander through 
the image space until i t  finds a path ( a  sequence of operators) 
that solves the problem, i , e , leads from an initial to a goal 
image, Formally a problem i s  specified by a pair  (X , U) 
of variable-free formulas; the initial image i s  T, [XI and a 
goal image is any extension T of T such that T $- Y e  

I 

2 .  OPERATORS WITH INCIDENTAL PHENOMENA 

The image space in i t s  "pure" form described above i s  suitable 
and more o r  l e s s  sufficient for t h e o r e ~ c a l  investigations (cf .  
St5pdnkovri and Havel 1976). It i s  a lso  relevant to some 
questions suggested by Simon (1972, p ,  415). However, from 
the point of view of practical applications, i t  i s  not very  

m - - m e - - - - m - - - m m - - - - - - - -  

* If convenient we t reat  a finite se t  of formulas a s  a single 
formula - - their conjunction. 



satisfactory for two main reasons. F i r s t ,  the specific knowl- 
edge comprised in a new image depends only on the operator 
result  and all  other specific facts known in the previous image 
a r e  lost even i f  they may not be influenced by the operator 
(this leads to the well-known ) , Second, all. 
known side effects of any ope her  relevant to the 
problem in question o r  not, have to be permanently included in 
the formula Ry, , and moreo-~.er,  i f  these side effects have their 
own extra conditions, the operator has to be split ,  in general ,  
into several new operators with distinct conditions C 

These drawbacks can be avoided by associating with each 
operator schema ip E @ a special well-defined (syntactical) 3: 
procedure that generates - -  o r  recognizes -- certain pairs  
of formulas < A ,  B ) , called the ? 
The formulas A and B a r e  assumed to have no free variables 
except possibly the parameters of tp and i f  an operator is 
an instance of tp we obtain the iinc-idental phenomena of ck, by 
substituting the cesmsponding variable -free terms for  these 
parameters in incidental phenomena of y 

The application of an operator y is now defined a s  follows. 
If 

T +  C y  & A  

for  a given image T and an arbi t rary  incidenwal phenomenon 
(A,  B) of y , then the a p p l i c a ~ o n  of y yields a new 

image 

Any incidental phenomenon ( A ,  B) represents a possible 
side effect changing the world ( i f  A an B a r e  distinct) , o r  
an element of the "frame" ( i f  A equals to B): and can -- but 
may not - -  be taken into conside~ation during the plan forma- 
tion according to the problem solver ' s  knowledge of the par- 
ticular problem and his anticipation of useful facts for  la ter  
stages of planning, 

The collection ( let  us denote it by Inc ) of all incidental Y 
phenomena for  a given operator (schema) , in practice 
the procedure for their recongitisn, depends on the n a a r e  of 

- _ _ - - - - - - - - - w - I m - - ~ - - - w - - - -  

* The "image space with frames" of ( S t ~ ~ d n k o v b  and Have1 
1976), S e c ,  '7? considers only the la t ter  case .  



~p , on the environment, and on the expected c lass  of problems. 
Typic'ally i t  is specified by certain syntactical restr ict ions on 
pa r t l c ipa~ng  formulas ( cf , Example 1 below ) . To allow using 
more incidental phenomena at  the same time i t  is - useful to 
require that f o r  any (A,  B )  a n d  ( A ' ,  8 ' )  E Incp we 
havea l so  (A & A f , B  & B" E fncV . 

Let ( x , Y )  be a problem in I. We define the (straight- 
-line) plan fo r  < x ,  Y )  a s  a sequence f = ( y l ,  v 2 9 . . . f ~ n )  
of operators for  which there exist incidental phenomena 

(A'~' 9 ~ ' ~ 3  E Inc i = 1 n such that 
yi 

0 B (1) TI[~]+Cy ei A ; 

(ii) T x I R q & ~  (ij I+cYlrl & A(i+l) 6 

(iii) T ~ ~ R ~ ; , &  B ' ~ ' I + Y  * 

The pure image space of the previous section comes out as 
a special case with fnc = ( t rue ,  t rue)]  for al l  E 

Let u s  illustrate our formalism on a simple example. 
f " 

Figure 1 

Example I ,  T k  r r b o t 9 s  world consists of three rooms k, 1, 
m (all connected) and four boxes a ,  b ,  c ,  d distributed in the 
rooms according to figure 1 (formally described by the pred- 
icate IN, e .g ,  IN  (b , l ) ) ,  Robot itself is a lso  in one of the 
rooms (ROBOT IN (kf) . The state-independent properties 
of the environment like V x 3 y IN+, y) o r  IN (x , Y ~ )  & 
& IN (x 9y2) -+ Y1 = y compose the ca re  theory T There 2 
a r e  two operator schemata : I * 



push [x,y, zl (robot pushes box x from room y into room z) 
withcondition IN (x,y) & ROBOT IN (y)  and r e -  
sult TN ( x ,  z) & ROBOT IN (z) ; 

goto [ y ,  z ]  (robot goes from room y into room z )  with 
condition ROBOT IN ( y and result  ROBOT IN ( z) 

As the incidental phenomena of both operator schemata we take 
f i rs t  of al l  the frame: all pairs  (A,  A) where A i s  any 
formula without an occurence of the predicate ROBOT IN and, 
in the case of push [ - 
IN x , y  ; ( t h s  e e g e  
phenomenon of push 

x , y, z ]  , also of the atomic formula 
( IN ( b ,  1) , IN  (b, 1)) i s  an incidental 
[ c ,  I ,  ml h t n o t  ofpush [b, 1, m]) . 

It can be easily seen that in such an image space one can 
solve the problem (X, Y) where X specifies the position 
of boxes and the robot a s  in figure 1 and the goal Y has the 
form 

An example of a solution sequence i s  

Note that the incidental phenomena were necessary  in order  
to use the fact that the boxes b and c remained in their  ok-i- 
ginal position. 

Another example of an incidental phenomenon of push[x,y, z] 
may be 

(a room rernatns empty when the robot pushes away the las t  
box), While useless fo r  the above problem i t  helps to solve 
a problem with the goal, say,  E M  PTU (11, 

The described idea of using incidental phenomena suggests 
a new interesting research. topic : while the usual application 
of heuristic methods in problem solving concerns the selection 
of operators (as e .g .  the GPS-like strategy in STRIPS), here  
one can also investigate special heuristic ru les  of controll-ing 
the flow of information from one image into another bya  clever 
choice of incidental phenomena. Note t h a t i t  is not apparent 
from the final plan, which particular incidental phenomena 
were used: they just serve  a s  catalysts fo r  planning. 



3. RELATIONSHIP TO THE IDEA OF STRIPS 

To give a rigorous logical meaning to the set-theoretical ope- 
rations in STRIPS we have to agree on a certain c lass  of 
basic f o r m l a s  (for  instance al l  l i terals)  which may be used 
as elements of world descriptions. Any operator specified 
in STRIPS by the triple C (precondition), Del (the se t  of 4 basic formulas to be delete ) and Addy (the se t  of basic for- 
mulas to be added -.-- cf Fikes and Nilsson 1971) can be in the 
image-space formalism specified by the condition-result 
pair  ( C~ , Rg ) where R i s  the conjunction of formulas in 
Add? , and by incidental phenomena of the form ( A ,  A )  . 
where A i s  any basic formula not in Dely , o r  a conjunction 
of such f o r m l a s .  

In general ,  every STRIPS problem description can be in - 

this way converted into an image space I such that the solu- 
tion obtained by ST'RIPS to a problem is also a plan (for $he 
same problem) in I ,  

Conversely, le t  us define a STRIPS-like image space a s  
any image space with the se t  of incidental phenomena includ-ing 
only pairs  of the form ( A ,  A )  and closed under conjunction 
(the se t  of all formulas that do not p a r ~ c i p a t e  in anyincidental 
phenomenmof may then s e w e  a s  an analogy to D e l y )  a 

F o r  any image space I = ( T ,$ ) one can construct a n I  'h 
STRIPS-like image space I =(P 4") such that v'E iff  the- I" 
r e  exists vc $ and (4, B ) E IncY such that Sp,= Ep & A 

I 
and R yt = Rv 8t B (thus I may have much l a rge r  and oft= 
infinite se t  of operator schemata). It can be shown that a - p r ~ b -  
lem has a solution in I i f f  i t  has a solution in ? . 

As concerns the class of tractable problems, the image sp&- 
ce i s  thus, in the above sense ,  equally powerful a s  STRIPS. 
Its conceivable advantage can be found in i t s  generality ( lesser  
dependence on a specific problem) and in the mentioned idea 
of selective choice of facts to be remembered from one image 
to another and thus giving the possibility of saving some me- , 

moTy space. 

4 ,  THE SITUATION CALCULUS AND BRANCHING P L A N S  

The question of r e l a ~ o n s h i p  of STRIPS-like methods to histo- 
rically older and more logically oriented situation calculus - 
was r ised several  times (for instance by Nilsson (1971) , 



pp, 211-212). Due to the untractability of the frame problem 
the SRT group has after  some experiments abandoned the situ- 
ation calculus completely, while other authors ( a s  Kowalski) 
strongly argue in favour of predicate logic a s  a tool for repre- 
sent.ing knowledge and for  problem solving: Xowalski himself 
suggests a new variant of situation calculus for  robot plan 
formation (Xowalski 1974 Chapter 3). 

It i s  our belief that the situation calculus, and form&L logi- 
cal tools in general,  a r e  and will remain relevant to AI, i f -  
for nothing else then for i t s  important theoretical role.  This 
will be partly documented in this and f i e  following section, 

To make ou-r arguments c lea re r  we shall consider the situ- 
ation calculus in the simple form used by Green (l969)(cf, a lso  
Nilsson 1991 , Section 7-71. Instead of giving i t s  formal de- 
finition we shall only sketch how an image space can be con- 
verted into a formal theory in situation calculus. Consider -an 
image space I = < TI, 9 ) a s  introduced in Section 2 and 
let L be the underlying !i ogical language. We extend L in 
such a way that each formula A of L i s  ""parametrized'.' by 
a special situation argument: a new formula, denoted by A [ S ~  
expresses the same a s  A but only for  sirnation s . Further-  
more, the operator schemata a r e  used a s  additional function 
symbols in the new language and a r e  interpreted a s  mappings 
from siwations with objects a s  parameters into situations. 
Thus the term (p ( x , . . . , x  , s ) corresponds to the operator 

m 
schema ip [xl,. . . :x 3 applied in situation s. This is..an 

m 
example of situation term, while the terms with value of type 
object a r e  called object terms.  

Two alternative axiomatic systems in situation calculus can 
be associated with the image space T ,  both with three basic 
types of axioms. The f i rs t  system i s  denoted by X and 
involves : 

I 
*. 

(i) for each f o r m l a  A in T a core axiom of the form 
vs A rrfn ; 

(ii) for  each operator schema ip [ xl , . . . x 1 with condition m 
C lp and result  Rip an of the form 

V s ( C Y f ~ I  + R ~  B l p \ ~ ~ 9 ~ ~ ~  x m9 ~ 1 1 ) ;  

(iii) for  each y[x l ,  . . . ,x 3 and each ( A ,  B) E inc an 
incidental axiom of theqorm 



( in  particular, when A equals B we call i t  the 
frame axiom). 

The second system, denoted Ins X differs only in one I 
point: axioms of ty-pe ( i i )  and ( i i i )  a r e  replaced by all  their 
ground instances (variable-free object terms of L a r e  sub- 
s ~ t u t e d  for  all  parameters of the axioms) , 

To avoid degenerate cases  we shall assume all  theories used 
in the sequel. to be consistent. 

Let ( X ,  Y )  be a problemin T and le t  X be ei ther  X I 
o r  Ins X, , We shall say that the problem ( X  , Y) is solvable 
-;nu iff " 

+- ls ( X I S D - Y I ~ ~ )  
0 

where s is a constant denoting the initlal situation. 
0 

Tt appears a s  a consequence of Herbrand" theorem, that 
' 

(1) holds i f f  there is a finite se t  of variable-free situation 
terms such that 

We shall call a solution se t  for  ( X  , Y )  in X , 
In the case  when X is Ins KT the solution se t  can be ifiter- 

I 
preted a s  a plan fo r  robot s behaviour. If i t  contains only a 
single term then i t  corresponds to a straight-line plan, Fo r  
instance in our Example 1 we obtain the term 

If, on the other hand, it  contains two o r  more terms then iC 
corresponds to a branching plan, This is a very  important ge- 
neralization of plans that enables to postpone certain decisions 
to the execution stage. 

A typical reason for  branching in the image space occurs,  
e . g . , when in certain image T we have T + C v CY1for two 

'pi 
distinct operators ipL and \P2 but neither T t- CYLnor T k- C 
holds. According to the p r e ~ o u s  definitrlon neither of the ope- "Pa 
ra tors  i s  applicable in T ; nevertheless, the real  world i s  
logically complete and thus one of the two alternatives can be 
in execution time followed. The nature of branching plans and 
their role in problem solving i s  discussed in a more detail in 
(S t~~6nkovr i  and Havel 19761, cf. also (Xowalski 1974, p. 41 .) 



An important metatheorem, proved in (st ~pdnkovd and Havel 
1976 ), shows the correspondence between plan f o r m a ~ o n  in 
image space and theorem proving in s i a a ~ o n  calculus. It  
a s se r t s  that a problem ( X , Y) has a branching plan -in 
T. i f  and only i f  i t  i s  solvable in the associated situation calculus 
Ins X Moreover, the solution se t  can be effectively extracted I "  
from the proof in Ins X I "  

5, STATE-DEPENDENT FUNCTIONS AND THE 
EXPLICATION ABILITY 

- - - 

The theory Ins X was shown to have the same problem-soleng 
I 

power a s  the original image space I ,  Are there cases  when 
the stronger theory X can be used a s  a tool for  problem-sol- 
ving? To prepare for tiemonstrating such a case we shall some- 
what modify Example E from Section 2. 

E x a m ~ l e  2 ,  Let the robotf s three room world contain an unknown 
number of boxes of a varfing s ize .  Suppose there is an ordering 
relation fo r  all  boxes represented by predicate SMALLER 
(x,y) ,  The situation ca'iculus K for  this world contains among 

I 
i t s  core axioms also the following : 

Vs \dy ((ROBOT IN ( y ,  s) Sc  EMPTY C y, s)) + 

i,  e ,  , each nonempty room visited by the robot contains the 
smallest box (i, e .  , the box smaller than all  other boxes in the 
same room). 

What makes the theories X and Ins X different in general? 
I I 

During a theorem-proving procedure, when the e x i s t e n ~ a l  
quantifiers from the prenex form of the axioms a r e  being re-  - 
moved, the language of the theory under c o n s i d e r a ~ o n  is en- 
riched by new functions QSkolem f u n c ~ o n s ) .  In a solution sug- 
gested by Ins X these new h c t i a n  symbols play only a pas- 

I 
sive auxiliary role and never appear in a. solution se t  s inre  
they do not occur in. the place of parameters of operatars  - ef, 
[s t~p&nkov& and Havel 1976) for details,  

On the other hand, the terms in a solu"rion se t  in X may I 
easily contain object-valued Skolern functions dependent on 
-swation. Tn our above example i t  will be the function replacing 
'd xf f  in axiom(Sf(let us denote this function by smallest(y, s) ). 



How such a function should be interpreted? 
Consider a robot with a preprogrammed ability to find and 

identify in any actual state of the environment a specimen of 
the object, the existence of which i s  claimed for this state by 
an axiom ( o r  equivalently, to determine the value of an object 
function with one situation argument) and remember it  for a 
later  use,  In particular, the robot can evaluate i ts  Skolem 
functions during execution of i ts  plans. This is an activity 
oriented to a better understanding of the environment rather 
than to i ts  actual change. 

hf  a robot has the described property for all existential quan- 
tifiers occuring in the prenex form of the core axioms and of 
the consequents of the operator and incidental axioms o&. X we 
say that i t  is endowed by the 

I 
( for  K ), In the 

T res t  of the paper we shall consider only robots with th-~s  
ability. 

All possible actions of the robot a r e  desribed by the theory 
X or  even better by a theory K ' obtained from K after the Z I I 
existential quantisiers in question a r e  eliminated using the 
Skolem functions. 

In Example 2 the theory X 9  is obtained by replacing axiom -I 
(3) by 

, SMALLER ( smallest ( y, s ) , ~ ,  s)))). ( 4 )  

Consider a problem X Y where X i s  
ROBOT IN (k) & EMPTY(m) and Y i s  

It i s  inhitively obvious that a robot with exp l i ca~on  ab-isity 
can solve this problem i f f  

But can a concrete plan for robot9 s b e h a ~ o u r  be extracted 
f ~ o m  the proof in (5)Xf there a r e  no existential quantifiers in 
axioms of K ' and in X and no universal quantifiers -in U 
then (5)holJs  i f f  there is a solution set  T for ( X ,  Y )  
that consists of var iable-f  ee situation terms of KT9 such that 



(a conseqllence of Hilbert- Ackermann ' s theorem). 
Fo r  instance, a solution set  for  the problem in our running 

example may consist of two terms of the form 
~ z h  (smallest (1 , t )  , l , m , t ]  

where t is either push (smallest (k, s ) , k, 1, s ) ( i f  k is 
0 8 

nosempty) o r  - goto f k, l ,  s ! ( i f  k i s  empty). This describes 
0 

the plan "'if k i s  nonempty push the smallest box from room 
k into room I (or e lse ,  i f  k i.s empty, just go to I ) and then 
push the box which happens to be smallest in 1 from '1 into 
rnt' . 

However, not every solution set  can be immediately inter- 
preted as  a well-defiared plan. The difficulty i s  caused by the 
new object fv-nctions depending on s i - tua~on argument, which 
may appear in terms of in a ra ther  peculiar way. Fo r  - 
example the sih~ation term 

push - (smallest (m,goto(l ,m, - so)) ) m , k ,  

does not represent a feasible command because the value of 
the object argument smallest (m, goto - (1, m, s )) can be expli- 

0 
cated only in s i ~ a t i o n  obtained from s by applying goto 

0 7 

from l to m -- but the robot never passes through this 
s iaat ion ! 

We shall call a sirnation term regular i f f  it represents a 
feasible command (a formal definition is in (Stgp&nkov& 19'76) 1. 
The following theorem can be proved. 

Let X9 describe the capabilities of a robot with the expll- 
1 c a ~ o n  abrlity and let ( X  , Y) be a problem, where X I s  

a formula without existential quantifiers. Then 

i f f  a set  of regular terms of Xi can be effectively found, 
such that 7 is a solution se t  for ( X ,  Y) in Xi, i . e . ,  

A 

X; , xLson- v ~ ~ ~ 1 1  
t c r  

(-the proof i s  in Stkp&nkov& 1975 ) a 

Certain subterms of situation terms should be distinguished, 
We shall call them % - subterms and define them by i n d u c ~ o n  : 
The only %-subterm of s i s  s . Let t be a term of the 

0 0 
form (. . . , tl) ; a situation term t 7  is a x- subterm of 
t i f f  t 9  is a % -subterm of t o r  t '  = t ,  

1 



An execu~on  procedure for a solution set from the above 
theorem may have the following form: 

Step 1. Set PRESENT := s , HINT := r e  o 
Step 2. If Y i s  satisfied in the actual environment then exit 

with success, otherwise continue. 

Step 3: For  any term of the form f ( . . . , PRESENT) which 
i s  a subterm of some term in HINT and where f i s  
a Skolem hnction, detect in the actual environment 
the value of f with the same arguments and remem- 
ber i t .  

Step 4 .  Find an operator schema [xl, . . . ? X  1 and object 
m 

terms a l r e e e t a  
such that 

(i) there i s  a t ed?  t E HINT for which 
y ( a 1 9 e . . i a  ,PRESENT) is a %-subtermof t ,  

m 
and 

(ii) the condition C with parameters replaced by the 
values ,d2, ... , daC, of the terms a , . , ,a 

f9 m 
(computed using the values of Skolem unc.trions 
determined in previous steps) i s  met in the acmbl 
en~ronment  , 

If such an operator schema and terms do not exist 
then exit with failure; otherwise set  OPERATION : = 

: = the operator obtained from by consider-ing 
, K2 . in the place of i ts  parameters. 

Set NEXT : = ( a a ,PRESENT) .  
m 

Step 5. Execute the OPERATION, - .  

Step 6 ,  Set PRESENT : = NEXT , HINT := the set of all 
t E HINT having PRESENT as a -% - subterm, 
and go to Step 2 ,  

This procedure ends xvi-th f a i h r e  (in Step 4 ) only i f  the 
theory X which yielded the solution set  was an i n d e -  

1 
quate representation of the world, 

It i s  important to note that, as  fay. a s  state-dependent funcip 
~ o n s  a re  concerned, the s i t u a ~ o n  calcuLus appears a s  a more 
suitable framework than the image space. It seems likely, that 
such functions m y  sexve as  a proper tool for representation 
of changing environment in the case urhen the robot i s  not the 
sole agent responsible fo r  the changes, 
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L ,  S t e e l s  

A FORMALISM FOR CASE SYSTEMS 

Many r ecen t  proposals  f o r  n a t u r a l  language processing systems 
use i n  one way o r  another  ca se  systems, See e . g ,  Simmons (19731, 
Schank119753, Rummelhart, Lindsay and Norman('I9721, and t h e  
overviews i n  Bruce119751 and Samlowski (19751.  Also i n  s t r u c -  
t u r a l  l i n g u i s t i c s  t h e r e  i s  a  renewed i n t e r e s t  i n  case  systems, 
s e e  e . g ,  Fi l lmore[?9681.  

T h i s  a c t i v e  i n t e r e s t  i n  case  systems has not lead t o  an 
i n v e s t i g a t i o n  of what type  of formal systems they r e a l l y  a r e ,  
Most people have thought t h a t  no new formalism was needed, and 
they have expressed t h e i r  r e s u l t s  i n  terms of phrase s t r u c t u r e  
grammars l o r  s i m i l a r  systems such a s  r e c u r s i v e  t r a n s i t i o n  
networks], w i t h  an a d d i t i o n a l  component mapping t h e  phrase 
s t r u c t u r e s  i n t o  case  s t r u c t u r e s .  

We t h i n k  however t h a t  phrase s t r u c t u r e  grammars do not r e -  
present  adequately t h e  information expressed i n  ca se  systems, 
and t h a t  much can be gained by s tudying  case  systems a s  
p e c u l i a r  e n t i t i e s .  I n  t h i s  paper we present  some r e s u l t s  of 
such s t u d i e s .  I n  5 'I we ske tch  b r i e f l y  t h e  bas i c  a s p e c t s  of 
case  systems and g ive  a  broader motivat ion t o  search  f o r  a 
new type  of system, I n  5 2 we s t a t e  a  model i n  which t h e  bas i c  
a s p e c t s  of case  systems a r e  incorpora ted .  I n  5 3 we g ive  some 
more r e s u l t s  and f u r t h e r  r e f e rences .  

5 'I I N T R O D U C T I O N  

There e x i s t  s e v e r a l  p roposa ls  f o r  ca se  systems, These proposals  
d i f f e r  mostly i n  t h e  cases  t h a t  a r e  adopted and i n  t h e  "level 
of deepness-hat i s  aimed a t ,  What they  a l l  appear t o  have 
i n  common a r e  t h e  fol lowing i d e a s :  
ti1 A c a s e  i s  a  [b ina ry )  r e l a t i o n  between a  p r e d i c a t e  and 

one of i t s  arguments, We c a l l  t h e  name f o r  t h e  ca se  t h e  case  
i n d i c a t o r  o r  simply i n d i c a t o r ,  Examples of commonly found 
i n d i c a t o r s  a r e  agent ,  o b j e c t ,  ins t rument ,  source,  goa l ,  range, 
e t c . ,  . 

[ i i l  Case r e l a t i o n s  a f f e c t  language i n  two ways: 
[a1 They a r e  expressed Ior  recognized3 by means of s u r f a c e  
s i g n a l s  such a s  p repos i t i ons ,  ca se  a f f i x e s ,  word o rde r ,  i n t o -  
na t ion ,  e t c , , ,  , These s i g n a l s  a r e  c a l l e d  case  markers,  
( b l  The system i f  f u r t h e r  r e f ined  by t h e  idea  t h a t  semantic 
p r o p e r t i e s  of t h e  u n i t  under cons ide ra t ion  a c t  a s  s e l e c t i o n  
r e s t r i c t i o n s .  



[ i i i l  A case s t r u c t u r e  o r  case frame f o r  a  p a r t i c u l a r  predi -  
c a t e  i s  a  s e t  of case r e l a t i o n s  t h a t  occur w i t h  t h a t  predica te  
together  w i t h  information about how they a r e  expressed [ o r  
recognized9 i n  language, i . e .  t he  case markers and s e l e c t i o n  
r e s t r i c t i o n s  involved. 

t iv l  A case system i s  a  s e r i e s  of case frames f o r  a  given 
language and a  d e f i n i t i o n  of the  mechanism by which these  
case frames a r e  s e t  a t  work, 

Depending on t h e  point  where t h i s  case ana lys i s  l e v e l  
appears, on can make a  d i s t i n c t i o n  between syntax d i rec ted  
and semantics d i rec ted  systems, [Also ca l l ed  f i r s t  and second 
generat ion systems, see Winograd [197331. I n  a  syntax d i rec ted  
system, such a s  the  systems of Woods (19721, Winograd (19721, 
Pet r ick  (19733, and many o the r s ,  one t y p i c a l l y  f i n d s :  

( i l  a  component i n  which the  sentence i s  parsed i n t o  i t s  
immediate cons t i tuen t s  (phrases l ,  on the  bas i s  of a  phrase 
s t r u c t u r e  g r a m a r  [o r  basic t r a n s i t i o n  networkl, 

( i i l  a  component i n  which the  obtained s t r u c t u r e s  a r e  
mapped i n t o  o ther  [but  s t i l l  cons t i tuen t ]  s t r u c t u r e s  on the  
bas is  of a  t ransformational  component [ o r  an augmented t r a n s i -  
tionnetwork containing r e g i s t e r  s e t t i n g  ac t ions  and condit ions 
on the  a r c s ) ,  

( i i i l  a  component i n  which the  syn tac t i c  s t r u c t u r e s  a r e  mapped 
i n t o  semantic s t r u c t u r e s  ( i , e .  case s t r u c t u r e s l ,  An example 
of such a  component i s  Woodsi i n t e r p r e t e r  system ( see  
Woods(l972,section 2.3.1 where semantic r u l e s  a r e  appl ied .  
These r u l e s  have two p a r t s :  a  l e f t  p a r t  w i t h  "emplates con- 
s i s t i n g  of a  [syntac t ic3  t r e e  fragment plus add i t iona l  
semantic condit ions"ibid,2,181 and a  r i g h t  pa r t  w i t h  'forms 
o r  schemata' upon which the  evaluat ion takes  p lace .  The mapping 
proceeds by matching a syn tac t i c  s t r u c t u r e  w i t h  the  l e f t  p a r t  
of a  r u l e ,  and i f  succesful  the  r e s u l t  i s  the  r i g h t  p a r t .  

I n  a  semantics d i rec ted  system, examples of which a r e  
R iesbeckb  parser  [Riesbeck 1 9 7 5 1  and Wilks2nalyzer  l W i l k s  
197518no phrase s t r u c t u r e  ana lys i s  i s  undertaken, Instead one 
s t a r t s  d i r e c t l y  on the  l eve l  of cons t ruct ing  case frames 
which contain the  information f o r  a semantic evaluat ion ,  

The main reasons f o r  building semantics d i rec ted  systems 
a r e  
2 ,  A s impl i f i ca t ion  o f  t he  whole system occurs because one 
(very complex3 l eve l  of ana lys i s  i s  simply skipped, 
2 ,  Syntax d i rec ted  systems a r e  only poss ib le  f o r  languages 
where t h e  order  of the  cons t i tuen t s  i s  very s t r i c t ,  I t  appears 
however t h a t  English i s  q u i t e  an exception on t h i s ,  and even 
i n  English the  order  i s  not 100% s t r i c t .  
3 ,  The main arguments i s  however t h a t  by const ruct ing  semantics 
d i rec ted  systems, i t  i s  poss ib le  t o  introduce semantic 
knowledge a t  an e a r l i e r  l e v e l ,  ( A  more de ta i l ed  argumentation 
i s  given i n  Wilks(l97Sl,Riesbeck~?9759 and Schank1197513 



On a  c l o s e r  examination of t h e  c u r r e n t l y  e x i s t i n g  semantics 
d i r ec t ed  systems, i t  t u r n s  out  t h a t  t h e i r  cons t ruc to r s  have 
defined a  da t a  s t r u c t u r e  i n  which case  r e l a t i o n s  can be ex- 
pressed [ e .g ,  a  dependency graph1 and a  program t o  map na tu ra l  
language sentences i n t o  t h e s e  s t r u c t u r e s .  I n  t h i s  paper we 
t ake  another  path of i n v e s t i g a t i o n ,  our i n t e r e s t  w i l l  be i n  
a  neu t r a l  c h a r a c t e r i z a t i o n  of t h e  mechanisms f o r  genera t ing  
o r  recognizing language expressions on t h e  bas i s  of case  
frames. For t h i s  purpose we w i l l  use techniques of formal 
language theory and design a  r ewr i t ing  system t h a t  works on 
case  frames in s t ead  of co-occurring c o n s t i t u e n t s .  

5 2 THE PROPOSED MODEL 

2 , l .  Completion Grammars 

It i s  well  known t h a t  a  formal system i n  genera l  and a  r e -  
wr i t i ng  system i n  p a r t i c u l a r  c o n s i s t s  of 

[ ' I1  a  f i n i t e  alphabet  
(21 a  s e r i e s  of r u l e s  o r  p a t t e r n s  [ t h e  production ru l e s1  
(31 a  mechanism t o  put t h e  r u l e s  a t  work ( t h e  de r iva t ion  

r e l a t i o n 1  
C41 a  d e f i n i t i o n  of t h e  language t h a t  i s  genera ted ,  

Let us sys t ema t i ca l ly  dea l  w i t h  t hese  a s p e c t s .  

Alphabet 

A s  we s t a t e d  before a  case s t r u c t u r e  conta ins  a  p r e d i c a t e  
toge the r  w i t h  i t s  arguments: [Pred a r g l  ... a rgn l ,  t h e r e f o r e  
we w i l l  have an alphabet  cons i s t ing  of ( i l  a  s e t  of 
p red ica t e s  o r  procedure names [Vpl and ( i i l  a s e t  of arguments 
[Val. 

The p red ica t e s  a r e  t h e  a c t u a l  words of t h e  language, From 
t h e  poin t  of view of genera t ion ,  t h e  arguments a r e  a  s e t  
of semantic f e a t u r e s  [which can a c t  a s  s e l e c t i o n  r e s t r i c t i o n s )  
and case  markers, An argument i s  ' r e w r i t t e n h n t i l  i t  i s  a  
p red ica t e .  From t h e  poin t  of view of recogni t ion  arguments a r e  
t h e  type  of t h e  r e s u l t  t h a t  appears  a s  output  of t h e  p red ica t e ,  

Note t h a t  t h e  "inding p r inc ip l e"  Tee .  t h e  way i n  which 
p red ica t e s  of t h e  language expression a r e  i n t e r r e l a t e d  i s  not 
a  s e r i e s  of nonterminal symbols, b u t  r a t h e r  t h e  r e s u l t s  of 
t h e  r e spec t ive  i n t e r p r e t a t i o n s ,  where t h e  output  of one 
p red ica t e  i s  input  f o r  another  one, e t c . . ,  

The i n d i c e s  of t h e  arguments a r e  t h e  case  i n d i c a t o r s ,  We 
w i l l  leave them out  i f  they a r e  obvious. 

Productions 

From t h i s  conception of input-output  r e l a t i o n s h i p s ,  i t  fo l lows 
t h a t  a  r u l e  i n  t h e  g r a m a r  w i l l  have t o  spec i fy  a  r e l a t i o n  
between a  r e s u l t  and t h e  case  frame from which t h i s  r e s u l t  i s  



considered t o  be the  output ,  
We do t h i s  by placing on the  l e f t  of the  arrow t h e  r e s u l t  

and on the  r i g h t  the  frame i t s e l f .  Note t h a t  by "he r e s u l t  
of a  predica te '  we do not necessar i ly  mean t h a t  a  new object  
i s  introduced, i t  can be t h a t  the  r e s u l t  i s  simply the  
argument t o  which c e r t a i n  information i s  at tached.  Consider 
e ,g .  the  sentences 

(13 John t r a n s l a t e s  a  book. 
( 2 1  The t r a n s l a t i o n  of a  book by John. 
(33 A book was t r ans la ted  by John. 

I n  these  sentences the  (deep1 case frame i s  the  fol lowing:  
(TRANSLATE 

(person9 
' t e x t l p a t i e n t  ' langg source ' tex t lproduct  

( l a ~ g a ,  1 
agent 

Where the  product case denotes the  product obtained a f t e r  
doing the  t r a n s l a t i n g .  

I n  sentence ('I) the  case frame of TRANSLATE i s  at tached t o  
the  agent,  i n  (29 the  r e s u l t  of the  case frame introduces 
a  new ob jec t ,  namely the  product of t r ans la t ing ,and  i n  (31  
t he  frame i s  attached t o  the  p a t i e n t .  

Let us now give the  f i r s t  basic d e f i n i t i o n :  

Defini t ion 1 .  

A complQ/tiolz gttammcrlt i s  a 5-tuple G = (Va,Vp,P,AX,K) where 
(11 Va,Vp a r e  two f i n i t e  d i s j o i n t  s e t s  ca l l ed  the  s e t  

of arguments and the  s e t  of predica tes  r e spec t ive ly .  
( 2 1  V = VaU Vp t 

( 3 1  P i s  a  f i n i t e  subset  of Va x VpVa , t he  s e t  of 
productions of the  form 

a  -$ A a1 -3 w i t h  a,a .,,, anE Va and AEVp. n 1 ' 
C41 AX c Va i s  t h e  axiomset 
[ 5 1  K i s  a mapping t o  be explained i n  t he  next paragraph. 

The der iva t ion  r e l a t i o n  

The main t a sk  of the  der iva t ion  r e l a t i o n  i n  t h i s  system i s  
(29 t o  cont ro l  the  rewri t ing  of the  arguments, and ( i i l  t he  
regula t ion  of the  order  i n  which the  arguments and predica tes  
w i l l  appear i n  the  language expression. As regards t h e  order  
of case frames, i t  i s  well known from the  work of Greenberg 
( 1 9 6 6 1  and many o the r s ,  t h a t  the re  a r e  c e r t a i n  basic word 
order  pa t t e rns  such a s  VSO, VSO, SOV, e t c . . ,  , where S  
stands f o r  sub jec t ,  V f o r  verb and O f o r  ob jec t .  I f  we gene- 
r a l i z e  these  i n s i g h t s  and consider V a s  the  predica te  and S 
and 0 a s  the  arguments of a  case frame, then we obtain basic 
word order  pa t t e rns  f o r  case frames such a s :  

'31  p re f ix :  the  predica te  comes f i r s t  followed by a l l  i t s  
argument 

( 2 1  i n f i x :  the  predica te  comes a f t e r  the  f i r s t  argument and 



a l l  o t h e r  a r g u m e n t s  f o l l o w  t h e  p r e d i c a t e ,  
131 p o s t f i x :  t h e  p r e d i c a t e  f o l l o w s  a l l  i t s  a r g u m e n t s ,  

e t c . ,  . 
The d e r i v a t i o n  p r o c e s s  c o n t r o l  w h e t h e r  a  c a s e  f r a m e  i s  t o  

b e  r e a l i z e d  i n  a  p r e f i x ,  i n f i x ,  p o s t f i x  o r  o t h e r  manner.  F o r  
t h i s  p u r p o s e  we a s s o c i a t e  w i t h  e a c h  t y p e  o f  word o r d e r  a  
p a r t i c u l a r  d e r i v a t i o n  r e l a t i o n .  I n  o r d e r  t o  s p e c i f y  f o r  a  
p r o d u c t i o n  r u l e  i t s e l f  i n  what  way i t  i s  t o  b e  a p p l i e d  i n  t h e  
r e w r i t i n g  p r o c e s s ,  we d e f i n e  a  mapping K - C P x  I where  
I = i p r e f i x ,  i n f i x .  u n s p e c i f i e d ,  e t c . .  .$ . We d e n o t e  
t h i s  by w r i t i n g  a n  i n d e x  on t h e  a r r o w  i n  t h e  p r o d u c t i o n ,  
E , g .  p r e f  , 

a  A a I  E M  a  
Now we c a n  d e f i n e  t h e  d e r f v a t i o n  r e l a t i o n .  

D e f i n i t i o n  2 ,  

['l I The r e l a t i o n  i . e ,  cL5tec.X pkedix d d w a k i a n  i s  
d e f i n e d  a s  f o l l o w s :  

(23 The r e l a t i o n  
d e f i n e d  a s  f o l l o w s :  

If a  = a 7  t h e n  =$) i s  c a l l e d  a  s t r i c t  i n f i x  d e r i v a t i o r i .  

O t h e r  o r d e r i n g s  a r e  d e f i n e d  i n  a  s i m i l a r  way, b u t  a s  a n  
example  t h e s e  two w i l l  d o ,  

(33 The r e l a t i o n  c a l l e d  pnedix d d v a f i o n ,  and 
o t e  t h e  r e f l e x i v e  and  t r a n s i t i v e  

b e  t h e  r e f l e x i v e  

The l a n g u a g e  d e f i n i t i o n  

D e f i n i t i o n  3, 

L e t  G = ( V a ,  Vp, P, A X ,  i() be a c o m p l e t i o n  grammar 
111 The l a n g u a g e  o f  G d e n o t e d  a s  i[Gl i s  d e i l n e d  by 
L C G I  = [ x  \ 1 3 a 1 ~ ~ ,  a +x w i t h  x  E ~ p  .j 
(21 We s a y  t h a t  G 1s a  p r e f i x  c o m p l e t i o n  grammar i f f  
W p l p  IKcpl = p r e f i x 1  

(31 We s a y  t h a t  G i s  an  i n f i x  c o m p l e t i o n  grammar i f f  
tVpla (K[p l  = i n f i x 1  

[43 L e t  CG d e n o t e  t h e  c l a s s  o f  a l l  c o m p l e t i o n  grammars,  



B e f o r e  we d i s c u s s  t h e  n a t u r a l  l a n g u a g e  a p p l i c a t i o n ,  we 
i n t r o d u c e  a  s i m p l e  grammar f o r  t h e  p r o p o s i t i o n a l  c a l c u l u s .  

Example 1 .  

Le t  G = ( " a .  Vp. P, AX.  K ) E  CG w i t h  V = l ( l o g  )$. 

vp = { A N D ,  OR.  IMPLIES, NOT,  p. q, r. . . . $ . AX =[( l o g  ) $  - 
and P: 

1 .  ( l o g  ) AND 

p r e f  
2 .  ( l o g )  ------F NOT ( l o g  

3 ,  ( l o g )  

( N o t e  t h a t  p , q , r , , . .  a r e  p r o c e d u r e s  w i t h  no i n p u t  a r g u m e n t s ,  
t h e y  compute a  l o g i c a l  v a l u e ,  e . g .  by r e t r i e v i n g  i t  f rom 
t h e  memory1 

Some d e r i v a t i o n s  : 

[ i l (  l o g  ) = S A N D  ( l o g  ) ( l o g  9 ===)AND ( l o g  ) NOT ( l o g  ) + 
A N D  p  NOT ( l o g  ) q AND p  NOT q 

( i i l (  l o g b p  
C l e a r l y  what  we o b t a i n  a r e  e x p r e s s i o n s  i n  t h e  p r o p o s i t i o n a l  
c a l c u l u s  i n  P o l i s h  n o t a t i o n .  

Example 2 .  

L e t  G = ( V a ,  Vp, P, A X ,  K )  w i t h  Va, Vp, AX a s  i n  example  'I. 

( l o g  ) Q o g  ) 

2,(  l o g  ) .  

3,( l o g  1 

Some d e r i v a t i o n s :  

( i ~  l o g  1% l o g  A N D  l o g  ) --a>( l o g  ) A N D  NOT( l o g  ) a 
p  A N D  NOT( l o g  )+p A N D  NOT q 

liil( l o g  )+p 
C l e a r l y  what  we o b t a i n  a r e  e x p r e s s i o n s  i n  t h e  p r o p o s i t i o n a l  
c a l c u l u s  b u t  now i n  i n f i x  n o t a t i o n .  

T h e s e  examples  show a l r e a d y  t h a t  [ i l  t h e  ' communica t ion"  
be tween p r o c e d u r e s  g o e s  t h r o u g h  t h e i r  o u t p u t  a r g u m e n t s ,  
[ i i l  t h e  same form o f  a  r u l e  g i v e s r i s e  t o  d i f f e r e n t  r e a l i z a -  
t i o n s  depend ing  on t h e  d e r i v a t i o n  mode, 



Now we t u r n  t o  n a t u r a l  language again .  F i r s t  a remark 
should  be made on t h e  way i n  which t h e  case markers a r e  
r e a l i z e d .  If t h e  case marker i s  a case a f f i x ,  t hen  i t  i s  
r e a l i z e d  by t h e  morpho log ica l  component, i f  t h i s  marker i s  
a p r e p o s i t i o n  t h e  argument i s  aga in  t o  be r e w r i t t e n ,  s imp l y  
because a p r e p o s i t i o n  i s  a l s o  a p r e d i c a t e  [and i t  can 
serve o t h e r  purposes t han  be ing  a case marker ] .  

L e t  us now g i v e  a ve r y  sma l l  n a t u r a l  language grammar. I t  
serves no o t h e r  purpose than  be ing  an i l l u s t r a t i o n  o f  o u r  
ideas,  

Example 3 ,  

L e t  G = ( Va, Vp, P, AX, h ) E CG w i t h  Va =C( t e x t  ), ( pe rson  ) 
( language ) , ( o f ,  t e x t  ) , ( f rom, t e x t  9 , ( by,person ) , 
(from,language 3 , VP = <TRANSLATION, TRANSLATES, TRANS- 
LATOR, ARTICLE, DUTCH, READS, AUTHOR, JOHN, OF, FROM, BY $ 
AX = {<person>j  
P : 

Ill ( t e x t  1 T.RANSLATION ( o f ,  t e x t  ) ( from, t e x t  ) 
( by,person ) 

[ 2 ) (  person )  TRANSLATES ( pe rson  X t e x t  ) ( from, language ) 
ore?, 

I31( person)  TRANSLATOR ( o f ,  t e x t )  ( from, language ) 

i n f i x  , [ E l (  person 1 READS ( person ) ( tex t )  

[73( person ) (AUTHOR 
LJOHN 5 

[ $ I (  o f ,  tex t )  OF ( t e x t  ? 

(91( f r om , tex t  ) FROM ( t e x t  ) 

('lOl( by,person ) BY ( person 

('I? I( from, language ) FROM ( language ) 

[Note t h a t  we l e f t  o u t  case i n d i c a t o r s  and make a b s t r a c t i o n  
o f  de te rminers )  

Some d e r i v a t i o n s :  

ti1 ( p e r s o n  I==!) ( p e r s o n  TRANSLATES ( t e x t  f rom, languagd 
AUTHOR TRANSLATES ( t e x t  )(from, language ) 

AUTHOR TRANSLATES ARTICLE( fsom,language) 
==$? AUTHOR TRANSLATES ARTICLE FROM ( language ? 
3 AUTHOR TRANSLATES ARTICLE FROM DUTCH 

( i , e e D ( t h e 3  au tho r  t r a n s l a t e s  (an1 a r t i c l e  f r om  D u t c h 9 ]  



(113 ( p e r s o n  )+( person ) READS(text )+JOHN READS(text) 
==?)JOHN READS TRANSLATION ( o f , t e x t  )(from languaga Xby,person ) 
+JOHN READS TRANSLATION OF( t e x t  )(from, language) ( by, person ) 

JOHN READS TRANSLATION OF A R T I C L E  ( f  rom, language) )(by, person) 
3 J C l H N  READS TRANSLATION OF ARTICLE FROM (languageXby,persoN 

IZ)JOHN READS TRANSLATION OF A R T I C L E  FROM DUTCH ( by, person ) 

*JOHN READS TRANSLATION OF A R T I C L E  FROM DUTCH BY ( p e r s o n  ) 
*JOHN READS TRANSLATION OF A R T I C L E  FROM DUTCH BY AUTHOR 

c i n e ,  'John reads  I the l  t r a n s l a t i o n  of fan1 a r t i c l e  from 
[ t h e ]  Dutch by ( the3 a u t h o r ' )  

Comment : 

'I. I t  should be c l e a r  t h a t  a whole language express ion  i s  
cons t ruc ted  by t h e ' i n t e r p l a y  of d i f f e r e n t  ' c a s e  frames '  which 
a l l  have t h e i r  own s p e c i f i c  word o rde r .  
2 ,  Also, each case  frame "hangs' on one p a r t i c u l a r  p r e d i c a t e  
and a s  a  consequence t h e  pars ing  process  i s  completely guided 
by t h e  p r e d i c a t e ,  Once we know t h e  p r e d i c a t e  we know t h e  r u l e  
i n  t h e  grammar t o  be appl ied  ( t h i s  omits c o s t l y  search  through 
t h e  grammar i l ,  a l s o  we know what o t h e r  elements,  t h a t  w i l l  
f i l l  up t h e  r e s t  of t h e  frame, a r e  t o  be expected. Note 
t h a t  we do not know t h e i r  "phase s t r u c t u r e b p p e a r a n c e ,  
but only what semantic p r o p e r t i e s  t hose  arguments w i l l  have, 
inc luding  t h e  case markers. 
3 ,  A p red ica t e  i n  a  ca se  frame i s  not only r e a l i z e d  a s  a 
verb [ a s  i s  mostly assumedl, but A L L  words i n  t h e  sentence 
a r e  considered a s  p r e d i c a t e s ,  
4.  I t  i s  poss ib l e  t o  a s s o c i a t e  w i t h  each d e r i v a t i o n  a 
s t r u c t u r e  i n  t h e  same way a s  c o n s t i t u e n t  s t r u c t u r e s  a r e  
a s soc i a t ed  w i t h  phrase s t r u c t u r e  d e r i v a t i o n s ,  The important  
t h ing  i s  t h a t  t hese  s t r u c t u r e s  can b e  d i r e c t  i npu t  f o r  
t h e  semantic eva lua t ion ,  because a l l  information f o r  t h i s  
process  i s  providdd by t h e  case  s t r u c t u r e s  s p e c i f i e d  i n  t he  
grammar, 
5. The term completion grammar denotes  t h e  a c t i v i t y  of 
completing p a t t e r n s .  Due t o  t h e  f a c t  t h a t  t h i s  p rocess  
i s  p a r t i a l l y  guided by t h e  semantic p r o p e r t i e s  of t h e  
arguments, a f r e e e r  a t t i t u d e  towards word order  i s  
poss ib l e .  

We now d e a l  w i t h  a  second p a r t  of t h e  theory of completion 
gremmars a 

2 , 2 ,  META-GRAMMARS 

The c a r e f u l  r eade r  must have noted t h a t  t h e  same deep 
case  frame (such a s  t h e  one f o r  TRANSLATE1 i s  r e a l i z e d  
i n  d i f f e r e n t  su r f ace  case  frames depending on t h e  argument 
t o  which t h e  case  frame i s  a t t ached ,  



It seems t h e r e f o r e  a  n a t u r a l  extension t o  have i n s t e a d  
of an e x p l i c i t  s e t  of s u r f a c e  s t r u c t u r e  r u l e s  a  mechanism t o  
cons t ruc t  such r u l e s .  Input  f o r  t h i s  mechanism a r e  t h e  
a b s t r a c t  [ o r  deep1 case  frames and an i n d i c a t o r  t o  which 
argument t h e  su r f ace  case  frame i s  t o  be a t t a c h e d ,  The output  
of t h i s  mechanism i s  a  r u l e  of t h e  type  we have been d i s -  
cussing,  t h a t  means t h e  r u l e  s p e c i f i e s  t i l  t h e  morphology of 
t h e  p red ica t e ,  l i i l  what arguments a r e  allowed and by what 
case  markers each of t h e s e  arguments i s  t o  be r e a l i z e d ,  [ i i i l  
t h e  bas i c  word order  Ip re f ix ,  i n f i x ,  e t c . . , 3  f o r  t h e  s u r f a c e  
case frame. This  r u l e  i s  then appl ied  t o  y i e l d  t h e  des i r ed  
n a t u r a l  l anguage-express ion ,  

Example 4, 

[TRANSLATE [personlagent  ' t e x t l p a t i e n t  ( t e x t l r e s u l t  

I f  t h e  p a t t e r n  i s  a t tached  t o  t he  agent  we can have: 

( person 9 TRANSLATES ( person ) ( text) ( from, language ) 

Note t h a t  t h e  r e s u l t  can not be expressed i n  t h i s  t ype  of 
r e a l i z a t i o n ,  t h e  o rde r  i s  i n f i x ,  t h e  morpholagical ending 
of t h e  p red ica t e  i s  t h a t  of a  main verb  and t h e  case  
marker t e l l i n g  t h a t  a  p repos i t i on  i s  p re sen t ,  i s  added t o  t h e  
source case .  

I f  t h e  p a t t e r n  i s  a t t ached  t o  t h e  r e s u l t :  

( t e x t  ) TRANSLATION ( o f ,  t e x t  X by, person Xfrom, lang'.) 

Note t h a t  t h e  same information i s  expressed,  only t h e  "dint 

of v i e w b h a n g e d .  Note t h e  d i f f e r e n t  word o rde r ,  t h e  nominal 
form of t h e  p red ica t e ,  t h e  p repos i t i ons  i n d i c a t i n g  t h e  case  
r e l a t i o n s ,  
The reader  should cons t ruc t  some o t h e r  s u r f a c e  case  frames 
t h a t  can be derived from t h e  above deep case  frame, 

Comment 

1 ,  Tt should be c l e a r  t h a t  such a  meta-grammar se rves  t h e  
same purpose a s  a t ransformat ion  componeht o r  an augmentation 
af a t r a n s i t i o n  network. The way i n  which t h e  problem i s  
solved however, i s  c ~ m p l e t e l y  d i f f e r e n t ,  I n  p a r t i c u l a r  
i n s t ead  of changing a l r eady  obtained s t r u c t u r e s ,  we have a  
product ive  component which a c t s  even before  t h e  s t r u c t u r e s  
a r e  cons t ruc t ed ,  This  method i s  mads p o s s i b l e  by s t a r t i n g  
w i t h  deep case  frames a s  underlying b a s i s  i n s t e a d  of 
co-occurr ing u n i t s .  



2 ,  Dur ing  p a r s i n g  t h e  m o r p h o l o g i c a l  e n d i n g s  o f  t h e  p r e d i c a t e  
i n d i c a t e  t o  t h e  p a r s e r  what  " e t a - r u l e s 3 a v e  been a p p l i e d ,  
T h i s  o m i t s  a g a i n  i n  a  n a t u r a l  way t h e  c o s t l y  t r y i n g  o u t  o f  
a l l  s o r t s  o f  t r a n s f o r m a t i o n s ,  
3 ,  Less s t o r a g e  i s  r e q u i r e d  b e c a u s e  we do n o t  need t o  s t o r e  
a  s u r f a c e  grammar, A l so  by g e n e r a l i z i n g  t h e  s t r a t e g i e s  f o r  
s u r f a c e  p a t t e r n s  p r o d u c t i o n ,  a g r e a t e r  ' h a b i t a b i l i t y '  o f  t h e  
sys t em i s  o b t a i n e d ,  

;How ' d e e p '  t h i s  meta-component  c a n  work i s  shown by o u r  
f i n a l  example :  C o n s i d e r  t h e  deep  c a s e  f r a m e :  
[WRITE [ p e r s o n 1  agent  p r o d u c t  8 B S  I 

A 

I f  t h e  c a s e  f r a m e  has  a s  r e s u l t  t h e  a g e n t ,  we have :  

AUTHOR ( o f , t e x t  ) 

TEXT ( b y , p e r s o n  ) 

If t h e  c a s e  f r a m e  i s  a t t a c h e d  t o  t h e  a g e n t :  
i n f i x  

( p e r s o n  1 ---------+-WRITES ( p e r s o n  t e x t  ) 

t o  t h e  p r o d u c t  

( t e x t  ? i n f i x  
WRITTEN ( t e x t  ) ( by, persor?  ) 

e t c ,  , , 

4 3 F u r t h e r  r e f e r e n c e s  

A l though  it would be  i n s t r u c t i v e  t o  g i v e  many more examples ,  
due  t o  s p a c e  l i m i t a t i o n s  we have  t o  c l o s e  o u r  s h o r t  d i s c u s s i o n  
and we do  t h i s  by r e v i e w i n g  c u r r e n t  r e s e a r c h  on c o m p l e t i o n  
grammars.  T h i s  i n v o l v e s  two a p p r o a c h e s :  ( i l , t h e o r e t i c a l ,  
a  s t u d y  o f  t h e  s y s t e m s  f r o m  a f o r m a l  p o i n t  o f  v i ew ,  
[ i i l  p r a c t i c a l :  t h e  a p p l i c a t i o n  o f  t h e  t h e o r y  i n  c o m p u t a t i o n a l  
s y s t e m s ,  

T h e o r e t i c a l  

Comple t ion  grammars a r e  a t  p r e s e n t  f o r m a l l y  worked o u t  and 
i n v e s t i g a t e d ,  ( R e s u l t s  a p p e a r e d  i n  S t e e l s  & Verme i r  (1976a1 ,  
S t e e l s 1 1 9 7 6 9 1 ,  I t  i s  known t h a t  t h e y  have  a weak g e n e r a t i v e  
c a p a c i t y  o f  t y p e  2 ,  

I n  a d d i t i o n  a  r e l a t e d  c l a s s  o f  c o m p l e t i o n  a u t o m a t a  was 
d e v e l o p e d ,  These  a u t o m a t a  have  a  f i n i t e  c o n t r o l  and a d d i t i o n a l  
s t a c k s  k o  s t o r e  s t a t e s  and a r g u m e n t s .  V a r i o u s  r e s u l t s  c o u l d  
be  o b t a i n e d  by s t u d y i n g  t h e  d e g r e e  o f  c o m p l e x i t y  i n  t e r m s  
of o p e r a t i o n s  o f  t h e  a u t o m a t a  and r e q u i r e d  memory, of e a c h  



bas i c  word o r d e r  p a t t e r n .  (See S t e e l s  and Vermeir (1976bl ) .  
Also t h e r e  have been some r e s u l t s  on t h e  g e n e r a l i z a t i o n  of t h e  
systems t o  make them f r e e  from word o r d e r ,  The meta-grammars 
a r e  a s  y e t  not completely worked out  formal ly .  

P r a c t i c a l  

Completion grammars developed from a t tempts  t o  design com- 
p u t a t i o n a l  models of language a n a l y s i s  and s y n t h e s i s ,  I n  t h i s  
r e spec t  they {formed t h e  underlying theory f o r  small  expe r i -  
ments i n  language processing ( s e e  S t e e l s  [ 197511 .  Also i n  
t h e  context  of r e sea rch  i n  automatic  t r a n s l a t i o n ,  a  language 
producing system was designed and implemented, which con ta ins  
a  meta-component t o  produce su r f ace  s t r u c t u r e  r u l e s  from 
a b s t r a c t  deep case  frames.  This  product ion system t a k e s  a s  
input  expressions i n  an ' i n t e r l i n g u a '  a n d , a f t e r  c o n s u l t a t i o n  
of t h e  meta-grammar,produces language express ions  i n  t h e  
language s p e c i f i e d  by t h e  meta-grammar. 

Conclusions 

We hope t o  have made c l e a r  t h a t  it i s  p o s s i b l e  t o  develop 
o t h e r  means of ana lyz ing  and producing n a t u r a l  language than 
by the  common phrase s t r u c t u r e  grammars approach. I n  pa r t i cu -  
l a r  we have presented a  model t h a t  i nco rpora t e s  t h e  bas i c  
a s p e c t s  of ca se  systems. 

I n  l i n g u i s t i c  theory a ca se  i s  considered t o  be a  r e l a t i o n  
between a p r e d i c a t e  and one of i t s  arguments, i n  a  ca se  
s t r u c t u r e  we de f ine  t h e  p a r t i c u l a r  case  r e l a t i o n s  t h a t  a r e  
found w i t h  a given p r e d i c a t e  t oge the r  with information about 
how t h e s e  p a r t i c u l a r  c a s e  r e l a t i o n s  a r e  expressed [ o r  
recognizedl  i n  n a t u r a l  language. This  i nc ludes  s u r f a c e  
s i g n a l s ,  such as  p repos i t i ons ,  case  a f f i x e s ,  word o rde r ,  
e t c . . ,  , t h e  so c a l l e d  case  markers, and semantic p r o p e r t i e s  
of t h e  argument which a c t  a s  s e l e c t i o n  r e s t r i c t i o n s .  

I n  t h e  paper we introduced a formal model, c a l l e d  a  
completion grammar i n  which t h e  s o r t  of information normally 
found i n  ca se  systems can be expressed.  T h i s  model c o n s i s t s  
of a  r ewr i t i ng  system where t h e  a lphabet  con ta ins  p r e d i c a t e s  
and arguments and t h e  product ions d e f i n e  case  s t r u c t u r e s .  
Order i s  b e i n g  r egu la t ed  by t h e  gene ra t ion  and r ecogn i t i on  
mechanisms. 

A s  a f u r t h e r  ex tens ion  of t h e  theory  a  meta-grammar wa4p 

proposed t h a t  c o n s t r u c t s t h e  r u l e s  f o r  r e a l i z i n g  s u r f a c e  case  
s t r u c t u r e s  on t h e  b a s i s  of deep case  s t r u c t u r e s  and informa- 
t i o n  by what way t h e  case  frame should be in t roduced .  

Although t h e r e  remains a  l o t  of work t o  be done, we a r e  
convinced by t h e  r e s u l t s  so f a r  obtained,  t h a t  t h e  model 
discussed i n  t h i s  paper w i l l  once form an e f f i c i e n t  t o o l  i n  



It seems t h e r e f o r e  a  na tu ra l  extension t o  have i n s t e a d  
of an e x p l i c i t  s e t  of su r f ace  s t r u c t u r e  r u l e s  a  mechanism t o  
cons t ruc t  such r u l e s .  Input  f o r  t h i s  mechanism a r e  t h e  
a b s t r a c t  [ o r  deep1 case  frames and an i n d i c a t o r  t o  which 
argument t h e  su r f ace  case  frame i s  t o  be a t t ached .  The output  
of t h i s  mechanism i s  a  r u l e  of t h e  type  we have been d i s -  
cussing,  t h a t  means t h e  r u l e  s p e c i f i e s  t i l  t h e  morphology of 
t h e  p red ica t e ,  ( i i l  what arguments a r e  allowed and by what 
case  markers each of t h e s e  arguments i s  t o  be r e a l i z e d ,  ( i i i l  
t h e  bas i c  word order  ( p r e f i x ,  i n f i x ,  e t c . , . l  f o r  t h e  su r f ace  
case  frame, This  r u l e  i s  then appl ied  t o  y i e l d  t h e  des i r ed  
n a t u r a l  languageiexpression,  

Example 4 a 

[TRANSLATE (personlagent  Ltextlpatient'teYt'result 

I f  t h e  p a t t e r n  i s  a t tached  t o  t h e  agent  we can have: 

( person 1 inf ix  b TRANSLATES ( person ) ( text)  ( from. language ) 

Note t h a t  t h e  r e s u l t  can not be expressed i n  t h i s  t ype  of 
r e a l i z a t i o n ,  t h e  o rde r  i s  i n f i x ,  t h e  morphological ending 
of t h e  p red ica t e  i s  t h a t  of a  main verb and t h e  case  
marker t e l l i n g  t h a t  a  p repos i t i on  i s  p re sen t ,  i s  added t o  t h e  
source case .  

I f  t h e  p a t t e r n  i s  a t t ached  t o  t h e  r e s u l t :  

( t e x t  ) TRANSLATION ( o f ,  t e x t  Xby,person Xfrom, lang',) 

Note t h a t  t h e  same information i s  expressed,  only t h e  ' p o i n t  
of viewQhanged, Note t h e  d i f f e r e n t  word order ,  t h e  nominal 
form ol? t h e  p red ica t e ,  t h e  p repos i t i ons  i n d i c a t i n g  t h e  case  
r e l a t i o n s .  
The r eade r  should cons t ruc t  some o t h e r  su r f ace  case  frames 
t h a t  can be derived from t h e  above deep case  frame, 

Comment 

1, I t  should be c l e a r  t h a t  such a  meta-grammar se rves  t h e  
same purpose a s  a t ransformat ion  componeht o r  an augmentation 
o f  a t r a n s i t i o n  network, The way i n  which t h e  problem i s  
solved however, i s  completely d i f f e r e n t .  I n  p a r t i c u l a r  
i n s t ead  of changing a l r eady  obtained s t r u c t u r e s ,  we have a 
product ive  component which a c t s  even before  t h e  s t r u c t u r e s  
a r e  cons t ruc ted .  This method i s  made p o s s i b l e  by s t a r t i n g  
with deep case  frames a s  underlying b a s i s  i n s t e a d  of 
co-occurr ing u n i t s ,  
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ABSTRACT 

T h e  s t r u c t u r a l  a s p e c t s  o f  a n  i n f o r m a t i o n  
p r o c e s s i n g  t h e o r y  o f  how p e r s o n s  u n d e r s t a n d  
t h e  a c t i o n s  o f  o t h e r s  i s  p r e s e n t e d ,  T h e  
p r o c e s s  d e s c r i b e d  i s  a  c o n s t r u c t i v e  p r o c e s s  
w h i c h  u s e s  a  p l a n  s c h e m a  t o  r e c o g n i z e  t h e  
p l a n s  w h i c h  a c c o u n t  f o r  t h e  o b s e r v e d  
a c t i o n s ,  T h e  l o g i c a l  a n d  p s y c h o l o g i c a l  
r u l e s  o f  p l a n  c o n s i s t e n c y  a r e  p r e s e n t e d  a n d  
t h e i r  u s e  i n  p l a n  r e c o g n i t i o n  i s  d e s c r i b e d .  
One  m e a s u r e  o f  t h e  u n d e r s t a n d i n g  o f  o b s e r v e d  
a c t i o n s  i s  t h e  a b i l i t y  t o  s u m m a r i z e  t h e  
o b s e r v a t i o n s ,  P r o p e r t i e s  o f  s u m m a r i e s  a r e  
d i s c u s s e d  a n d  i t  i s  s h o w n  t h a t  t h e s e  
p r o p e r t i e s  r e s u l t  f r o m  t h e  p l a n  r e c o g n i t i o n  
p r o c e s s .  

P h r a s e s ,  p l a n ,  s u m m a r y ,  b e l i e f  s y s t e m s ,  
t h e o r y  o f  a c t i o n s ,  

If p e r s o n s  a r e  a s k e d  t o  d e s c r i b e  o r  e x p l a i n  t h e  
o b s e r v e d  a c t i o n s  o f  o t h e r s ,  s u c h  e x p l a n a t i o n s  
i n v a r i a b l y  m a k e  r e f e r e n c e  t o  t h e  b e l i e f s ,  i n t e n t s ,  
a n d  g o a l s  o f  t h e  a c t o r ,  T h e  BELIEVER s y s t e m  
d i s c u s s e d  i n  t h i s  p a p e r  i s  a n  A 1  s y s t e m  t h a t  i s  
b e i n g  d e v e l o p e d  t o  g i v e  a p s y c h o l o g i c a l  a c c o u n t  o f  
how p e r s o n s  u s e  t h e i r  g e n e r a l  b e l i e f s  a b o u t  o t h e r  
p e r s o n s  t o  a r r i v e  a t  a n  i n t e n t i o n a l  e x p l a n a t i o n  o f  
t h e  a c t i o n s  o f  o t h e r s ,  T h e  BELIEVER s y s t e m  i s  a n  
e x p l i c i t  a t t e m p t  t o  u s e  t h e  t o o l s  o f  A 1  t o  c o n s t r u c t  
a  f o r m a l  p s y c h o l o g i c a l  t h e o r y  o f  t h e  p r o c e s s e s  
i n v o l v e d  i n  u n d e r s t a n d i n g  t h e  a c t i o n s  o f  o t h e r s ,  
T h e  t h e o r y  i s  n o t  c o m p l e t e d ,  H o w e v e r ,  i n  t h i s  p a p e r  
we will p r e s e n t  t h e  m a j o r  s t r u c t u r a l  c o m p o n e n t s  t h a t  
a r e  u s e d  t o  u n d e r s t a n d  o b s e r v e d  a c t i o n s .  T h e n  we 
w i l l  s h o w  t h e  way i n  w h i c h  t h e s e  a s s u m p t i o n s  l e a d  t o  
t e s t a b l e  p r e d i c t i o n s  a b o u t  t h e  f o r m  o f  p e r s o n s "  
s u m m a r i e s  o f  t h e i r  o b s e r v a t i o n s  o f  a n  a c t i o n  



bas ic  word o rde r  p a t t e r n ,  (See S t e e l s  and Vermeir (1976b11. 
Also the re  have been some r e s u l t s  on t h e  gene ra l i za t ion  of t he  
systems t o  make them f r e e  from word o r d e r ,  The meta-grammars 
a r e  a s  y e t  not completely worked out  formal ly .  

P r a c t i c a l  

Completion grammars developed from a t tempts  t o  design com- 
pu ta t iona l  models of language a n a l y s i s  and syn thes i s .  I n  t h i s  
r e spec t  they lformed t h e  underlying theory f o r  small exper i -  
ments i n  language processing [ s e e  S t e e l s  (197511.  Also i n  
t h e  context  of research  i n  automatic t r a n s l a t i o n ,  a  language 
producing system was designed and implemented, which conta ins  
a  meta-component t o  produce su r face  s t r u c t u r e  r u l e s  from 
a b s t r a c t  deep case  frames. This production system t akes  a s  
input  expressions i n  an Y n t e r l i n g u a '  a n d , a f t e r  consu l t a t ion  
of t h e  meta-grammar,produces language expressions i n  t h e  
language spec i f i ed  by t h e  meta-grammar. 

Conclusions 

We hope t o  have made c l e a r  t h a t  i t  i s  poss ib l e  t o  develop 
o t h e r  means of analyzing and producing n a t u r a l  language than 
by t h e  common phrase s t r u c t u r e  grammars approach, I n  pa r t i cu -  
l a r  we have presented a  model t h a t  i nco rpora t e s  t h e  bas i c  
a spec t s  of case  systems, 

I n  l i n g u i s t i c  theory a  case i s  considered t o  be a  r e l a t i o n  
between a  p red ica t e  and one of i t s  arguments, i n  a  case  
s t r u c t u r e  we de f ine  t h e  p a r t i c u l a r  case  r e l a t i o n s  t h a t  a r e  
found w i t h  a  given p red ica t e  toge the r  w i t h  information about 
how t h e s e  p a r t i c u l a r  case  r e l a t i o n s  a r e  expressed [ o r  
recognized)  i n  n a t u r a l  language, This inc ludes  su r face  
s i g n a l s ,  such a s  p repos i t ions ,  case  a f f i x e s ,  word o rde r ,  
e t c . . .  , t h e  so c a l l e d  case  markers, and semantic p r o p e r t i e s  
of t h e  argument which a c t  a s  s e l e c t i o n  r e s t r i c t i o n s ,  

I n  t h e  paper we introduced a  formal model, c a l l e d  a  
completion grammar i n  which t h e  s o r t  of information normally 
found i n  ca se  systems can be expressed. T h i s  model c o n s i s t s  
of a  r ewr i t ing  system where t h e  a lphabet  conta ins  p red ica t e s  
and arguments and t h e  product ions de f ine  case  s t r u c t u r e s ,  
Order i s  being regula ted  by t h e  genera t ion  and recogni t ion  
mechanisms, 

As a  f u r t h e r  extension of t h e  theory a meta-grammar w s  
proposed t h a t  c o n s t r u c & t h e  r u l e s  f o r  r e a l i z i n g  su r face  case 
s t r u c t u r e s  on t h e  b a s i s  of deep case s t r u c t u r e s  and informa- 
t i o n  by what way t h e  case  frame should be introduced.  

Although t h e r e  remains a  l o t  of work t o  be done, we a r e  
convinced by t h e  r e s u l t s  so f a r  obtained,  t h a t  t h e  model 
discussed i n  t h i s  paper w i l l  once form an e f f i c i e n t  t o o l  i n  



T a b l e  2 ,  C o h e r e n t  a n d  N o n - C o h e r e n t  S u m m a r i e s  
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A )  Tom g o t  o u t  a  c o n e  a n d  w e n t  t o  t h e  
r e f r i g e r a t o r  t o  g e t  s o m e  i c e  c r e a m  b u t  
t h e r e  w a s n * t  a n y  i c e  c r e a m  s o  h e  w a s n ' t  
a b l e  t o  make  a n  i c e  c r e a m  c o n e  t o  e a t ,  

B )  Tam w a n t e d  t o  m a k e  a n  i c e  c r e a m  c o n e  t o  
e a t ,  Ke t h o u g h t  t h a t  t h e r e  w a s  i c e  c r e a m  
i n  t h e  f r e e z e r ,  b u t  when  h e  l o o k e d  h e  
f o u n d  t h a t  t h e r e  w a s n * t  a n y  i c e  c r e a m ,  

C )  Tom w a n t e d  t o  m a k e  a n  i c e  c r e a m  c o n e  t o  
e a t ,  b u t  t h e r e  w a s n a t  a n y  i c e  c r e a m .  

N o n - C o h e r e n t  S u m m a r r i e s  

D) Tom t o o k  a c o n e  o u t  o f  t h e  c a b i n e t .  
T h e n  h e  w e n t  t o  t h e  r e f r i g e r a t o r  a n d  
o p e n e d  t h e  f r e e z e r .  T h e n  h e  c l o s e d  t h e  
f r e e z e r  a n d  p u t  t h e  c o n e  a w a y ,  

E) Tom w a l k e d  t o  t h e  c a b i n e t  a n d  t h e n  h e  
w a l k e d  t o  t h e  r e f r i g e r a t o r  a n d  t h e n  h e  
w a l k e d  b a c k  t o  t h e  c a b i n e t .  

I?) Tom o p e n e d  t h e  c a b i n e t  a n d  o p e n e d  a b o x  
o f  c o n e s ,  t h e n  h e  o p e n e d  t h e  f r e e z e r ,  b u t  
t h e r e  w a s  n o  i c e  e r e a m  s o  h e  p u t  t h e  c o n e  
a w a y ,  

G )  Tom o p e n e d  t h e  c a b i n e t  a n d  t o o k  o u t  a  
c o n e  a n d  g o t  a  c o n e ,  T h e n  h e  o p e n e d  t h e  
r e f r i g e r a t o r  a n d  t h e n  c l o s e d  i t ,  

H) Tom w a l k e d  t o  t h e  c a b i n e t ,  o p e n e d  i t  
a n d  p u t  t h e  c o n e  a w a y .  

I )  Tom g o t  a c o n e  a n d  c l o s e d  t h e  c a b i n e t  
d o o r ,  T h e n  h e  w e n t  t o  t h e  r e f r i g e r a t o r  t o  
g e t  s o m e  i c e  c r e a m  a n d  e l o s e d  t h e  d o o r ,  
S i n c e  t h e r e  w a s n s t  a n y  i c e  c r e a m  h e  p u t  
t h e  c o n e  a w a y ,  

W i t h i n  t h e  w o r k  o n  t h e  B E L I E V E R  s y s t e m  we h a v e  
c o n s t r u c t e d  a  t h e o r y  w h i c h  a s s u m e s  t h a t  t h e s e  
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p r o p e r t i e s  o f  a  s u m m a r y  o f  i n t e n t i o n a l  a c t i o n  a r e  a n  
i n h e r e n t  p r o p e r t y  o f  t h e  u n d e r s t a n d i n g  p r o c e s s .  T h e  
p r o c e s s  o f  u n d e r s t a n d i n g  i s  a s s u m e d  t o  b e  a n  a c t i v e  
p r o c e s s  o f  r e c o g n i z i n g  t h e  i n t e n t i o n s  a n d  g o a l s  o f  
t h e  a c t o r .  T h i s  p r o c e s s  i s  e s s e n t i a l l y  a  p r o c e s s  o f  
r e c o g n i z i n g  t h e  p l a n s  t h a t  g e n e r a t e d  t h e  o b s e r v e d  
a c t i o n s ,  T h e r e f o r e ,  b e f o r e  r e t u r n i n g  t o  a n  e x p l i c i t  
c o n s i d e r a t i o n  o f  t h e  p r o b l e m  o f  s u m m a r i z a t i o n  we 
w i l l  f i r s t  d e v e l o p  s o m e  o f  o u r  i d e a s  o n  P l a n  
R e e a g n l t i o n ,  

PROPERTIES OF A C T  S E Q U E N C E S  A N D  PLANS 

T h e  p r o b l e m  o f  P l a n  R e c o g n i t i o n  i s  t o  t a k e  a  
s e q u e n c e  o f  o b s e r v e d  a c t i o n s  a n d  t o  h y p o t h e s i z e  
p l a n s  i n  o r d e r  t o  e x p l a i n  t h e  o b s e r v e d  a c t i o n s ,  T h e  
h y p o t h e s i z e d  p l a n s  h a v e  t o  b e  c o n s i s t e n t  w i t h  
r e s p e c t  t o  a  s p e c i f i c a t i o n  o f  p l a n  c o n s i s t e n c y ,  a n d  
b e  c o r r e c t  i n  t h e  d e g r e e  t o  w h i c h  t h e y  m a t c h  t h e  
o b s e r v e d  a c t i o n s ,  T h i s  p r o b l e m  o f  P l a n  R e c o g n i t i o n  
c a n  b e  e l u c i d a t e d  b y  c o n t r a s t i n g  s o m e  o f  t h e  
p r o p e r t i e s  o f  p l a n s  w i t h  s o m e  o f  t h e  p r o p e r t i e s  o f  
t h e  o b s e r v e d  a c t i o n s  ( e x e c u t i o n  t r a c e s  o f  p l a n s )  
f r o m  w h i c h  t h e  p l a n s  m u s t  b e  i n f e r r e d .  

Some o f  t h e  p r o p e r t i e s  o f  t h e  o b s e r v e d  a c t i o n s  
a r e :  
( 1 )  A c t i o n s  a r e  e v e n t s  w h i c h  o c c u r  i n  a n d  a f f e c t  a n  
a c t u a l  w o r l d  ( T h e  P h y s i c a l  o r  E x t e r n a l  p r o p e r t y  o f  
a c t i o n s ) ;  
( 2  1 S e q u e n c e s  o f  o b s e r v e d  a c t i o n s  a r e  
n o n - h i e r a r c h i c a l  a n d  l i n e a r l y  o r d e r e d  i n  t i m e  
( T e m p o r a l  L i n e a r  O r d e r i n g  p r o p e r t y  o f  a c t i o n s ) ;  
( 3 )  An a c t i o n  i m m e d i a t e l y  b e f o r e  o r  a f t e r  a  
p a r t i c u l a r  a c t i o n  s e q u e n c e  c a n  b e  a d d e d  t o  t h a t  
a c t i o n  s e q u e n c e  a n d  t h i s  e x t e n s i o n  y i e l d s  a n  a c t i o n  
s e q u e n c e  ( N a n - b o u n d e d n e s s  p r o p e r t y  o f  a c t i o n s ) ,  

Some o f  t h e  p r o p e r t i e s  o f  r e c o g n i z e d  p l a n s  a r e :  
( 1 )  A p l a n  i s  a  p a r t i a l  m o d e l  o f  a  p o s s i b l e  c o u r s e  
o f  a c t i o n  e x e c u t e d  i n  a p o s s i b l e  w o r l d  ( T h e  
P s y c h o l o g i c a l  o r  I n t e r n a l  p r o p e r t y  o f  p l a n s ] ;  
( 2 )  A p l a n  i s  a h i e r a r c h i c a l  s t r u c t u r e  o f  u n i t s  e a c h  
o f  w h i c h  i s  a l s o  a  p l a n  ( C o m p o s i t i o n  p r o p e r t y  o f  
p l a n s  1 ; 
( 3 )  T h i s  h i e r a r c h i c a l  s t r u c t u r e  o f  a  p l a n  i s  
l o g i c a l l y  o r d e r e d ,  T h i s  l o g i c a l  o r d e r i n g  c r e a t e s  a 
p a r t i a l  o r d e r i n g  o f  t h e  s u b p l a n s  o f  w h i c h  a 
p a r t i c u l a r  p l a n  i s  c o m p o s e d ,  ( L o g i c a l  O r d e r i n g  
p r o p e r t y  o f  p l a n s ) ;  
3 4 )  A p l a n  h a s  a  l o g i c a l  b e g i n n i n g  a n d  e n d  



( B o u n d e d n e s s  p r o p e r t y  o f  p l a n s ) ,  
T h i s  b r i e f  s k e t c h  a n d  c o m p a r i s o n  o f  p l a n  a n d  

o b s e r v e d  a c t i o n  p r o p e r t i e s  s e r v e s  t o  p o i n t  o u t  t h e  
d e g r e e  t o  w h i c h  a  p r o c e s s  t h a t  a t t e m p t s  t o  p e r f o r m  a  
m a p p i n g  f r o m  o b s e r v a t i o n s  i n t o  p l a n s  i n v o l v e s  a 
c h a n g e  i n  r e p r e s e n t a t i o n ,  T h e  p r o b l e m  o f  p l a n  
r e c o g n i t i o n  i s  t o  a c c o m p l i s h  t h i s  s h i f t  i n  
r e p r e s e n t a t i o n ,  

T h e  n e c e s s i t y  f o r  s u c h  a  s h i f t  c a n  b e  b e t t e r  
a p p r e c i a t e d  b y  c o m p a r i n g  t h e  a c t i o n  s e q u e n d e  o f  
t a b l e  1 w i t h  t h e  c o h e r e n t  s u m m a r i z a t i o n s  o f  t a b l e  2 .  
T h e s e  c o h e r e n t  s u m m a r i e s  r e f e r  t o  T o m 6 s  g o a l  o f  
m a k i n g  a n d  e a t i n g  a n  i c e  c r e a m  c o n e ,  H o w e v e r ,  n o  
a c t i o n  o f  m a k i n g  o r  e a t i n g  w a s  a c t u a l l y  o b s e r v e d  
s i n c e  T o m ' s  p l a n  f a i l e d  b e c a u s e  t h e r e  w a s  n o  i c e  
c r e a m  a v a i l a b l e ,  T h e  c o h e r e n c y  o f  T o m * s  a c t i o n s  
d e r i v e s  f r o m  t h e  p l a n  t h a t  we a s  o b s e r v e r s  a t t i b u t e  
t o  h i m .  T h e  a c t i o n s  t h e m s e l v e s  a r e  i n  n o  way  
d e f e c t i v e  o r  u n u s u a l ,  N o n e t h e l e s s ,  t h i s  s e q u e n c e  
h a s  n o  m e a n i n g  u n l e s s  t h e  a s s u m p t i o n  i s  m a d e  t h a t  
Tom w a n t e d  a n  i c e  c r e a m  c o n e  a n d  h e  b e l i e v e d  t h a t  h e  
w o u l d  b e  a b l e  t o  m a k e  o n e  w h e n  h e  i n i t i a t e d  t h e  
o b s e r v e d  c o u r s e  o f  a c t i o n ,  

I n  t h e  BELIEVER s y s t e m  t h e  a c c o m p l i s h m e n t  o f  t h i s  
r e p r e s e n t a t i o n a l  s h i f t  i s  g u i d e d  t h r o u g h  t h e  u s e  o f  

T h e  p l a n  s c h e m a  i s  a s t r u c t u r a l  
o f  t h e  p r o p e r t i e s  o f  t h e  p l a n  u n i t s  
a  p a r t i c u l a r  p l a n  s t r u c t u r e  i s  

c o n s t r u c t e d ,  T h e  p l a n  s c h e m a  a l s o  i n c l u d e s  a 
e n t a t i o n  o f  e a c h  o f  t h e  r e l a t i o n s  t h a t  

i n t o  w h i c h  s e r v e s  t o  d e f i n e  t h e  r u l e s  
o f  p l a n  c o n s i s t e n c y ,  H y p o t h e s e s  a b o u t  t h e  p l a n s  
w h i c h  u n d e r l i e  t h e  o b s e r v e d  a c t i o n s  a r e  a s s e r t e d  a s  
i n s t a n t i a t e d  p l a n  s c h e m a  a n d  t h e s e  h y p o t h e s e s  may b e  
m e r g e d  t o  f o r m  c o m p o s e d  p l a n  s t r u c t u r e s  b y  
s p e c i f y i n g  t h e  r u l e s  of -- i o n  o n  t h e s e  p l a n  
u n i t s ,  T h u s ,  p l a n s  a r e  c o m p o s e d  b u t  a c t i o n s  a r e  
n o t .  I n  t h i s  f r a m e w o r k  t h e  r e a s o n i n g  i n v o l v e s  a  
r e p r e s e n t a t i o n a l  s h i f t  t h a t  i s  a c c o m p l i s h e d  t h r o u g h  
t h e  u s e  o f  a  s c h e m a  w h i c h  i s  p a r t  o f  t h e  i n t e r n a l  
d o m a i n  k n o w l e d g e  o n l y ,  T h i s  e x e m p l i f i e s  w h a t  
p s y c h o l o g i s t s  m i g h t  r e f e r  t o  a s  c o n s t r u c t i v e  
r e a s o n i n g  a n d  A 1  w o r k e r s  w o u l d  c a l l  r e a s o n i n g  i n  
p r o b l e m s  o f  f o r m a t i o n ,  

THE P L A N  S C H E M A  A N D  PLAN RECOGNITION 

T h e  f i r s t  p r o p e r t y  m e n t i o n e d  a b o v e  i s  t h e  
p s y c h o l o g i c a l  o r  i n t e r n a l  n a t u r e  o f  t h e  p r o p o s i t i o n s  



t h a t  c o n s t i t u t e  a  p l a n .  T h i s  p r o p e r t y  o f  p l a n s  i s  
p a r t i c u l a r l y  i m p o r t a n t  i n  p l a n  r e c o g n i t i o n  s i n c e  
t h e s e  p l a n s  a r e  i n f e r r e d  s t r u c t u r e s  w h i c h  a r e  
a t t r i b u t e d  t o  t h e  a g e n t s  o f  t h e  o b s e r v e d  a c t i o n s .  
C o n s e q u e n t l y ,  a  h y p o t h e s i z e d  p l a n  m u s t  n o t  o n l y  b e  
c o n s i s t e n t  w i t h  a  m o d e l  o f  t h e  p h y s i c a l  w o r l d ,  b u t  
a l s o  c o n s i s t e n t  w i t h  t h e  o b s e r v e r a s  p s y c h o l o g i c a l  
m o d e l  o f  a  p e r s o n ,  

S i n c e  p l a n  r e c o g n i t i o n  i s  a  p r e d i c t i v e  p r o c e s s  
( c f ,  S c h m i d t ,  1 9 1 6 ) ,  t h e  s t a t u s  o f  t h e  p r o p o s i t i o n s  
t h a t  c o n s t i t u t e  a  p l a n  w i l l  d i f f e r  d e p e n d i n g  u p o n  
w h e t h e r  t h e  p l a n  i s  a n  e x p l a n a t i o n  o f  o b s e r v a t i o n s  
a l r e a d y  m a d e  by  t h e  s y s t e m  o r  a  p r e d i c t i o n  a b o u t  
f u t u r e  o b s e r v a t i o n s .  If t h e  g o a l  o f  a  p l a n  h a s  b e e n  
s u p p o r t e d  b y  o b s e r v a t i o n s  a l r e a d y  m a d e  b y  t h e  
s y s t e m ,  t h e n  t h e  c o n f i g u r a t i o n  o f  p r o p o s i t i o n s  t h a t  
c o n s t i t u t e  a  p l a n  a r e  - d  t r u e ,  Any 
c o n t r a d i c t i o n ,  p s y c h o l o g i c a l  o r  p h y s i c a l ,  w o u l d  
s e r v e  t o  i n v a l i d a t e  t h e  p l a n  h y p o t h e s i s .  T h e  
p r o p o s i t i o n s  w h i c h  a r e  r e l a t e d  t o  a  p r e d i c t e d  b u t  a s  
y e t  u n o b s e r v e d  p l a n  m u s t  b e  p l a u s i b l e ,  t h a t  i s ,  n o t  
c o n t r a d i c t e d  b y  w h a t  i s  k n o w n .  H o w e v e r ,  o n c e  t h e  
g o a l  o f  a  p r e d i c t e d  p l a n  i s  s u p p o r t e d  b y  
o b s e r v a t i o n s  t h e n  t h e s e  p r o p o s i t i o n s  a r e  a l s o  
p r e s u m e d  t r u e .  

A g r a p h i c a l  r e p r e s e n t a t i o n  o f  t h e  c o n c e p t  o f  a  
p l a n  s c h e m a  i s  d i s p l a y e d  i n  f i g u r e  1 ,  T h e  p l a n  
s c h e m a  c o n s i s t s  o f  t h e  m a j o r  r e l a t i o n s  t h a t  a r e  
d e f i n e d  b e t w e e n  t h e  b o x  l a b e l l e d  P l a n  ( @ )  a n d  o t h e r  
n o d e s  o f  t h i s  g r a p h ,  T h e  r e p r e s e n t a t i o n  o f  t h e  
p s y c h o l o g i c a l  s e n s e  o f  a  P l a n  c a n  b e  d e s c r i b e d  by  
f i r s t  c o n s i d e r i n g  t h o s e  r e l a t i o n s  t h a t  h o l d  b e t w e e n  
t h e  P l a n  b o x  a n d  t h e  v a r i o u s  c i r c l e s  w h i c h  r e p r e s e n t  
s e t s  o f  p r o p o s i t i o n s ,  

C o n s i d e r  f i r s t  t h e  O p p o r t u n i t i e s  r e l a t i o n ,  F o r  
n o n - s o c i a l  a c t i o n s  s u c h  a s  @ w a l k e  a n d  * m a k e , *  t h e s e  
p r o p o s i t i o n s  a r e  d e r i v e d  f r o m  t h e  p h y s i c a l  
p r e c o n d i t i o n s  f o r  t h e  a c t ,  F o r  s o c i a l  a c t i o n s  s u c h  

# a s k a  a s  a b u ~ ,  " & g i v e ,  ' a n d  # h e l p ,  " t h e  
p r e c o n d i t i o n s  f o r  t h e  a c t  may a l s o  r e f e r  t o  m e n t a l  
s t a t e s  o f  t h e  p a r t i c i p a n t s ,  T h e  p s y c h o l o g i c a l  
p r o p e r t y  o f  t h i s  O p p o r t u n i t i e s  r e l a t i o n  i s  
r e p r e s e n t e d  by  a s s o c i a t i n g  w i t h  t h e  r e l a t i o n  t h e  
c o n s t r a i n t  t h a t :  

------------ 
( # I  T h e  c o n v e n t i o n  w i l l  b e  f o l l o w e d  t h a t  w h e n  w o r d s  
a p p e a r i n g  i n  t h e  t e x t  r e f e r  t o  t e c h n i c a l  t e r m s ,  t h e  
f i r s t  l e t t e r  o f  t h e  w o r d  w i l l  b e  c a p i t a l i z e d ,  



( (PLAN L) o p p o r t u n i t i e s  (PROPOSITION S ) )  = >  
((L p 1 a n n e r : b e l i e v e s  S )  b e f o r e  L )  

T h e  l o g i c a l  f o r m a l i s m  u s e d  i n  t h i s  p a p e r  i s  a  
v a r i a n t  o f  t h a t  d e s i g n e d  f o r  u s e  i n  t h e  M D S  s y s t e m  
( S r i n i v a s a n  1 9 7 3 ) .  T h e  s t a t e m e n t  a b o v e  p r o v i d e s  t h e  
p l a n  r e c o g n i t i o n  p r o c e s s  w i t h  t h e  i n f o r m a t i o n  t h a t  
t h e  a s s e r t i o n  o f  a n  O p p o r t u n i t i e s  r e l a t i o n  r e q u i r e s  
t h a t  t h e  P l a n n e r  o f  L B e l i e v e s  a l l  o f  t h e  
p r o p o s i t i o n s ,  S ,  T h e  c o n f i r m a t i o n  o f  t h i s  b e l i e f  
c o n s t r a i n t  o n l y  n e e d s  t o  b e  c a r r i e d  t h r o u g h  t o  
i n s u r e  f r e e d o m  f r o m  c o n t r a d i c t i o n ,  A b s o l u t e  
c o n f i r m a t i o n  i s  n o t  r e q u i r e d ,  T h i s  i s  f a c i l i t a t e d  
b y ' t h e  t h r e e - v a l u e d  ( T r u e ,  Unknown,  F a l s e )  l o g i c  
a v a i l a b l e  i n  t h e  MDS s y s t e m .  

A u s e  o f  t h i s  b e l i e f  c o n s t r a i n t  c a n  b e  c l a r i f i e d  
by  c o n s i d e r i n g  a n  o p p o r t u n i t y  f o r  # t a k i n g f f  i c e  c r e a m  
f r o m  t h e  r e f r i g e r a t o r .  I f  o n e  s u c h  p r o p o s i t i o n  i s  
t h a t  t h e  i c e  c r e a m  i s  i n  t h e  r e f r i g e r a t o r ,  t h e n  t h e  
s y s t e m  h a s  t o  v e r i f y  t h a t  t h e  P l a n n e r  B e l i e v e s  t h a t  
t h e  i c e  c r e a m  i s  i n  t h e  r e f r i g e r a t o r ,  I f  t h i s  
' t a k e g  were a n  o b s e r v e d  a c t i o n  s p e c i f i e d  a s  i n p u t  t o  
t h e  s y s t e m ,  t h e n  t h e  s a t i s f a c t i o n  o f  t h i s  c o n s t r a i n t  
c a n  b e  p r e s u p p o s e d ,  On t h e  o t h e r  h a n d ,  i f  t h e  
s y s t e m  a t t e m p t s  t o  p r e d i c t  t h a t  t h e  a c t i o n  o f  
# t a k i n g 8  i s  p a r t  o f  t h e  a c t o r 8 s  p l a n  a s  w o u l d  b e  
n e c e s s a r y  t o  a c c o u n t  f o r  t h e  a c t i o n  s e q u e n c e  o f  
t a b l e  1 ,  t h e n  t h e  a c t u a l  s a t i s f a c t i o n  o f  t h e  
p r e c o n d i t i o n  w i l l  i n f o r m  t h e  o b s e r v i n g  s y s t e m  o f  t h e  
p o s s i b l e  s u c c e s s  o r  f a i l u r e  o f  t h e  e x e c u t e d  p l a n ,  

T h e  p s y c h o l o g i c a l  c o n s t r a i n t  o n  t h e  p r o p o s i t i o n s  
Fn t h e  G o a l  a n d  O u t c o m e  r e l a t i o n s  t o  t h e  P l a n  a r e  
i n t r o d u c e d  i n  a s i m i l a r  m a n n e r ,  T h e s e  c o n s t r a i n t s  
a r e :  

( (PLAN L) g o a l  (PROPOSITION S ) )  = >  
((L o u t c o m e  S )  
((L p l a n n e r : w a n t s  S )  b e f o r e  L )  

( ( P L A N  L) o u t c o m e  (PROPOSITION S ) )  = >  
( ( L  p l a n n e r : e x p e c t s  S )  b e f o r e  L )  
((L p l a n n e r : k n o w s  S )  a f t e r  L )  

T h e  G o a l  p r o p o s i t i o n  i s  a l s o  a n  O u t c o m e  p r o p o s i t i o n .  
H o w e v e r ,  t h e  G o a l  o u t c o m e  i s  t h e  o n l y  O u t c o m e  w h i c h  
t h e  a c t o r  c a n  b e  s a i d  t o  w a n t ,  A p e r s o n  who p l a n s  
t o  b u y  a  r a d i o  i s  s a i d  t o  w a n t  t o  own t h e  r a d i o ,  b u t  
i t  w o u l d  n o t  b e  a p p r o p r i a t e  t o  s a y  t h a t  t h e  p e r s o n  
w a n t s  t o  g e t  r i d  o f  t h e  m o n e y  n e e d e d  t o  p a y  f o r  t h e  



r a d i o .  If t h i s  w e r e  t h e  g o a l ,  t h e n  t h e  p l a n  w o u l d  
n o t  b e  a  * b u y , "  T h i s  d i s t i n c t i o n  b e t w e e n  t h e  G o a l  o f  
a  P l a n  a n d  i t s  O u t c o m e s  w i l l  p l a y  a n  i m p o r t a n t  r o l e  
when  t h e  c o m p o s i t i o n  o f  P l a n  u n i t s  i s  c o n s i d e r e d ,  

T h e  p r o p o s i t i o n s  i n v o l v e d  i n  t h e  R e a s o n - F o r  
r e l a t i o n  p l a y  a  d i s t i n c t i v e  r o l e  i n  t h e  p l a n  
r e c o g n i t i o n  p r o c e s s .  R e c a l l  t h a t  t h e  o b s e r v e r  d o e s  
n o t  know t h e  a c t o r s s  g o a l ,  C o n s e q u e n t l y ,  t h e  
h y p o t h e s i s  t h a t  t h e  a c t o r  i s  p u r s u i n g  a  p a r t i c u l a r  
P l a n  a n d  t h u s  a  p a r t i c u l a r  G o a l  m u s t  b e  s u p p o r t e d .  
T h i s  s u p p o r t  a r i s e s  f r o m  t h e  o b s e r v e r  " s  
p s y c h o l o g i c a l  t h e o r y  a b o u t  t h e  k i n d  o f  i n t e r n a l  
p s y c h o l o g i c a l  s t a t e s  t h a t  m o t i v a t e  p e r s o n s  t o  c h o o s e  
t o  e x e c u t e  p a r t i c u l a r  p l a n s ,  T h e  p r o p o s i t i o n s  i n  
t h e  R e a s o n - F o r  r e l a t i o n  a r e  t h e  p r o p o s i t i o n s  a b o u t  
t h e  i n t e r n a l  s t a t e s  o f  t h e  a c t o r  w h i c h  s u p p o r t  t h e  
a s s u m p t i o n  t h a t  t h e  a c t o r  W a n t s  t h e  G o a l  o f  t h i s  
p a r t i c u l a r  p l a n ,  T h e s e  p r o p o s i t i o n s  a b o u t  t h e  
P l a n n e r e s  i n t e r n a l  s t a t e s  a r i s e  t h r o u g h  t h e  
a p p l i c a t i o n  o f  p s y c h o l o g i c a l  r u l e s  o f  i n t e r p r e t a t i o n  
w h i c h  s p e c i f y  t h e  f e e l i n g s ,  s e n t i m e n t s ,  n e e d s  a n d  s o  
o n  w h i c h  t h e  o b s e r v e r  b e l i e v e s  m o t i v a t e  t h e  p u r s u i t  
o f  a p a r t i c u l a r  g o a l ,  T h i s  c o n s t r a i n t  i s  
r e p r e s e n t e d  a s :  

( ( P L A N  L )  r e a s o n - f o r  (PROPOSITION S ) )  = >  
( L  p l a n n e r : m o t i v a t e d - b y  S j  

W i t h  t h e s e  c l a s s e s  o f  p r o p o s i t i o n s  d e f i n e d ,  i t  i s  
now p o s s i b l e  t o  c o n s i d e r  t h e  v a r i o u s  w a y s  i n  w h i c h  
P l a n  u n i t s  may b e  r e l a t e d  a n d  how t h e s e  r e l a t i o n s  
a r e  u s e d  t o  s t r u c t u r e  t h e  f o r m a t i o n  o f  a n  o v e r a l l  
e x p l a n a t i o n  o f  t h e  p e r s o n e s  a c t i o n s .  F o u r  t y p e s  o f  
r e l a t i o n s  b e t w e e n  P l a n  u n i t s  w i l l  b e  d e f i n e d ,  T h e s e  
f o u r  r e l a t i o n s  a r e  r e f e r r e d  t o  a s  E n a b l e ,  M o t i v a t e ,  
I n - O r d e r - T o ,  a n d  M e a n s - O f ,  T h e  u s e  o f  t h e s e  
r e l a t i o n s  t o  c o n s t r u c t  a n  e x p l a n a t i o n  o f  a n  o b s e r v e d  
a c t i o n  s e q u e n c e  i s  e x e m p l i f i e d  i n  f i g u r e  2 ,  T h i s  
f i g u r e  p r o v i d e s  a  h i g h l y  s c h e m a t i z e d  g r a p h i c a l  
r e p r e s e n t a t i o n  o f  a n  e x p l a n a t i o n  o f  t h e  a c t i o n  
s e q u e n c e  o f  t a b l e  1 ,  I n  t h i s  f i g u r e  t h e  s m a l l  
r e c t a n g u l a r  b o x e s  w h i c h  a r e  n u m b e r e d  1 t h r o u g h  1 4  
c o n t a i n  a  s i n g l e  v e r b  w h i c h  c o r r e s p o n d s  t o  t h e  
a c t i o n s  m e n t i o n e d  i n  t h e  d e s c r i p t i o n  i n  t a b l e  1,  
T h e  n u m b e r i n g  a s  w e l l  a s  t h e  h o r i z o n t a l  p o s i t i o n  o f  
t h e s e  b o x e s  i n  t h e  f i g u r e  i s  u s e d  t o  r e p r e s e n t  t h e  
t e m p o r a l  o r d e r i n g  o f  t h e  a c t i o n s ,  E a c h  o f  t h e  b o x e s  
o f  f i g u r e  2 r e p r e s e n t  a  P l a n  u n i t ,  T h e  b o x e s  w h i c h  
c o n t a i n  t w o  o r  m o r e  o t h e r  b o x e s  a r e  r e f e r r e d  t o  a s  a  



1 .  T h e  P l a n  S c h e m a ,  

B 
I 

-*a 
2 ,  p l a n  R e p r e s e n t a t i o n  o f  a n  ~ e t '  S e q u e n c e ,  



P l a n s t r u c t u r e .  Some o f  t h e  b o x e s  o f  f i g u r e  2 a r e  
s h o w n  w i t h  d o t t e d  l i n e s .  T h i s  h a s  b e e n  d o n e  t o  
i n d i c a t e  t h a t  a l t h o u g h  t h e s e  a r e  p a r t  o f  t h e  p l a n  
h y p o t h e s i s ,  t h e  a c t i o n s  t h a t  w e r e  p r e d i c t e d  b y  t h e s e  
s t r u c t u r e s  w e r e  n o t  o b s e r v e d  i n  t h e  a c t i o n  s e q u e n c e .  

C o n s i d e r  f i r s t  a P l a n  Z w h i c h  p r e c e d e s  b u t  d o e s  
n o t  o v e r l a p  i n  t i m e  w i t h  a n o t h e r  P l a n  L, a n d  a n  
O u t c o m e  S  o f  t h e  P l a n  2 .  I f  t h i s  O u t c o m e  S  i s  a  
p r e c o n d i t i o n  f o r  t h e  e x e c u t i o n  o f  t h e  P l a n  L t h e n  Z 
i s  s a i d  t o  E n a b l e  L a n d  S i s  o n e  o f  t h e  E n a b l i n g  
S t a t e s  o f  t h e  E n a b l e  r e l a t i o n ,  A M o t i v a t e  r e l a t i o n  
c a n  b e  d e f i n e d  i n  a n  a n a l o g o u s  m a n n e r .  I n  t h i s  c a s e  
t h e  O u t c o m e  p r o p o s i t i o n  S o f  a  P l a n  Z i s  a member  o f  
t h e  s e t  o f  p r o p o s i t i o n s  t h a t  c o n s t i t u t e  t h e  
R e a s o n - F o r  t h e  s u b s e q u e n t  P l a n  L. B o t h  o f  t h e s e  
r e l a t i o n s  c a p t u r e  a  l o g i c a l  d e p e n d e n c y  b e t w e e n  t w o  
P l a n  u n i t s .  T h e  d o t t e d  l i n e s  o f  f i g u r e  2 r e p r e s e n t  
s o m e  o f  t h e s e  E n a b l e  a n d  M o t i v a t e  r e l a t i o n s .  F o r  
e x a m p l e ,  t h e  a c t  o f  o p e n i n g  t h e  c a b i n e t  ( 2 )  E n a b l e d  
t h e  c l o s i n g  o f  t h e  c a b i n e t  ( 5 ) .  T h e  d o t t e d  l i n e  
b e t w e e n  ( 2 )  a n d  ( 7 )  r e p r e s e n t s  b o t h  a M o t i v a t e  a n d  
a n  E n a b l e  r e l a t i o n  b e t w e e n  t h e s e  t w o  a c t i o n s .  T h e  
M o t i v a t e  r e l a t i o n  h o l d s  s i n c e  t h e  o u t c o m e  o f  o p e n i n g  
t h e  c a b i n e t  ( 2 )  " a c t i v a t e d w  a  t i d i n e s s  n o r m a t i v e  
r u l e  w h i c h  s t a t e s  t h a t  o n e  o u g h t  t o  r e v e r s e  t h e  s i d e  
e f f e c t s  o f  o n e a s  a c t i o n s  w h e n  t h e s e  s i d e  e f f e c t s  
d i s r u p t  t h e  p r e s c r i b e d  s t a t e s  o f  a f f a i r s  i n  a 
p a r t i c u l a r  s e t t i n g ,  

A l t h o u g h  many o f  t h e  E n a b l e  a n d  M o t i v a t e  
r e l a t i o n s  a r e  r e p r e s e n t e d  i n  f i g u r e  2 ,  f o r  r e a s o n s  
o f  c l a r i t y  a  g o o d  many o f  t h e s e  r e l a t i o n s  h a v e  n o t  
b e e n  s h o w n ,  I f  t h e s e  u b i q u i t o u s  r e l a t i o n s  w e r e  
s u f f i c i e n t  g r o u n d s  f o r  c o n c l u d i n g  t h a t  t w o  P l a n  
u n i t s  w e r e  a c t u a l l y  e l e m e n t s  o f  t h e  s a m e  o v e r a l l  
p l a n ,  t h e n  t h e  h y p o t h e s i s  s p a c e  w o u l d  b e c o m e  
e n o r m o u s ,  I t  i s  f o r  t h i s  r e a s o n  t h a t  t h e  
d i s t i n c t i o n  m a d e  e a r l i e r  b e t w e e n  a  G o a l  a n d  a n  
O u t c o m e  i s  s o  i m p o r t a n t ,  C l e a r l y ,  T o m s s  g o a l  i n  
o p e n i n g  t h e  c a b i n e t  w a s  n o t  t o  h a v e  t h e  d o o r  o p e n  s o  
t h a t  h e  c o u l d  t h e n  c l o s e  i t ,  R a t h e r  h i s  g o a l  was t o  
g e t  a c o n e  o u t  o f  t h e  c a b i n e t ,  

T h i s  m e a n s  t h a t  P l a n  u n i t s  c a n  n o t  b e  c o m p o s e d  
i n t o  a l a r g e r  p l a n  b a s e d  o n  t h e  E n a b l e  o r  M o t i v a t e  
r e l a t i o n  a l o n e ,  A new r e l a t i o n  i s  r e q u i r e d  t h a t  i s  
d e f i n e d  o v e r  t h e  E n a b l e  o r  M o t i v a t e  r e l a t i o n s  a n d  
i n t r o d u c e s  t h e  a p p r o p r i a t e  p s y c h o l o g i c a l  
c o n s t r a i n t s ,  T h i s  I n - O r d e r - T o  r e l a t i o n  i s  r a t h e r  
t o r t u r o u s l y  e x p r e s s e d  a s :  



( (PLAN Z )  i n - o r d e r - t o  (PLAN L ) )  = >  
[ (PROPOSITION S ) ( Z  g o a l  S )  = >  

[ ( Z  e n a b l e  L)(S e n a b l e s t a t e o f  ( Z  e n a b l e  L)) 
v  ( Z  m o t i v a t e  L ) ( S  m o t i v a t e s t a t e o f  

( Z  m o t i v a t e  L ) ) ] ]  
[ ( ( Z  p l a n n e r )  w a n t s  (L g o a l ) )  b e f o r e  Z ) ]  
[ (PROPOSITION B ) ( ( B  o p p o r t u n i t y  L) 

v  (B r e a s o n - f o r  L)) " ( Z  o u t c o m e  B )  = >  
( ( Z  p l a n n e r )  b e l i e v e s  B ) ]  

T h e  I n - O r d e r - T o  r e l a t i o n  r e p r e s e n t s  o n e  r e l a t i o n  
w h e r e b y  a  p a r t i c u l a r  P l a n  may b e  c o m p o s e d  o u t  o f  
P l a n  u n i t s ,  To s a y  t h a t  o n e  P l a n  w a s  d o n e  i n  o r d e r  
t o  b e  a b l e  t o  d o  a n o t h e r  c o n s t i t u t e s  a c l a i m  t h a t  
t h e  t w o  P l a n  u n i t s  a r e  r e a l l y  p a r t  o f  t h e  s a m e  
P l a n s t r u c t u r e .  T h i s  r e l a t i o n  d e f i n e s  a p a r t i a l  
o r d e r i n g  c a p t u r i n g  t h e  n o n - l i n e a r  n a t u r e  o f  p l a n s  
a n d  a l l o w s  d i f f e r e n t  e x e c u t i o n  s e q u e n c e s  o f  a  s i n g l e  
p l a n  t o  b e  r e c o g n i z e d ,  

T h e  I n - O r d e r - T o  r e l a t i o n  i s  r e p r e s e n t e d  i n  f i g u r e  
2 b y  a s o l i d  a r r o w .  T h i s  r e l a t i o n  i s  s h o w n  a s  a  
p a i r - w i s e  P l a n  u n i t  r e l a t i o n .  H o w e v e r ,  t h e  
d e f i n i t i o n  o f  t h e  p s y c h o l o g i c a l  c o n s t r a i n t s  o n  t h i s  
r e l a t i o n  c r e a t e s  t h e  e f f e c t  o f  g i v i n g  t h e  t r a n s i t i v e  
c l o s u r e  o f  t h e  r e l a t i o n ,  C o n s e q u e n t l y ,  a c t i o n s  ( 1 )  
t h r o u g h  ( 4 )  o f  f i g u r e  2 r e a l l y  r e p r e s e n t  t h e  
h y p o t h e s i s  t h a t  t h i s  s e q u e n c e  o f  a c t i o n s  c o n s t i t u t e d  
a s i n g l e  u n i t  o f  a c t i v i t y  f o r  Tom. 

T h e  f i n a l  r e l a t i o n  i s  t h e  Means -Of  r e l a t i o n ,  
T h i s  i s  a r e l a t i o n  b e t w e e n  a  p l a n  a n d  a  
P l a n s t r u c t u r e ,  A P l a n s t r u c t u r e  i s  s i m p l y  a n  
I n - O r d e r - T o  c o n n e c t e d  s e q u e n c e  o f  P l a n  u n i t s .  T h e  
s i g n i f i c a n c e  o f  t h e  Means -Of  , r e l a t i o n  i s  t h a t  i t  
g i v e s  t h e  p l a n  h y p o t h e s i s  r e p r e s e n t a t i o n  a  
h i e r a r c h i c a l  s t r u c t u r e  t h a t  r e f l e c t s  t h e  
g o a l - s u b g o a l  s t r u c t u r e  o f  t h e  t o t a l  p l a n  h y p o t h e s i s ,  
T h i s  r e l a t i o n  h o l d s  i f  t h e  f i n a l  g o a l  o f  t h e  
P l a n s t r u c t u r e  c a n  b e  v i e w e d  a s  t h e  g o a l  o f  t h e  
h i g h e r - l e v e l  P l a n  u n i t ,  T h e  c o n s t r a i n t  o n  t h i s  
Means -Of  r e l a t i o n  i s  e x p r e s s e d  a s :  

( ( P L A N S T R U C T U R E  I) m e a n s o f  (PLAN L)) = >  
( P  b e l i e v e s  ((I g o a l )  t r a n s l a t a b l e  ( L  g o a l ) )  

T h e  i d e a  o f  T r a n s l a t a b l e  i s  t h a t  i f  c e r t a i n  
p r e s u p p o s i t i o n s  o f  t h e  G o a l  o f  L a r e  s u p p o r t e d  by  
t h e  c o n t e x t  a n d  s a t i s f i e d  b y  t h e  G o a l  o f  I ,  t h e n  t h e  
P l a n s t r u e t u r e  I may b e  v i e w e d  a s  a n  i n s t a n c e  o f  t h e  
P l a n  L, A t  i t s  s i m p l e s t ,  t h e  G o a l  o f  I a n d  L may b e  



i d e n t  i c a l .  H o w e v e r ,  t h e  c o n d i t i o n s  t h a t  m u s t  h o l d  
b e t w e e n  t h e  G o a l s  c a n  b e  q u i t e  c o m p l e x  a s  i s  
e x e m p l i f i e d  i n  s p e e c h  a c t s  s u c h  a s  * r e q u e s t , @  
@ p r o m i s e , '  a n d  # d e m a n d e  ( C f ,  B r u c e  a n d  S c h m i d t ,  
1 9 7 4 ;  B r u c e ,  1 9 7 5 ) .  

T h e  Means -Of  r e l a t i o n  i s  r e p r e s e n t e d  i n  f i g u r e  2 
a s  a  d o u b l e  a r r o w .  T h e  f i r s t  Means -Of  r e l a t i o n  
s h o w n  i n  f i g u r e  2 w a s  f o r m e d  b e c a u s e  t h e  g o a l  o f  
t a k e  (4) w a s  t o  h a v e  t h e  c o n e .  T h i s  m a t c h e d  t h e  
g o a l  o f  t h e  s u b p l a n  Get C o n e  w h i c h  r e s u l t e d  f r o m  t h e  
e l a b o r a t i o n  o f  t h e  h y p o t h e s i s  t h a t  Tom was p l a n n i n g  
t o  m a k e  a n  i c e  c r e a m  c o n e ,  T h e  M e a n s - O f  r e l a t i o n  
a c t s  a s  a  k i n d  o f  e q u i v a l e n c e  r e l a t i o n  t h a t  i s  
c o n d i t i o n a l  u p o n  t h e  p o i n t  o f  v i e w  t h a t  r e s u l t s  f r o m  
t h e  o b s e r v e r ' s  h y p o t h e s i s  a b o u t  t h e  f i n a l  g o a l  o f  
t h e  P l a n n e r ' s  o v e r a l l  p l a n .  T h e  f i r s t  a c t  o f  
w a l k i n g  t o  t h e  c a b i n e t  i s  n o t  s u b s u m e d  u n d e r  t h i s  
M e a n s - O f  r e l a t i o n  s i n c e  a n  I n - O r d e r - T o  r e l a t i o n  
s t i l l  h o l d s  b e t w e e n  w a l k  a n d  Get C o n e ,  No s u c h  
r e l a t i o n  h o l d s  b e t w e e n  P l a n  u n i t s  ( 2 )  t h r o u g h  (4) 
a n d  Get C o n e  a n d  t h e r e f o r e  t h e s e  P l a n  u n i t s  a r e  
s u b s u m e d  u n d e r  t h e  Get C o n e  P l a n  u n i t .  

A g a i n ,  t h i s  r e l a t i o n  a n d  i t s  p s y c h o l o g i c a l  
r e s t r i c t i o n  s e r v e  t o  g u i d e  t h e  p r o c e s s  o f  c o m p o s i n g  
p l a n  h y p o t h e s e s .  T h e  M e a n s - O f  r e l a t i o n  s u m m a r i z e s  
t h e  i n d i v i d u a l  P l a n  u n i t s  t h a t  c o n s t i t u t e  t h e  
P l a n s t r u c t u r e ,  I n  d o i n g  s o ,  i t  a l s o  d i s m i s s e s  t h e s e  
P l a n  u n i t s  f r o m  p a r t i c i p a t i n g  i n  f u r t h e r  
c o m p o s i t i o n s  o f  P l a n s .  F u r t h e r m o r e ,  i n  
c h a r a c t e r i z i n g  t h e  t y p e  o f  P l a n  t h a t  L i s ,  
p o t e n t i a l l y  new p r o p o s i t i o n s  i n  t h e  O p p o r t u n i t i e s ,  
G o a l  a n d  O u t c o m e  r e l a t i o n s  a r e  i n t r o d u c e d .  T h i s  i s  
e s p e c i a l l y  t r u e  f o r  s o c i a l  a c t i o n s ,  F o r  e x a m p l e ,  i f  
M a r y  h a n d s  $ 1 0  t o  S u e  a n d  t h i s  h a n d i n g  t o  i s  s e e n  a s  
a l o a n ,  t h e n  t h e  p r o p o s i t i o n s  c o n s t i t u t i n g  t h e  p l a n  
* l o a n c  r e p r e s e n t  a v e r y  d i f f e r e n t  s e t  o f  
p r o p o s i t i o n s  t h a n  t h o s e  t h a t  d e f i n e  t h e  p l a n  @ h a n d  
t o . *  T h e  i n t r o d u c t i o n  o f  t h e s e  new p r o p o s i t i o n s  
m a k e s  p o s s i b l e  t h e  c r e a t i o n  o f  I n - O r d e r - T o  r e l a t i o n s  
b e t w e e n  t h e  h i g h e r  l e v e l  P l a n  L a n d  o t h e r  s u b s e q u e n t  
P l a n s  w h i c h  w o u l d  o t h e r w i s e  b e  i m p o s s i b l e ,  

T h e  b o u n d e d n e s s  p r o p e r t y  o f  p l a n s  a r i s e s  f r o m  t h e  
f a c t  t h a t  a  P l a n  c a n n o t  f u r t h e r  b e  c o m p o s e d  i f  t h e  
f i n a l  G o a l  o f  t h e  P l a n  h a s  b e e n  i d e n t i f i e d ,  I n  
o r d e r  f o r  a  P l a n  u n i t  t o  b e  i d e n t i f i e d  a s  t h e  
t e r m i n a t i n g  u n i t  o f  a  P l a n s t r u c t u r e ,  t h e  R e a s o n - F o r  
r e l a t i o n  o n  t h e  p l a n  u n i t  m u s t  b e  f i l l e d  b y  v i r t u e  
o f  t h e  o b s e r v e r  h a v i n g  a  p s y c h o l o g i c a l  r u l e  f o r  
m o t i v e  a t t r i b u t i o n  t h a t  i m p l i e s  t h e  a e t o r n s  c h o o s i n g  



t h i s  a s  a f i n a l  G o a l  ( C f .  S c h m i d t ,  1 9 7 6 ;  S c h m i d t  
a n d  ~ I A d d a m i o ,  1 9 7 3 ) .  

T h e  i d e n t i f i c a t i o n  o f  t h e  s t a r t i n g  p o i n t  o f  a 
P l a n  h y p o t h e s i s  i s  a i d e d  by  t h e  c o n s t r a i n t  t h a t  t h e  

di a c t o r  m u s t  f o r e s e e  t h e  p r e c o n d i t i o n s  o f  t h e  P l a n  
h y p o t h e s f s .  T h i s  f o r e s e e a b i l i t y  c o n d i t i o n  r e s u l t s  
f r o m  t h e  v a r i o u s  B e l i e v e s  r e l a t i o n s  t h a t  w e r e  
d e f i n e d  o n  t h e  I n - O r d e r - T o  r e l a t i o n  a s  w e l l  a s  t h e  
Means -Of  r e l a t i o n .  T h e s e  c o n s t r a i n t s  h a v e  t h e  
e f f e c t  o f  s h i f t i n g  t h e  b e l i e f  c o n s t r a i n t s  b a c k  i n  
t i m e  t o  t h e  b e g i n n i n g  o f  t h e  h y p o t h e s i z e d  P l a n .  
A n o t h e r  a i d  t o  i d e n t i f y i n g  t h e  s t a r t  o f  a  P l a n  i s  
p r o v i d e d  b y  t h e  h i e r a r c h i c a l  s t r u c t u r e  t h a t  t h e  
Means -Of  r e l a t i o n  i m p o s e s  o n  t h e  P l a n  h y p o t h e s e s .  
T h i s  h i e r a r c h i c a l  s t r u c t u r e  o f  s u b p l a n s  t h a t  a r e  
l i n k e d  t o  t h e  f i n a l  P l a n  u n i t  p r o v i d e  a  p a r t i t i o n  o f  
t h e  o b s e r v e d  a c t i o n s ,  T h i s  p a r t i t i o n i n g  a i d s  t h e  
i d e n t i f i c a t i o n  o f  t h e  s t a r t  o f  t h e  P l a n  b y  l i m i t i n g  
t h e  n u m b e r  o f  p o s s i b l e  s t a r t i n g  p o i n t s .  

T h i s  s e t  o f  r e l a t i o n s  p r o v i d e s  t h e  b a s i s  f o r  
r e c o g n i z i n g  t h e  d i f f e r e n t  p l a n s  t h a t  a r e  c o n t a i n e d  
i n  f i g u r e  2 .  T h e  m a i n  p l a n  i s ,  o f  c o u r s e ,  t h e  
a t t e m p t  t o  m a k e  a n d  e a t  a n  i c e  c r e a m  c o n e .  H o w e v e r ,  
t h e  e x e c u t i o n  o f  t h e  s u b p l a n  t o  g e t  a  c o n e  l e d  t o  
s i d e  e f f e c t s  w h i c h  g e n e r a t e d  t h r e e  a d d i t i o n a l  p l a n s  
i n d e p e n d e n t  o f  t h i s  m a i n  p l a n ,  T h e s e  s i d e  e f f e c t  
g e n e r a t e d  p l a n s  w e r e  ( 5 1 ,  ( 6 1 ,  a n d  ( 7 )  o f  f i g u r e  2 .  
T h e  f a c t  t h a t  t h e y  a r e  i n d e p e n d e n t  i s  a t t e s t e d  t o  by  
t h e  f a c t  t h a t  t h e  p l a n n e r  c o u l d  h a v e  c h o s e n  n o t  t o  
p e r f o r m  t h e m  a n d  s t i l l  h a v e  b e e n  a b l e  t o  c o m p l e t e  
t h e  s u b p l a n ,  S i m i l a r l y  p l a n  ( 1 0 )  w a s  a l s o  
u n d e r t a k e n  t o  r e v e r s e  a  s i d e  e f f e c t  o f  p u r s u i n g  t h e  
m a i n  p l a n .  F i n a l l y ,  t h e  p l a n  t o  p u t  t h e  c o n e  a w a y  
a n d  t h e  p l a n  l i n k e d  t o  i t  a s  a  s i d e  e f f e c t  p l a n  w e r e  
m o t i v a t e d  b y  t h e  f a i l u r e  o f  t h e  m a i n  p l a n ,  T h u s ,  
n o t  o n l y  d o e s  t h e  p l a n  r e p r e s e n t a t i o n  g i v e  
i n f o r m a t i o n  a b o u t  t h e  v a r i o u s  p l a n s  t h a t  w e r e  
i n v o l v e d  i n  t h e  o b s e r v e d  a c t i o n s ,  b u t  i t  a l s o  g i v e s  
i n f o r m a t i o n  a b o u t  t h e  r e l a t i o n s  b e t w e e n  t h e  v a r i o u s  
i n d e p e n d e n t  p l a n s ,  

T H E  SUMMARIZING OF ACTIONS 

T h e  s t r u c t u r e  s h o w n  i n  f i g u r e  2 a r o s e  o u t  o f  t h e  
r e c o g n i t i o n  p r o c e s s ,  T h e  c o n s t r u c t i o n  o f  e a c h  p l a n  
h y p o t h e s i s  w a s  a l w a y s  t r i g g e r e d  b y  s o m e  a s p e c t  o f  
t h e  o b s e r v a t i o n s ,  C o n s e q u e n t l y ,  t h i s  r e c o g n i t i o n  
p r o c e d u r e  a u t o m a t i c a l l y  i n s u r e s  t h a t  t h e  p l a n  
r e p r e s e n t a t i o n  i s  t h e  o b s e r v a t i o n s ,  



( (PLAN Z )  i n - o r d e r - t o  (PLAN L ) )  = >  
C(PROPOSITION S ) ( Z  g o a l  S )  = >  

[ ( Z  e n a b l e  L)(S e n a b l e s t a t e o f  ( Z  e n a b l e  L ) )  
v  ( 2  m o t i v a t e  L ) ( S  m o t i v a t e s t a t e o f  

( Z  m o t i v a t e  L ) ) ] ]  
[ ( ( Z  p l a n n e r )  w a n t s  ( L  g o a l ) )  b e f o r e  Z ) ]  
[(PROPOSITION B ) ( ( B  o p p o r t u n i t y  L) 

v (B r e a s o n - f o r  L)) " ( Z  o u t c o m e  B )  = >  
( ( Z  p l a n n e r )  b e l i e v e s  B ) ]  

T h e  I n - O r d e r - T o  r e l a t i o n  r e p r e s e n t s  o n e  r e l a t i o n  
w h e r e b y  a  p a r t i c u l a r  P l a n  may b e  c o m p o s e d  o u t  o f  
P l a n  u n i t s ,  To s a y  t h a t  o n e  P l a n  w a s  d o n e  i n  o r d e r  
t o  b e  a b l e  t o  d o  a n o t h e r  c o n s t i t u t e s  a c l a i m  t h a t  
t h e  t w o  P l a n  u n i t s  a r e  r e a l l y  p a r t  o f  t h e  s a m e  
P l a n s t r u c t u r e .  T h i s  r e l a t i o n  d e f i n e s  a p a r t i a l  
o r d e r i n g  c a p t u r i n g  t h e  n o n - l i n e a r  n a t u r e  o f  p l a n s  
a n d  a l l o w s  d i f f e r e n t  e x e c u t i o n  s e q u e n c e s  o f  a s i n g l e  
p l a n  t o  b e  r e c o g n i z e d .  

T h e  I n - O r d e r - T o  r e l a t i o n  i s  r e p r e s e n t e d  i n  f i g u r e  
2 b y  a s o l i d  a r r o w .  T h i s  r e l a t i o n  i s  s h o w n  a s  a 
p a i r - w i s e  P l a n  u n i t  r e l a t i o n ,  H o w e v e r ,  t h e  
d e f i n i t i o n  o f  t h e  p s y c h o l o g i c a l  c o n s t r a i n t s  o n  t h i s  
r e l a t i o n  c r e a t e s  t h e  e f f e c t  o f  g i v i n g  t h e  t r a n s i t i v e  
c l o s u r e  o f  t h e  r e l a t i o n ,  C o n s e q u e n t l y ,  a c t i o n s  ( 1 )  
t h r o u g h  ( 4 )  o f  f i g u r e  2 r e a l l y  r e p r e s e n t  t h e  
h y p o t h e s i s  t h a t  t h i s  s e q u e n c e  o f  a c t i o n s  c o n s t i t u t e d  
a s i n g l e  u n i t  o f  a c t i v i t y  f o r  Tom, 

T h e  f i n a l  r e l a t i o n  i s  t h e  M e a n s - O f  r e l a t i o n ,  
T h i s  i s  a  r e l a t i o n  b e t w e e n  a  p l a n  a n d  a 
P l a n s t r u c t u r e .  A P l a n s t r u c t u r e  i s  s i m p l y  a n  
I n - O r d e r - T o  c o n n e c t e d  s e q u e n c e  o f  P l a n  u n i t s ,  T h e  
s i g n i f i c a n c e  o f  t h e  Means -Of  t ~ e l a t i o n  i s  t h a t  i t  
g i v e s  t h e  p l a n  h y p o t h e s i s  r e p r e s e n t a t i o n  a 
h i e r a r c h i c a l  s t r u c t u r e  t h a t  r e f l e c t s  t h e  
g o a l - s u b g o a l  s t r u c t u r e  o f  t h e  t o t a l  p l a n  h y p o t h e s i s ,  
T h i s  r e l a t i o n  h o l d s  i f  t h e  f i n a l  g o a l  o f  t h e  
P l a n s t r u c t u r e  c a n  b e  v i e w e d  a s  t h e  g o a l  o f  t h e  
h i g h e r - l e v e l  P l a n  u n i t ,  T h e  c o n s t r a i n t  o n  t h i s  
Means -Of  r e l a t i o n  i s  e x p r e s s e d  a s :  

((PLANSTRUCTURE I) m e a n s o f  ( P L A N  L)) = >  
( P  b e l i e v e s  ( ( I  g o a l )  t r a n s l a t a b l e  (L g o a l ) )  

T h e  i d e a  o f  T r a n s l a t a b l e  i s  t h a t  i f  c e r t a i n  
p r e s u p p o s i t i o n s  o f  t h e  G o a l  o f  L  a r e  s u p p o r t e d  b y  
t h e  c o n t e x t  a n d  s a t i s f i e d  b y  t h e  G o a l  o f  I ,  t h e n  t h e  
P l a n s t r u c t u r e  I may b e  v i e w e d  a s  a n  i n s t a n c e  o f  t h e  
P l a n  L, A t  i t s  s i m p l e s t ,  t h e  G o a l  o f  I a n d  L may b e  



t h e  s u m m a r i e s  D t h r o u g h  1 v i o l a t e  R u l e  ( 1 )  w i t h  t h e  
p o s s i b l e  e x c e p t i o n  o f  F a n d  I .  S u m m a r i e s  D t h r o u g h  
F w e r e  w r i t t e n  t o  d e m o n s t r a t e  v i o l a t i o n s  o f  R u l e  ( 2 )  
a b o v e ,  Summary G a l s o  v i o l a t e s  R u l e ( 2 ) ,  b u t  i n  t h i s  

$ e a s e  t h e  v i o l a t i o n  h i n g e s  o n  r e p e a t i n g  a  p l a n  t h a t  
h a s  a l r e a d y  b e e n  s u m m a r i z e d  a t  a h i g h e r  l e v e l .  
S u m m a r i e s  K a n d  I w e r e  w r i t t e n  p r i m a r i l y  t o  
i l l u s t r a t e  v i o l a t i o n s  o f  R u l e  ( 3 ) .  

CONCLUSION 

We h a v e  e x a m i n e d  t h e  c o n c e p t  o f  a  s u m m a r y  o f  
o b s e r v a t i o n s  o f  human  a c t i o n .  By v i e w i n g  t h e  
u n d e r s t a n d i n g  o f  human  a c t i o n  a s  a  p l a n  r e c o g n i t i o n  
p r o c e s s ,  we h a v e  b e e n  a b l e  t o  s h o w  t h a t  t h e  p l a n  
r e c o g n i t i o n  p r o c e s s  i t s e l f  p r o v i d e s  a b a s i s  f o r  t h e  
d e v e l o p m e n t  o f  a n  i n f o r m a t i o n  p r o c e s s i n g  a c c o u n t  o f  
how p e r s o n s  g e n e r a t e  s u m m a r i e s  o f  o b s e r v e d  a c t i o n s ,  
A g o o d  d e a l  o f  l i n g u i s t i c  a n d  p r a g m a t i c  k n o w l e d g e  
a b o u t  h u m a n  c o m m u n i c a t i o n  i s  s t i l l  n e e d e d  i n  o r d e r  
t o  f u l l y  s p e c i f y  a  p r o c e s s  o f  s u m m a r i z a t i o n .  
H o w e v e r ,  t h e  p l a n  r e p r e s e n t a t i o n  d i s c u s s e d  h e r e  
p r o v i d e s  a k i n d  o f  c o m p e t e n c e  t h e o r y  o f  
s u m m a r i z a t i o n  a n d  e m p i r i c a l l y  t e s t a b l e  s t a t e m e n t s  
a b o u t  t h e  s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  s u m m a r i e s  
c a n  b e  d e r i v e d  f r o m  t h e  p l a n  h y p o t h e s i s  a n d  t e s t e d ,  
T h e  d e v e l o p m e n t  o f  t h e s e  i d e a s  p r o v i d e s  a n  e x a m p l e  
o f  o n e  k i n d  o f  p a r a d i g m  t h a t  c a n  b e  u s e d  t o  b r i n g  
i n t o  c l o s e r  c o n t a c t  t h e  c o n c e p t s  o f  r e p r e s e n t a t i o n  
i n  A 1  a n d  e m p i r i c a l  o b s e r v a t i o n s  w h i c h  r e f l e c t  t h e  
way i n  w h i c h  t h e  human  i n f o r m a t i o n  p r o c e s s i n g  s y s t e m  
o r g a n i z e s  i n f o r m a t i o n  a b o u t  t h e  s o c i a l  w o r l d .  
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MECWANIZING THE COmON-SENSE INFERENCE OF RULES WHICH DIRECT 
BEZIAITTOR 

We shall present a system that augments its a priori general 
understanding of human behavior in a spatio-temporal domain of 
physical activity, goals, competition, and gaming, Observing 
seemingly novel situations within that domain, it uses common- 
sense reasoning to construct an interpretation of the observed 
actions, This understanding is expressed in terms of the 
goals of the actors executing the actions. The system has the 
ability to focus its attention, as well as generation, 
generalize, and verify hypotheses, The desired result is a 
consistent structure of generalized hypotheses which represent 
both the regularities and an understanding of the observed 
domain, 

INTRODUCTION 

People seem able to face novel situations and within a short 
time understand them fairly well, For example, a child enter- 
ing a new school often can quickly learn what the social 
structure is in his new classroom, e,g., if there is a bully 
or teacher's pet, who that individual is, etc. If that new 
student would observe a fellow classmate shoving a student 
out of the front of a line, and teasing another about his 
freckles, etc., he might reason that this fellow may be the 
class bully, What the child has done is use prior knowledge 
in order to structure his model of this new situation, By an 
inference process, which we would call common-sense reasoning, 
the child was able to piece together an understanding of 
seemingly isolated actions in terms of the comon goals of the 
actor executing those actions. From this interpretation, the 
new student can predict future scenarios and develop a strate- 
gy to circumvent the power structure of the class bully. 
Similarly, in our daily lives, we are often faced with the 
behavior of humans in novel mini-situations. To explain such 
behavior we draw on our general understanding of people's 
goals in various situations in order to fit together a model 
of this new situation. 

In this paper we will present some results of an appliea- 
tion of this cornon-sense reasoning process to knowledge 
acquisition by the computer; it represents further development 
of some of the ideas previously outlined (Soloway and Riseman 



1975).  Our system ope ra t e s  i n  a  domain of actors and actions 
vary ing  over  space and time. S p e c i f i c a l l y ,  we are developing 
a  program t h a t  i s  i n i t i a l l y  g i v e n a h i g h  l e v e l  d e s c r i p t i o n  of 
ac t ion-or ien ted  games ( e . g , ,  c r i c k e t ,  b a s e b a l l ,  t e n n i s ,  e t c . ) .  
This  d e s c r i p t i o n  i s  expressed i n  terms of t h e  goals and inten- 

B t ions involved i n  t h i s  s i t u a t i o n ,  e , g . ,  winning, s co r ing ,  e t e .  
The d e s c r i p t i o n  must a l s o  inc lude  t h e  cond i t i ons  t h a t  must be 
s a t i s f i e d  f o r  a c t i o n s  t o  be counted a s  mediators  of t hose  
goa ls .  Driven by t h e  observa t ion  of t h e  a c t i v i t y  i n  t h e  game, 
.cahich i n  our  case  i s  b a s e b a l l ,  t h e  system w i l l  use  i t s  genera l  
knowledge of ac t ion-or ien ted  gaming i n  o rde r  t o  acqu i r e  an 
understanding of t h e  p a r t i c u l a r  goa ls  of t he  people involved 
i n  t h i s  game. 

A s  a second p a r t  of t h i s  reasoning process ,  t h e  system must 
a b s t r a c t  r e g u l a r i t i e s  t h a t  i t  pe rce ives  i n  i t s  world. These 
r e g u l a r i t i e s  s e r v e  a s  rules  o r  conventions t h a t  govern t h e  
game and c o n s t r a i n t h e w a y s  i n  which p l aye r s  can achieve  t h e i r  
goa l s ,  

Not s u r p r i s i n g l y ,  t h e r e  i s  a  h igh  degree of s i m i l a r i t y  i n  
t h e  i s s u e s  t h a t  our  system must d e a l  w i t h  and t h e  i s s u e s  t h a t  
s t o r y  understanding systems must f a c e ,  Understanding human 
a c t i o n s ,  whether read from a n a r r a t i v e  o r  perceived d i r e c t l y ,  
r e q u i r e s  i n  a d d i t i o n  t o  t h e  understanding of t h e  under ly ing  
goa ls  and i n t e n t i o n s  of t h e  a c t o r s ,  an understanding of t h e  
under ly ing  causa l  r e l a t i o n s h i p s  t h a t  l i n k  t h e  a c t i o n s  of those  
a c t o r s  t oge the r .  Schank (6974) s t r e s s e s  t h e  need f o r  d i s -  
covering v i a  i n fe rences  t h e  causa l  r e l a t i o n s h i p s  between 
a c t i o n s ,  S c r i p t s  (Schank and Abelson 1975) permit  t h e  system 
t o  V f i l - i n Q h o s e  causa l  l i n k s  i n  s t o r i e s  t h a t  d e a l  w i th  
s t e r e o t y p i c  behavior  s cena r ios .  Since i t  i s  t h e  t a s k  of our  
system t o  genera te  something l i k e  a  s c r i p t  f o r  b a s e b a l l ,  our  
system i s  more ak in  t o  a  c o n s t r u c t i v e  approach t o  behavior  
understanding (Schmidt 1976; Schmidt and Sr idharan  1976; 
Schmidt and Goodson 1976). Schmidt a rgues  t h a t  i n  o r d e r  t o  
d e a l  w i t h  t h e  complexity and i n f i n i t e  v a r i a t i o n s  i n  human 
behavior ,  a  system--be i t  human o r  machine--must u l t i m a t e l y  b e  
a b l e  t o  cons t ruc t  a  plan(§)  t h a t  s e r v e s  t o  exp la in  t h e  ob- 
served behavior .  This  p lan  i s  expressed i n  such h ighe r  l e v e l  
terms a s  goa l s ,  motives,  reasons ,  e t c ,  F i n a l l y ,  i n  a  l a t e r  
s e c t i o n  we w i l l  d i s c u s s  t h e  r e l a t i o n s h i p  of our  model of 
l e a r n i n g  t o  those  of Winston (1970), Sussman ( l973) ,  and 
Kayes-Roth (19761, Thus, our  system uses  i t s  gene ra l  know- 
ledge  about  t h e  k inds  of goa l s  and c a u s a l  r e l a t f o n s h i p s  impor- 
t a n t  i n  ac t ion-or ien ted  games t o  compose p lans  t h a t  e x p l a i n  
t h e  a c t i v i t y  i n  b a s e b a l l ,  and t h a t  cap tu re  r e g u l a r i t i e s  i n  
t h a t  a c t i v i t y ,  

The fo l lowing  p r e s e n t a t i o n  w i l l  m i r ro r  t h e  flow of i n f o r -  
mation i n  our  system, which i s  dep ic t ed  g r a p h i c a l l y  i n  
f i g u r e  1, We w i l l  f i r s t  d i s c u s s  t h e  r e p r e s e n t a t i o n  of our  



mini-world and t h e  systemsQnowledge of t h e  lowest  l e v e l  des- 
c r i p t o r s  i n  t h i s  r ep re sen ta t ion .  This  w i l l  be followed by a 
d e s c r f p t i o n  of t h e  va r ious  r o l e s  of Attention Mechanism: 
(1) focus ing  subsequent process ing  on ' i n t e r e s t i n g b c t i o n  
sequences; (2) a b s t r a c t i n g  r e c u r r e n t  a c t i o n  sequences; 

C 

(3)  watching f o r  s p e c i f i c  a c t i o n  sequences t h a t  have been f ed  
back from t h e  h igher  c e n t e r s  of processing.  Next, examples 
w i l l  b e  given which i l l u s t r a t e  t h e  reasoning process  of t h e  
Hypothesis Generator.  It i s  i n  t h i s  phase t h a t  con jec tu re s  
a r e  made a s  t o  t h e  causa l  r e l a t i o n s h i p s  between t h e  p l a y e r s P  
a c t i v i t i e s ,  goa l s ,  and corresponding successes  and f a i l u r e s .  
O f  most importance i s  t h e  formation of a coherent  i n t e r p r e t a -  
t i o n  of t h e  composite a c t i v i t y .  F i n a l l y ,  t h e  Hypothesis 
V e r i f i c a t i o n  and Genera l iza t ion  s e c t i o n  b r i e f l y  d e s c r i b e s  
techniques used t o  ga the r  evidence f o r  conf i rmat ion  o r  r e j e c -  
t i o n  of hypotheses,  and t h e  process  of a b s t r a c t i n g  important  
r e c u r r e n t  events  dur ing  t h e  grouping of s i m i l a r  sequences of 
a c t i v i t y .  
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Figure 1: System Overview 

Ovals indicate Para Bases andsquares indicate Procedures. 

REPmSENTATION OF THE ACTIONS 

I n  o r d e r  t o  understand sequences of a c t i o n s  over t ime, t h e  
system must be  a b l e  t o  understand t h e  necessary  and p robab i l i s -  
t i c  changes and cons t anc ie s  brought about  by those  a c t i o n s ,  
i , e , ,  one a spec t  of t h e  Frame Problem (McCarthy-Nayes 1969; 
Sr idharan  1976), This  r e q u i r e s  a somewhat s u r p r i s i n g  amount of 
d e t a i l ,  ( f i g u r e s  2 and 3 ) .  For each a c t i o n  t h e  fo l lowing  
informat ion  i s  grouped i n t o  an ACT-SCHEMA: (1) t h e  d i r e c t  and 
i n d i r e c t  precondi t ions  f o r  execut ion  of the a c t i o n ;  ( 2 )  t h e  



d i r e c t  and i n d i r e c t  consequences of t h e  a c t i o n ;  (3)  t h e  degree 
of s k i l l  and energy r equ i r ed  t o  perform t h e  a c t i o n ;  (4)  t h e  
(coarse)  expected d i s t r i b u t i o n  of t h e  p r o b a b i l i t i e s  o f  suc- 
c e s s / f a i l u r e ;  (5) t h e  genera l  goa ls  of t h e  a c t i o n .  

C 

GAT~(PLAYER,OB~ECT,LOCATIOM) AT(PLAYE~,LOCATION) 

~RO~(PLAYER,OBJECT,LOCATION) ON (PLAYER, LOCATION) 

FMT,SLOW,GROUND,ATR- used as modifiers on actions 

Figure 2: Listing of Primitive Descriptor Units 

The system does not understand the 'baseball' meanin,g of any of the primitives. In 
particular, it understands only that INi:IP:G, BATBOX, and TE.4MBOX are scoreboards. It 
does not know which events correlate with the counts and does not understand the 
concept INN ING.  

(SWINGHIT 
(PRIMACT ((PROPEL-IlJANOBJ 7SI4APNUMI 7PERSONI 7LOCATI0NI) 

(GEIIERAL-GOALS (PROPEL- I NANOBJ (XOR (TO SLOCATI 0 ~ 5 )  (AWAY SLOCATIONI) ) ) )  
(DIFFICULTY (HIGH SK ILL )  (MEDIUM ENERGY)))) 

(DLRECT-PEC 
( (MUST-EX1 ST ((MOVING- I NANOBJ (BEFORE SSNAPNUMI ) N I L  7LOCATlON2) 

( (COUIITS-AS PROPEL- INANOBJ) (BEFORE $SNAPNUMI) ?PERSON2 SLOCATIOI12))) , 
I 

(DELTA-EIIERCY-SKILL (DIFFICULTY-I~ICREASES- I F  (FASTER MOVING- INANOBJ)))) 
( I N 0  I RECT-PEC ( (MUST-EXI ST ( (COUNT;-AS LOCATE-ANOBJ) $SNAPNUMI $PERSON1 $LOCATIONI) ) ) )  
(Dl  RECT-CONSEQ 

((HUST-EXIST ((MOVING-INANOBJ (AF1ER SSNAPNUMI) N I L  7LOCATIONk) 
((COUNTS-AS LOCATE- INANORJ) (AFTER SSNAPNUMI) ?PERSON5 7LOEATION5))) 

(DFLTA-ENFRGY-SKI LL (CAI#-EFFECT (FASTER HOW ING- I NANOBJ) (FARTHER MOVING- INANOBJ) 1 ) ) )  
( INDI RE~T-COI~SEQ ((MUST-EXI ST ( (COUIITS-AS LOCATE-ANOBJ) SSNAPNUM~ $PERSON1 $LOCATIONI)) 1 ) )  

Figure 3: ACT S C l l M  Reoresentation of the act SWJIJCUIT 

NOTE: In the actual Lmplementatioo oE the ACT SCKEMAS, tile atom 
manes preceded by ? or $ are actually function calls which serve 
t o  bind those atom names to the actual valuee in the action 
descriptor units of the scenario 

The game of b a s e b a l l  i s  fed  t o  t h e  system i n  a  d i s c r e t e  form, 
Frozen snapshots of t h e  r e a l  a c t i v i t y  a r e  taken a t  succes s ive  
event  t imes dur ing  the  game. Each a c t i o n  d e s c r i p t o r  u n i t  of a  
snapshot  cap tu re s  fou r  fundamental f e a t u r e s  of a  spa t io -  
temporal domain: a c t i o n ,  a c t o r ,  l o c a t i o n  and t i m e ,  F igure  4a 
gives  a  sample of 3 snapshots  i n  which p layer  Al throws a  
b a l l ,  Unfor tuna te ly ,  space does no t  permit  a  f u l l  d i s cuss ion  
of t h e  d e s c r i p t o r s  chosen t o  r e p r e s e n t  t h e  game, S u f f i c e  i t  
t o  say  t h a t ,  though we do n o t  r e p r e s e n t  t h e  co lo r  of t h e  play- 
e r s  eyes ,  o r  t h e  clouds moving, t h e  cornbinatorics of t h e  many 
d e s c r i p t o r s  t h a t  we d i d  chose s t i l l  make t h e  problem f a r  from 
t r i v i a l ,  Moreover, i n  d i scuss ing  t h e  r e s t  of t h e  system, i t  



will be clear that many irrelevant features of this environ- 
ment can be habituated out. Note that the machine does not 
initially understand in any operational sense what the meaning 
of the symbol INNING is. Semantic labels on locations, like 
home-plate,pitchersmound, etc., are equally mysterious; to 
the system they are (x,y) coordinates which happen to be loca- 
tions of recurring activity, 

ATTENTION MECWISM: FOCUS 

As in any animal's brain, our computer program must filter out 
most of the incoming sense impressions and pass on to the 
higher centers only the most interesting ones, In particular, 
there are 22 action descriptor units per snapshot and about 
6500 snapshots per game. Therefore, the job of the Attention 
Mechanism is to focus attention on interesting sequence of 
actions and pass those on for further analysis. The system's 
definition of 'interesting9s biologically motivated and 
embodied in two ways in this front-end preprocessor: (1) it 
attends to sequences of snapshots where there is activity and 
change, and (2) it notes in particular those subsequences of 
actions that recur. 

The first characteristic translates into an algorithm which 
filters out non-activity (AT, ON in our case) while highlight- 
ing activity chains. The amount of data reduction using this 
algorithm is quite significant. Figure 4b illustrates the 
application of this filtering algorithm to the snapshots of 
figure 4a, 

HOTS : 

HOLDOBJ(A1,BAGLSPM) THROW(AI,BALL,PM) 
AT(A2,HP) AT (A2 ,HP) 
AT(A3,FB) AT (A3,  FB) 

kT (89, RF) 
AT (BL , HP) 
AT (B2, DUGOUTB) 
AT(B3,DUGOUTR) 

RFDUCED SNAPSHOTS: 

TIME: ' 14 - 15 - 16 - 

Figure 4b: Remining primitive descriptor units after snapshots 
are filtered by attenticn mechanism. 



This filtered data must now be further structured. The 
continuous action stream must be parsed into relatively small 
chunks, much like words in a paragraph are chunked into 
phrases or sentences. The heuristic to perform this task is 

B suggested by the following observations of an action-oriented 
environment (game): (1) a flurry of activity often indicates 
that some cohesive process is taking place (competition), 
while (2) relative calm often indicates the completion of 
that process (resolution of competition) and the lull prior to 
the next spate of possibly relevant activity (another round of 
competition), This crude heuristic does partition snapshots 
into meaningful chunks, A semantic routine during a later 
phase will sharpen the boundary points of the activity. 

In order to notice repetition of relatively similar sequen- 
ces of events, generalization over various parameters of the 
action descriptor must be performed. For example, implicit in 
finding repetitive events is a generalization over absolute 
time, By using the generalization operators (figure 5 ) ,  the 
system can abstract repetitive subsequences of actions within 
scenarios, This permits the system to build up, in a hier- 
archical structure, complex sequences of events into more 
complete scenarios, Then, instead of seeing isolated actions, 
the system can eventually perceive these complex sequences as 
if they were single action units, e.g., perceiving a batter's 
hitting and running as simply a %itbr a fielder" catching 
the ball and throwing it as a 'fielding play." 

Original descriptor unit: THROW(Al, FROM-PM, BALL) 

Generalization of 
descriptor unit 

Person Operator: THROW(ANY-PERSON, FRCIM-PM, BALL) 

Place Operator: THROW(A1, FROM-ANYPLACE, B.4L.L) 

I"ers0n and 'lace THROW(ANY-PERSON, FIiOM-AWPLACE, BALL) 
Operators: 

Figure 5: Syntactic generalization operations 

NOTE: There is implicit generalization over time. 

HYPOTHESIS GENERATOR: PLmS 

The major goals of the competitors in an action-oriented game 
can be expressed (roughly) as follows: 

GOAL: Both teams are trying to w i n ,  A team can win only 
by "coring' more than the opposing team, This 
implies both offense and defense, 

GOAL: The players on each team try to.help members of their 
own team and try to hinder members of the opposing 
team from achieving their goals, 

We characterize competition in the following way: (I) acts 
that are considered competitve often require a medium to high 



degree of s k i l l  and/or  energy; (2 )  c ausa l  r e l a t i o n s h i p s  t h a t  
l i n k  t h e  a c t i o n s  of opposing teams w i l l  h i g h l i g h t  subgoals .  
They a r e  a l s o  t h e  b a s i s  f o r  determining t h e  successes  and 
f a i l u r e s  of t h e  teams w i t h  r e s p e c t  t o  t hose  subgoals .  Exam- 
p l e s  of such causa l  r e l a t i o n s h i p s ,  c a l l e d  CAUSAL-LINK SCHEMAS 
(sometimes denoted CLS) a r e  given i n  f i g u r e  6.  

CAUSAL-LINK SCHEKA & TRIGGERING CONDTTIONS HYPOTHESES MADE 

PWSICAL-CONFLICT (P-CONFLICT) 

a. Action ACTl executed by P1 was the  d i r e c t  p l ~ y f i c a l  a. P1 did not in tend  t h a t  P2 
enabl ing condi t ion  f o r  ac t ion  ACT2 executed bv P2 execute ACT2 

b, PI and P2 a r e  on opposing t eans  b. P l  f a i l e d  t o  prevent  P2 execute 
c, DIFFERENTIAL-MALYSIS r e t u r n s  T by f ind ing  some way ACT2 

t h a t  PI could have performed ACTl s o  as t o  (decrease)  c. P2 intended t o  execute ACT2 
t h e  l ike l ihood  of P2 execut ing ACT2 d. P2 succeeded 

PWSXCAL-COOPERATzoNTO (PNYS-COOP) 

a. same a s  a. above a .  P l  intended t o  h e l p  P? 
b. P1 and P2 a r e  on t h e  same team b. P I  succeeded i f  P2 succeeded, 
c .  same a s  c .  above, except s u b s t i t u t e  ( increase)  bu t  no t  n e c e s s a r i l y  conversely 

MGICAL-COOPEWTION (LOG-COOP) 

a. NOT a .  above, yet  ACT1 must precede ACT2 a. execut ion of ACT2 required t h e  
b, P1 and P2 a r e  on the  sane ream, and may i n  f a c t  execut ion o f  ACT1 

be t h e  same person b. PI intended t o  execute ACT1 
c. P I  succeeded 

RELATIVE-TIME (EL-TIME) 

a. P2 executed ACT2 a f t e r  P1 executed ACT1, and ACT1 a ,  P1 was allowed t o  execute ACZl 
and ACT2 a r e  not  l inked  by phys ica l  enabl ing because P1 executed ACT1 before 
cond i t ions  P2 executed ACT2 

b. P1 and P2 a r e  on opposing teams b. P2 intended t o  execute ACT2 
c.  the re  e x i s t s  a c t i o n s  ACTL* and ACTZ* t h a t  be fore  P l  executed ACT1 

DIFFERFNTIm-ANALYSIS says could have permit ted P l  c. P I  succeeded 
and P2 t o  execute a c t s  ACT1 and ACT2 sooner d. P2 f a i l e d  

LOGICAL-CONFLICT (L-CONFLICT) 

A. Change of Action A. Change of  Action 
a. P2 changed from execut ing ACT2 t o  ACT?" 1, t. ?l succeeded by execut ing ACT1 
b e  PI  executed ACT1 concurrent ly with ACT2 f o r  some goa l  which forced P2 
c, P1 and P2 a r e  on opposing teams - t o  execute ACT2' 

b. P2 d i d  n o t  in tend  t o  execuee 
ACT2 " 

c. P I  succeeded 
d. P2 f a i l e d  

or,  II. a.  P2 succeeded by execut ing ACT2 
f o r  some goa l ,  and the re fore  
intended t o  execute ACTZ' 

b. P I  f a i l e d  t o  do something which 
could have prevented P2 from 
succeeding 

c. P2 succeeded 
d. P I  f a i l e d  

o r ,  III. a.  P2 succeeded by execut ing ACT2 
f o r  some goa l ,  and the re fore  
intended t o  execute ACTZ" 

be  P l ' s  ACTl is NOT c a u s a l l y  l inked 
t o  t h e  a c t i o n s  of P2, i . e . ,  ACTL 
and ACT2 a r e  independent 

Figure 6: L i s t  of CAUSAL-LINK SCHEMAS 

AQ2 the  hyporheses f o r  a CAUSAL-LINK SCHM a r e  asserted when a l l  the  t r i g g e r i n g  condt t ions  
e r e  s a t i s f i e d ,  

- .. --- 
In. t h e  a n a l y s i s  of t h e  scena r io  passed t o  i t  by - the  Atten- 

t i o n  Mechanism, Hypothesis Generation proceeds by f i r s t  apply- 
i ng  t h e  app ropr i a t e  ACT-SCHEMA t o  each a c t i o n  d e s c r i p t o r  u n i t  
i n  t h e  scenar io .  This  process  e s t a b l i s h e s  t h e  p recond i t i on  



l i n k s  f o r  t h e  a c t i o n ,  It i s  followed by t h e  a p p l i c a t i o n  of 
t h e  CAUSAL-LJW-SCHEMAS ( e . g , ,  PHYSICAL-CONFLICT, RELATIVE- 
TIME, PHYSICAL-COOPERATION, LOGICAL-COOPERATION, e t c . ) .  These 
demon-like r o u t i n e s  (Charniak 1972) s ea rch  f o r  sequences of 
a c t i o n s  t h a t  s a t i s f y  cond i t i ons  s p e c i f i e d  i n  each CLS. Meet- 
i n g  of t h e  cond i t i ons  imp l i e s  t h a t  t h e  causa l  r e l a t i o n s h i p  
s p e c i f i e d  by t h e  p a r t i c u l a r  CLS may e x i s t  between those  
a c t i o n s ,  Once t r i g g e r e d ,  they  make hypotheses about  t h e  goa l s  
of t h e  p l a y e r s  and about t h e  success  o r  f a i l u r e  of t h e  p l aye r s  
w i th  r e s p e c t  t o  those  goa l s ,  

During a  t h i r d p h a s e ,  i s o l a t e d  a c t i o n s  and t h e i r  hypothe- 
s i z e d  goa l s  a r eg roupedby  p l aye r  and team i n t o  PLANS. A p l an  
i s  a ve ry  important  a spec t  of human behavior .  It permi ts  a  
coherent  interpretation of a  sequence of a c t i o n s .  Intermed- 
i a t e  a c t i o n s  se rve  a s  means f o r  a t t a i n i n g  subgoals ,  wh i l e  sub- 
goa ls  a r e  executed i n  o rde r  t o  achieve  t h e  f i n a l  goal  ( o f t e n  
i n d i c a t e d  by t h e  l a s t  a c t i o n ) .  

Let  u s  i l l u s t r a t e  t he  a p p l i c a t i o n  of t h e  CAUSAL-LINK 
SCHEMAS. Consider t h e  scena r io  i n  F igure  7 ,  which d e p i c t s  an 
i n f i e l d  s i n g l e .  I n  t h e  a n a l y s i s  of a c t i o n  d e s c r i p t o r  ii6 ( t h e  
SWINGHIT by p l aye r  B l ) ,  t h e  PNYSICAL-CONFLICT SCHEMA f i n d s  
i t s e l f  a p p l i c a b l e ,  A s  a r e s u l t  of t h e  ACT-SCHEMA, t h e  system 
knows t h a t  t h e  THROW by opponent A l  Q i r e c t - p h y s i c a l l y "  
enabled B l  t o  h i t  t h e  b a l l ,  and t h a t  bo th  a c t i o n s  r e q u i r e  a 
h igh  degree  o f '  s k i l l .  Before l a b e l i n g  success  o r  f a i l u r e ,  
PHUSICAL-CONFLICT must be  s u r e  t h a t  t h e  performance of t h e  
p l aye r  who threw t h e  b a l l  d e f i n i t e l y  had some e f f e c t  upon t h e  
performance of t he  a c t i o n  of t h e  h i t t e r .  DIFFERENTIAL- 
mALYSIS confirms t h i s  p o s s i b i l i t y  by access ing  d a t a  i n  t h e  
ACT-SCHEm, and access ing  gene ra l  f a c t s  about a c t i o n s  i n  t he  
d a t a  base.  I n  t h i s  ca se  DIFFERENTIAL-ANALYSIS i n f e r s  t h a t  A l  
could have t h r o m  t h e  b a l l  f a s t e r  by applying an i n c r e a s e  of 
energy and s k i l l ,  (Note t h a t  s k i l l  o r  energy i s  u s u a l l y  
expended by a person whose motive i s  t o  achieve  an ac t ion -  
o r i e n t e d  goa l . )  This  would have had t h e  e f f e c t  of r e q u i r i n g  a  
corresponding increment of s k i l l  f o r  B l %  a c t i o n .  The p o i n t  
i s  t h a t  A l  could have done something t o  decrease  t h e  l i k e l i -  
hood of B l ' s  h i t t i n g  t h e  b a l l .  I n  t h i s  case  PHYSICAL- 
CONFLICT makes t h e  fol lowing'  hypotheses: ( I )  A l  d i d  n o t  i n t end  
t h a t  t h e  e f f e c t s  of h i s  a c t i o n s  should a l low B l  t o  h i t  t h e  
b a l l ,  t h e r e f o r e  A l  f a i l e d  wi th  r e s p e c t  t o  h i s  goa l ;  (2)  B l  
intended t o  execute t h e  a c t  SWINGHIT, t h e r e f o r e  B l  succeeded 
wi th  r e s p e c t  t o  t h i s  goal .  

Consider a c t  d e s c r i p t o r  /I20 (ON f i r s t b a s e  by Bl ) .  The 
CAUSAL-LINK SCBW of RELATIVE-Tim a s s e r t s  t h e  p o s s i b i l i t y  
t h a t  t h e  reason B l  was allowed t o  execute  t h a t  a c t i o n  was 
because he d id  i t  before a c t i o n  d e s c r i p t o r  #22 (CATCH b a l l  a t  
f i r s t b a s e  by A 3 ) .  Again DIFFERENTIAL-ANALYSLS i s  c a l l e d  t o  



c o n f i m  t h a t  t h e  time of execut ion  of bo th  a c t s  could have 
been inf luenced  by a change i n  t he  s k i l l  o r  energy expended. 
Yes, A6 could have made t h e  b a l l  a r r i v e  a t  f i r s t b a s e  sooner i f  
he could have thrown the  b a l l  f a s t e r ;  and B l  could have a r -  
r i v e d  a t  f i r s t b a s e  sooner i f  he had run f a s t e r ,  The hypothe- 
s e s  of t h i s  GLS a r e :  (I) B l  d i d  i n t end  t o  execute  a c t  ON 
f i r s t b a s e ,  t h e r e f o r e  B I  succeeded wi th  r e s p e c t  t o  h i s  goa l ;  
(2 )  A 1  d id  n o t  i n t end  f o r  B1 t o  execute  t h a t  a c t ,  t h e r e f o r e  he 
f a i l e d  wi th  r e s p e c t  t o  h i s  goal ,  
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l b i s  l i s t i n g  reflects only suecrrcful 
CALSAL-LXNX SCIIEW-5: nor a h a m  are tha 
r5asoas returned when they fail. The 
syntax of the action descrtpcor uni t  
1st 

(descriptor-number mspakoe-number 
action scrar locscicn mdlf iera)  

Thc e e l m a  represent a l l  actions of . 
s team or abject, while rcua ref lect  
coacurrcae neeions (equal snapnhoe 
numbers). 
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Note t h a t  t h e  two CLS's above "pereeive\ompetition on two 
d i f f e r e n t  l e v e l s ,  PHUSICAL-CONFLICT a c t u a l l y  observes  t h e  
phys i ca l  i n t e r a c t i o n  between t h e  a c t i o n s  of t h e  p l aye r s ,  whi le  
RELATIVE-TIME must p o s i t  t h e  e x i s t e n c e  of a  r e l a t i o n s h i p  
between t h e  a c t i o n s  of t h e  p l a y e r s ,  O f  course ,  bo th  r e q u i r e  
t h a t  t h e i r  r e s p e c t i v e  r e l a t i o n s h i p s  e x i s t  between members of 
opposing teams. PHYSICAL-CONFLICT d e a l s  w i th  a s p e c i f i c  



f e a t u r e  of t h e  phys i ca l  environment, e . g , ,  s k i l l  and energy, 
whi le  RELATIVE-TIME d e a l s  wi th  a  s p e c i f i c  f e a t u r e  of t h e  
l o g i c a l  environment, e .g . ,  t ime precedence a s  a r e l e v a n t  r e l a -  
t i o n s h i p .  

There may be  a d d i t i o n a l  f e a t u r e s  i n  e i t h e r  (o r  bo th)  l e v e l s  
t h a t  t h e  system cannot d i r e c t l y  perce ive ,  b u t  which are none- 
t h e l e s s  important  t o  t h e  s p e c i f i c  game under observa t ion .  For 
example, s i n c e  t h e  system does n o t  perce ive  t h e  s p e c i f i c  
placement of t h e  b a l l  a s  i t  passes  over  t h e  homeplate, i t  w i l l  
n o t  be a b l e  t o  pe rcep tua l ly  d i s t i n g u i s h  between a  ' c a l l e d  
s t r i k e '  and a  % a l l T ,  (To be a  k a l l e d  s t r i k e ' ,  t h e  b a l l  must 
pas s  over homeplate a t  a  he igh t  somewhere between t h e  b a t t e r ' s  
shoulders  and h i s  knees , )  The gene ra l  CAUSAL-LINK SCHEMA, 
LOGICAL-CONFLICT, d e a l s  w i t h  t h i s  type  of s i t u a t i o n ,  This  
gene ra l  CLS looks  a t  t h e  changes (and non-changes) i n  p l a y e r s '  
a c t i o n s ,  and t r i e s  t o  exp la in  those  changes (or  non-changes) 
i n  terms of t h e  e x i s t e n c e  of some causa l  r e l a t i o n s h i p ,  even 
though i t  cannot d i r e c t l y  perce ive  one. This  d e c i s i o n  i s  
based on an understanding of t h e  k inds  of causa l  l i n k s  t h a t  
might be  necessary  t o  exp la in  a  p layer"  a c t i o n s ,  With t h i s  
a b i l i t y ,  t h e  system has  a  f l e x i b l e  and powerful technique f o r  
d e a l i n g  wi th  novel  s i t u a t i o n s .  

Generation of p l ans  w i l l  u l t i m a t e l y  r e q u i r e  t h e  b inding  of 
many of t h e  l o c a l  hypotheses d i s t r i b u t e d  a c r o s s  t h e  a c t i o n  
s c e n a r i o s ,  The system must f i n d  in t e r locked  and g l o b a l l y  
c o n s i s t e n t  s u b s e t s  of i n fe rences  which might e x p l a i n  t h e  
observed s i t u a t i o n ,  For example, dur ing  the  PLAN b u i l d i n g  
phase, another  hypothes is  gene ra to r ,  EOC, a t t empt s  t o  f i n d  t h e  
end of a  compet i t ive  epoch so  i t  can h i g h l i g h t  t h e  f i n a l  goa l s  
of t h e  two teams. I n  f i g u r e  7 ,  EOC hypothes izes  t h a t  RUN-ON 
and CATCH-HOLDQBJ a r e  t h e  l a s t  compet i t ive  a c t s  of t h e  two 
teams, A process  c a l l e d  PLAN-BUILD then  backs up t h e  f i n a l  
goa l s  and a t tempts  t o  r e l a t e  them--the SWINGHIT of B l  was 
executed i n  o rde r  t o  enable  B l  t o  execute  t h e  a c t  ON f i r s t -  
base ,  S i m i l a r l y ,  t h e  A team's goal  now has  become: prevent  
B l  from execut ing  ON f i r s t b a s e ,  We a r e  p r e s e n t l y  i nves t iga t - -  
i n g  o t h e r  more dynamic techniques t o  a s s i s t  i n  t h i s  a n a l y s i s  
and t ransformat ion  of l o c a l  hypotheses i n t o  g l o b a l l y  cons is -  
t e n t  p l ans ,  

This  i s  only  t h e  f i r s t  s t a g e  of hypothes is  gene ra t ion ,  We 
have n o t  used a l l  t h e  concepts  from ac t ion-or ien ted  gaming, 
For example, we have n o t  a s  y e t  made hypotheses about  what 
counts  a s  s co r ing ,  o r  what counts  a s  f a i l e d  o p p o r t u n i t i e s  t o  
s c o r e ,  Nor have we s t a r t e d  t o  keep t r a c k  and t a l l y  up these  
k inds  of a c t i o n s ,  u s u a l l y  an important  f a c e t  of s co r ing .  Nor 
have we in t roduced  the  h igh  informat ion  cue of s p e c t a t o r  
cheer ing ,  This  l a t t e r  s t a g e  of hypothes is  gene ra t ion  w i l l  
b u i l d  on t h e  hypotheses made so  f a r ,  bu t  w i l l  have t o  w a i t  
u n t i l  a f t e r  t h e  next  phase, hypothes is  v e r i f i c a t i o n  and 



generalization, where evidence will be gathered to support or 
reject those earlier hypotheses. Note, however, that our model 
of knowledge acquisition, using a general description of 
action-oriented gaming, has already moved from the perception 
of actions to the possible goals intended by those actions. 

KYPOTHESIS VERIFICATION PLND GENERALIZATION: PLAN-SCHEMAS 

Exemplar learning models (e.g,, Winston 1970, Sussman 1973, 
Hayes-Roth 1976), usually have the following characteristics, 
First, they may require a partially ordered training sequence 
with presentations of positive and negative instances of the 
class in order for the desired concepts to be properly learned, 
Next, such models require that the system be told to which 
class an instance belongs, This is usually done either 
explicitly by associating the class name with the presentation, 
or implicitly by requiring that the trainer present examples 
of only one class at a time. Third, the set of relationships 
used in generalization is basically the same as used in the 
examples. Finally, a local similarity measure (e,g., fre- 
quency of occurrence) relating examples of a class is used to 
define a generalized class description. 

However, abstracting regularities of human behavior by 
simply observing that activity in a natural setting requires a 
more sophisticated model of unsupervised learning. The com- 
plexity of our problem domain requires an extrapolation of the 
above issues in the following ways, First, natural experience 
is often a fickle teacher. A model that learns from exper- 
ience must be flexible enough to accept an unordered training 
sequence and impose its own order. Second, in a new exper- 
iential domain, the system cannot expect to know or be told to 
which class an example belongs; it must be able to infer the 
classes, using both a priori knowledge of what could count as 
a class type and the observations of specific examples. 
Third, given the multiplicity and non-specificity of features 
in any given real-world situation, a priori semantic knowledge 
is required in order to hypothesize the existence of higher 
level relationships that serve to highlight relationships that 
are important to a specific interpretation, For example, in 
our domain, the CLS posit the existence of relationships that 
are important to interpreting that activity in the context of 
action-oriented games, Other relationships would need to be 
hypothesized if the system were trying to interpret that 
activity as a religious ceremony, The above properties char- 
acterize the 'experiential model of learning' employed in the 
present system, We believe that it examines issues under- 
lying human developmental learning that previous systems have 
not addressed, 

In order to first generate classes and then generalize 



w i t h i n  those  c l a s s e s ,  two types of s i m i l a r i t y  measures a r e  
requi red .  A more g loba l  one t h a t  can p a r t i t i o n  examples i n t o  
c l a s s e s ,  and another  more l o c a l  one t h a t  can a b s t r a c t  t h e  im-  
p o r t a n t  c h a r a c t e r i s t i c s  w i t h i n  a  c l a s s .  The g loba l  c r i t e r i a  
under which we have chosen t o  group scena r ios  stems from a 
s imple b u t  powerful observa t ion:  events  t h a t  begin t h e  same 
b u t  end d i f f e r e n t l y ,  events  t h a t  begin d i f f e r e n t l y  and end t h e  
same, and even t s  t h a t  begin and end t h e  same b u t  have d i f f e r -  
e n t  middles--are cues t o  t h e  s t r u c t u r e  of t h e  genera l  scenar- 
i o s  which govern those  s i t u a t i o n s ,  

Using these  p r i n c i p l e s  t h e  system w i l l  be  a b l e  t o  group 
toge ther  a  s e t  of s cena r ios  t h a t  w i l l  even tua l ly  be  l abe l ed  a s  
i n f i e l d  s i n g l e s ,  and a  set of s cena r ios  t h a t  w i l l  even tua l ly  
be  l abe l ed  a s  i n f i e l d  groundouts. Comparing t h e s e  two groups 
us ing  t h e  'begin the  same, end d i f f e r e n t l y '  h e u r i s t i c ,  we no te  
t h a t  they  do only  d i f f e r  a t  t h e  end, Looking a t  t h e  hypothe- 
s i z e d  i n t e r p r e t a t i o n s  i n  each group, we saw t h a t  t h e  team 
which w a s  l abe l ed  as having succeeded i n  one group i s  t h e  same 
team t h a t  w a s  l abe l ed  a s  having f a i l e d  i n  t h e  o t h e r  group 
( f i g u r e  8). This  r e s u l t  n o t  on ly  l ends  suppor t  t o  a  c o r r e c t  
p a r t i t i o n i n g  of t h e  scena r ios ,  bu t  a l s o  suppor ts  t he  c o r r e c t -  
nes s  of t h e  hypotheses.  

A powerful i npu t  dur ing  t h i s  phase of a n a l y s i s  comes from 
t h e  CAUSAL-LINK SCHEMAS themselves.  I f  t h e i r  hypotheses about  
t h e  observed a c t i o n s  a r e  c o r r e c t ,  then  they  should expect  t o  
s e e  a c t i o n  sequences i n  which the  team t h a t  was p rev ious ly  
hypothesized as being s u c c e s s f u l  should now f a i l ,  and v i c e  
ve r sa .  I n  f a c t ,  p r e d i c t i o n s  a r e  made of p r e c i s e l y  t h e s e  com- 
plementary outcome cond i t i ons ,  and prime t h e  At t en t ion  Mechan- 
i s m  v i a  feedback, From our  example ( f i g u r e  7 ) ,  PHYSICAL- 
CONFLICT w i l l  p r e d i c t  t h a t  A 1  w i l l  throw t h e  b a l l ,  and some B 
team member w i l l  n o t  h i t  i t ,  RELATIVE-TIME w i l l  p r e d i c t  t h a t  
A3 w i l l  c a t ch  t h e  b a l l  be fo re  some B team member reaches  f i r s t -  
base ,  and t h a t  some B team member w i l l  n o t  be permi t ted  t o  
execute  t h e  a c t  WON f i r s t b a s e ' .  

The convergence of bo th  techniques t o  s i m i l a r  conclus ions  i s  
s t r o n g  evidence f o r  t h e  co r r ec tnes s  of t h e  hypotheses and the  
p a r t i t i o n i n g .  F i n a l l y ,  j u s t  a s  t h e  At t en t ion  Mechanism i s  
b u i l d i n g  up gene ra l i zed ,  r e p e t i t i v e  subsequences of a c t i o n s ,  
t h i s  s t a g e  of t h e  system w i l l  g e n e r a l i z e  PLANS i n t o  PLAN- 
SCHEMRS, based on i t s  grouping of s cena r ios ,  These l a t t e r  
s t r u c t u r e s  w i l l  be  t he  f i n a l  ou tpu t  from t h e  system. They w i l l  
r e p r e s e n t  bo th  an  understanding of t h e  goa l s  and i n t e n t i o n s  
involved i n  t h e  scena r io ,  and a l s o  t h e  r u l e s  o r  r e g u l a r i t i e s  
observed i n  t h e  scena r ios ,  



Figure 8 :  Hierarchical Generalization of 
Scenarf os 

The implementation o f  the Attention Mechanism was done in 
SNOBOL4, The output from this subsystem is used by the 
Hypothesis Generation phase which is written in LISP. In the 
analysis of a typical scenario, this program uses approximate- 
ly 27K of the CDC6600 and requires about 30 seconds of pro- 
cessor time, A preliminary version of the Hypothesis General- 
ization and Verification system is presently being built and 
tested, Results from the Hypothesis Generation part of the 
system confirm its inferential power, while early results from 
the hypothesis generalization part of the system are also 



encouraging. 
What we have explored is a way in which a system can add to 

its present knowledge base an understanding of some new situ- 
ations. Though initially driven by the perception of know- 
ledge about actions, the system develops a consistent struc- 
ture of hypotheses about the goals of the actors, This con- 
ceptual representation permits the system to abstract the 
commonalities from a multiplicity of somewhat varying situa- 
tions, This generalization process provides the general rules 
governing behavior in the observed situations of this environ- 
ment. 
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N. S. Sridharan 

THE F M E  AND FOCUS PROBLEMS IN AI: DISCUSSION IN RELATION 
TO THE BELIEVEB SYSTEM. 

There are two types of reasoning about actions - Planning 
and Interpretation. We are involved in the Interpretation of 
observed sequences of actions using a psychological theory of 
act interpretation, The Interpreter uses a model space to 
maintain a current description of the observational world. 
There are two kinds of problems in maintaining a model - 
Consistency with respect to what we know about the dozain and 
Correctness with respect to an external observable world. 
Past discussions of the problem have dealt mainly with the is- 
sue of consistency, The issue of ensuring correctness is a 
difficult one znd this paper proposes the Heuristic of using 
the detected inconsistencies of the model state as a guide to 
selectively removing disparities between the model state and 
the observable world. A Knowledge Representation Framework is 
described which allows all aspects of the Frame Problem to be 
tackled coherently. An exzmple is given to illustrate our 
approach and an indication of the rule learning capability of 
the system is given. The Focus problem for the Observer is 
introduced and is shown to be complementary to the Frame 
Problem for the modelling system. 

A provocative and central issue in A1 for the past six 
years has been the Frame Problem. (McCarthy and Hayes 1969; 
Raphael 1571; Sand~wall 1973; Fikes, Hart and Nilsson 1973; 
Hayes 1973). The FRAME PROBLEM is concerned with the main- 
tenance of consistency and correctness of the model state 
when updating it or when constructing a new model state In 
response to an initial description of the observed world. It 
specifically excludes the more difficult problem of finding 
and correcting errors in the domain knowledge itself. 
Although much of the literature concerns the representation 
of actions in a robot? domain, the problem is common to any 
model-based reasoning system (Amarel 1974), Some examples are 

key phrases 
the Frame Problem; the Focus Problem; Modelling; Model Main- 
tenance; Belief Systems Modelling; Plan Recognition; Plan 
Generation; Problem Solving; Knowledge Representation; Know- 
ledge Acquisition; Knowledge Representation Language. 



Natural  Language Ques t ion  Answering (Sandewall 1971),  Chemic- 
a l  Synthes is  Planning (Sridharan 1971),  Generat ive CAI 
(Carbonell  and C o l l i n s  l973) ,  and our  work on Bel ie f  Systems 
Modelling (Schmidt 1975, Sr idharan  1975).  

Any system o r  person t h a t  has t o  reason about a c t i o n s  f a c e s  
t h e  Frame Problem i n  t h a t  he has t o  r e p r e s e n t  knowledge and 
t o  reason about both t h e  primary e f f e c t s  of c e r t a i n  c a t e g o r i e s  
of  a c t i o n  and t h e  eontingent changes t h a t  t a k e  p l ace  when 
t h a t  a c t i o n  i s  performed i n  a  given s t a t e  of  t h e  world. There 
a r e  two types  of reasoning about a c t i o n s .  The f i r s t  i s  t h e  
problem of  planning a  sequence of a c t i o n s  [PLANNER] t o  achieve 
a  d e s i r e d  goal s t a t e .  The second i s  t h e  problem of observing 
a sequence of  a c t i o n s  and being a b l e  t o  i n t e r p r e t  them mean- 
i n g f u l l y  [INTERPRETER]. The f i r s t  problem has  been worked on 
by r e sea rche r s  who work i n  Robotics .  We on t h e  o t h e r  hand, 
a r e  i n t e r e s t e d  i n  t h e  second problem, f o r  t h e  t a s k  o f  
BELIEVER Systems (Sridharan 1975) i s  t o  i n t e r p r e t  sequences 
of  observed a c t i o n s ,  

A Planner i s  s e t  t h e  t a s k  of  u s ing  a  predef ined  c o l l e c t i o n  
of  a c t i o n s  (Transformations) t o  plan a  course  of  a c t i o n  
(o f t en  only  a  sequence of a c t i o n s )  t h a t  w i l l  ach ieve  a  
s t a t e d  d e s i r e d  goal s tate  from a  s t a t e d  present s ta t e ,  The 
a c t i o n s  a r e  represented  t o  t h e  system i n  terms of  t h e i r  
primary predictable e f f e c t s  on t h e  s t a t e  t o  which they  a r e  
app l i ed ,  However, t h e r e  i s  a  cons ide rab le  amount of  know- 
ledge about t h e  contingent e f f e c t s  of  t h e  a c t i o n  t h a t  i s  no t  
e a s i l y  represented  and used.  When t h e  Planner  u ses  a  model t o  
p l an  t h e  course of a c t i o n s  it might u se  only  t h e  pr imary 
e f f e c t s  o f  a c t i o n s  t o  ske t ch  out  a  p l an  ( * ) ,  But t h e  l a t e r  
e l abo ra t ion  o f  t h i s  p l an  must c a r e f u l l y  cons ider  t h e  con t in -  
gent  e f f e c t s  of t h e  a c t i o n s  a s  w e l l ,  

An Interpreter r e c e i v e s  action descriptions from an 
Observer who t akes  i n  i npu t  from an obse rva t iona l  world 
[Figure 11, The I n t e r p r e t e r  i s  given t h e  t a s k  of  recognizing 
the plan s t r u c t u r e  t h a t  u n d e r l i e s  t h e  a c t i o n  sequence and of 
predicting p o s s i b l e  f u t u r e  a c t i o n s  i n  terms of predef ined  
a c t i o n  types  (See Schmidt and Sr idharan  1976; t h i s  volume f o r  
a d i scuss ion  of  our r e p r e s e n t a t i o n  of  P l a n s ) ,  The I n t e r p r e t e r  
uses  a  model space t o  maintain a  c u r r e n t  d e s c r i p t i o n  of  t h e  
obse rva t iona l  world, Our concept of a  Model Space involves  
t h r e e  components: t h e  conceptual  framework and t h e  Domain 
Knowledge t h a t  determines cons is tency  o f  t h e  model s t a t e ;  a  

*See (Sacerdot i  1975) f o r  some i n t e r e s t i n g  ways of  account-  
i ng  f o r  t h e  cont ingent  e f f e c t s  dur ing  p lanning .  



given Model State which provides a description of the obser- 
vable world; and a collection of Rules that prescribe ways of 
updating the model state. The model state is a collection of 
relational triples describing the state of the observational 
world e.g., (MARY loc KITCHEN) (MARY holds CUP) etc.. It also 
uses a Hypothesis space to maintain and reason with hypothe- 
sized plans and intentions of actors. The present treatment 
concerns the maintenance ofconsistent and correct model 
states. The need to entertain inconsistent hypotheses and 
resolve them is handled in the Hypothesis space and will not 
be treated here, 

AN APPROACH TO THE FRAME PROBLEM THROUGH THE DESIGN OF A 
KNOWLEDGE REPRESENTATION LANGUAGE 

The modelling system attempts to maintain a collection of en- 
tity descriptions and propositions that captures relevant in- 
formation either about an observational world (for the Inter- 
preter) or about a projected reality (for the Planner). The 
problem in maintaining a model concerns ensuring consistency 
and correctness. Past discussions have not distinguished 
clearly between the problem of consistency/inconsistency of a 
model state and the correctness/disparity between an external 
world and the model, Discussions of the Planner and its 
frame problem are necessarily confined to issues of maintain- 
ing consistency and have no scope for introducing the correct- 
ness issue except when dealing with planning in an environ- 
ment of execution. The Interpreter, however, must squarely 
face the problem of disparity and our treatment will clearly 
entertain this distinction. 

Let us start by assuming that at some given instant the 
model state is both consistent and free of disparity with the 
observational world. 

Introduction Using an E x q Z e  

Consider the action of a person MARY who GOES from location 
KITCHEN to a target location LIVING ROOM. How does one de- 
rive a "Naturalt"escription of the act of going in the very 
simple sense of merely transferring location? The PRECONDI- 
TION for the act requires that Mary be in the Kitchen. The 
primary ef$ect of GOing is that Mary is in the Living Room 
and this is stated as the GOAL of the act, 

If however, you know she is holding a cup while in the 
kitchen, you immediately recognize the contingent effect of 
GOing, and a reasonable statement of this contingent effect 
is (for this instance) 

"If Mary is holding a cup in the Kitchen while she goes to 
the living room, then she is still holding the cup, with 



t h e  cup now being i n  t h e  livingroom". 

O r  more a b s t r a c t l y ,  

'"If a  person P i s  ho ld ing  an ob jec t  J and goes t o  a  loca-  
t i o n  L then  ob jec t  J w i l l  a l s o  be t r a n s f e r r e d  t o  t h a t  
l oca t ion  L and person P w i l l  remain holding t h e  o b j e c t  J". 

This  s ta tement  can be convenlent ly w r i t t e n  i n  two p a r t s :  

[Recognition Rule] When a  Person P changes l o c a t i o n  from 
L l  t o  L2, c o l l e c t  p ropos i t i ons  about whatever Object  J 
t h a t  P i s  hold ing ,  

[Resolut ion Rule] In t h e  above s i t u a t i o n ,  a s s e r t  t h a t  t h e  
Object J changes l o c a t i o n  t o  L 2 ,  and P s t i l l  ho lds  J. 

This  way of d iv id ing  Frame r u l e s  i s  a  minor ex tens ion  of  
t h e  concept of Production r u l e s ,  where t h e  Recognition Rules 
t e s t  a condi t ion  and s p e c i f y  a  chunk of  t h e  model s t a t e  on 
which Resolut ion r u l e s  may be app l i ed ,  t h e  Resolut ion r u l e s  
conta in  t h e  a c t i o n  s p e c i f i c a t i o n  t h a t  computes t h e  Frame 
e f f e c t s .  

We g ive  t o  t h e  Model Space knowledge about t h e  terms used 
i n  t h e  domain i n  a  form t h a t  permi ts  t h e  system t o  extract 
autornaticaZZy t h e  dependency between t h e  l o c a t i o n  and holding 
i n  t h e  form of  a  Recogntion Rule.  

The fol lowing express ions  d e f i n e  t h e  c l a s s e s  of  e n t i t i e s  
and names of  r e l a t i o n s  among them, 

EGO 
(agent PERSON agentof)  
(to-lot LOCATION to - loco f )  
(from-loc LOCATION from-locof) 
(goal [PROPOSITION ( ( X  agent )  l oc  (X t o - l o c ) ) ]  goal  o f )  3 
[PERSON 
( loc  LOCATION locof)  
(holds OBJECT heldby] ] 

[OBJECT 
( l o c  LOCATION locof)  
(heldby PERSON holds]  ] 

def ined  by us ing  t h e  format: 

The c l a s s  names and r e l a t i o n  names c o n s t i t u t e  t h e  VOCABU- 
LARY of t h e  domain out  of  which t h e  Domain Language ( t h e  mini- 
language f o r  t h i s  examp1e)is cons t ruc t ed .  

GO i s  dec la red  t o  be an e n t i t y  with four  r e l a t i o n s  a s soc i a -  
t e d  with i t ,  v i z , ,  agen t  who i s  a  PERSON, from-loc and t o - l o c  



which a r e  LOCATIONS and an outcome which i s  a  PROPOSTION. 
The outcome p ropos i t i on  i s  def ined  t o  be one t h a t  a s s e r t s  t h a t  
t h e  agent  of r h e  GO i s  i n  t h e  t o - l o c  l o c a t i o n ,  

Furthermore thesemant ic  of  a  PERSON hold ing  an OBJECT i s  
def ined  s e p a r a t e l y  a s  
((PERSON X)  ho lds  (OBJECT J )  ) => 

((SOME LOCATION Z) (X loc  Z) (J loc  Z)) 
The system can ( s t r u c t u r a l l y )  analyze t h e  d e f i n i t i o n  of  a  

r e l a t i o n  '%oldslT given above and e x t r a c t  t h e  Recognition Rules.  
For example, t h e  dependency between (PERSON l o c  LOCATION) f o r  
a  Person X and a  Location L ( a s  s p e c i f i e d  i n  t h e  DTMENSION of  
t h e  r u l e ) ,  and (PERSON holds  OBJECT) i s  t h e  express ion  (OBJECT 
Z) (X ho lds  Z ) ,  
[Recognition Rule] 
(DIMENSION (OBJECT 0 )  (LOCATION L)) 
(ASSERTING X l o c  L ) )  (INSPECT ((PERSON P) (P holds  0 ) ) )  
i , e ,  when an o b j e c t  changes l o c a t i o n  any a s s e r t i o n  concerning 
some person holding O i s  a f f e c t e d .  

The language (nota t ion)  f o r  w r i t i n g  t h e  Recognition r u l e s  
i s  t h e  same a s  t h a t  i n  which t h e  Domain knowledge i s  w r i t t e n  
by t h e  u s e r .  This  s i m p l i f i e s  t h e  t a s k  of  composing t h e  Recog- 
n i t i o n  r u l e s  by r e - r ep resen t ing  t h e  D~main knowledge. 

The fol lowing commands genera te  t h e  simple model s t a t e  i n  
which we can i n v e s t i g a t e  t h e  a c t i o n  GO. 
(IT (PERSON MARY)) [IT d e c l a r e s  an in s t ance  of  an e n t i t y  c l a s s ]  
(IT (OBJECT CUP)) 
(IT (LOCATION KITCHEN)) 
(IT (LOCATION LIVINGROOM)) 
(IR (MARY loc  KITCHEN)) [IR i n s t a n t i a t e s  a  r e l a t i o n a l  t r i p l e ]  
(IR (CUP l o c  KITCHEN) 
(IR (MARY holds  CUP)) 

The l a s t  a s s e r t i o n  made t o  t h e  model space causes i t s  assoc-  
i a t e d  d e f i n t i o n  t o  be eva lua ted  and t h e  r e s i d u e  ( c f .  S r in ivasan  
1976) of t h e  eva lua t ion  which p o i n t s  t o  (*) (MARY l o c  KITCHEN) 
and (CUP l o c  KITCHEN). The r e s idue  i s  t o  be i n t e r p r e t e d  a s  
saying t h a t  a  change i n  one of  t h e  p ropos i t i ons  i n  t h e  r e s i d u e  
[ i n  t h i s  case  (MARY l o c  KITCHEN) o r  (CUP l o c  KITCHEN)] w i l l  
cause t h e  system t o  examine t h e  v a l i d i t y  of a s s e r t i o n  t o  which 

*The f a c t  t h a t  CUP i s  an OBJECT and t h a t  MARY i s  a  PERSON 
a r e  necessary  do a s s e r t  (MARY holds  CUP),but do no t  appear i n  
t h e  r e s i d u e  f u r  t hey  a r e  p r o p e r t i e s  t h a t  a r e  f i x e d  wi th  r e s p e c t  
t o  t h e  domain, i . e ,  they  cannot change and a r e  n o t  r e l e v a n t  t o  
t h e  updat ing p roces s ,  



it is attached [in this case the (MARUholds CUP) assertion], 

Consider the action that Mary does as described by the 
Observer by means of the description: 

(INSTANTIATE (GO (agent MARY) (from-loc KITCHEN) (to-loc 
LIVING-ROOM))), The goal relation defined for GO is used to 
cause the primary change to the model state, which updates 
Maryfs location to be Living-room. The recognition rule is 
consulted which in this case collects the single proposition 
(Mary holds Cup) as the only triple that needs to be inspect- 
ed, The location of the cup has not yet been updated and 
thus evaluating the definition of the %oldst relation shows 
that there is an inconsistency in this partially updated 
state of the model, 

The resolution rules are invoked for that subset of the 
propositions that lead to inconsistency in an attempt to 
remove such inconsistency. The form of the Resolution rule 
as given to the system is given below. 

Resolution Rule for the dependency of %olds>on qoc'. 
(DIMENSION (PERSON P) (OBJECTJ) (LOCATION Ll)) 
(ASSERTING (P loc Ll)) 
(INSPECTING (P holds J)) 
(RESOLVE-USING (IR(J loc Ll)(P holds J))) 

The applicability of the Resolution rule is checked with 
the first three subexpressions of the rule, and when checked 
out, the assertions specified by the rule would restore the 
consistency of the model state, In this instance, the appli- 
cation of this rule and the subsequent update make the result- 
ing state consistent by updating the Cup's location and main- 
taining that Mary still holds the Cup. 

Though the rule appears like a categorical imperative, one 
should appreciate the essential fragility of the rule because 
the rule gets applied to a model space and not a passive data 
base. That is, if the Resolution rule submits (J loc Ll) as 
an update, the model space may refuse to accept it if it makes 
the model state inconsistent. In that case the residue from 
that refusal will guide the Model Space in its further action, 

If an inconsistency is discovered for which there is no 
resolution rule the observer is queried for factual informa- 
tion thus entering into a mode of comparing the model state 
with the observational world but guided by domain knowledge 
and the recognition rules, In a separate report (Sridharan 
1976) we explore the possibility of the system summarizing 
its experience when in this mode and learning a generalized 
Resolution rule that would be applicable and useful in the 
future, Here again,because the language in which the rules 



are summarized and generalized is the same as the one in 
which the domain knowledge was given initially there is no 
difficulty in using learned rules during the modelling and 
interpretation process, This condition is essential for a 
meaningful exploration of learning methods to be carried out. 

Recognizing and ResoZving Inconsistencies 

Our approach to ensuring consistency of the model state 
is to utilize a system architecture that separates the 
problem solving structure from aspects of model maintenance, 
The model space is given explicit charge of maintaining con- 
sistency when updating the model state. 

When asserting a new proposition to the model state, the 
model space attempts to ensure that the resulting state is 
consistent, by accessing the collection of propositions that 
are directly inconsistent with the change made. This is 
accomplished using RECOGNITION RULES that map a given propos- 
ition to a collection of other propositions in the model state. 
These propositions collected by the Recognition Rules are the 
only propositions that need to be checked for ensuring the 
consistency of the model state, 

If after making the primary changes the model state is 
found to contain inconsistencies, then there are alternative 
ways of restoring consistency, and futher computational rules 
need to be invoked to select a method of resolving the in- 
consistency in the model state. Rules which accomplish this 
are the RESOLUTION RULES, By the generic term FRAME RULES 
we mean both the Recognition and Resolution rules. 

It is a characteristic of our system that the Recognition 
Rules can be computed by the system from the domain knowledge 
as stated initially by the user, but the Resolution Rules 
must be supplied by the user. 

It is obvious that the actual content of the Frame Rules 
is dependent on the domain that is being modelled. It is not 
equally obvious but true that the method of representation, 
of recognition, of resolution or of acquisition can be made 
free of domain semantics, 

Beeognizing and Resolving Disparities 

It is important to realize that there is no foolproof 
shortcut to recognizing disparities between the model and the 
world - the only failsafe route is via a thorough examination 
of the world, We suggest a heuristic that couples together 
the problem of internal consistency and disparity, When 
there is no inconsistency detectable in the model state the 
system can pretend that there is also no disparity, However, 



when there is inconsistency detected the  domain structure cal 
be used t o  guide se lec t ive  comparison o f  the model s t a t e  w i t ?  
the external world,  

Thus when updating the model state, the recognition rules 
are accessed to discover the inconsistencies. When inconsis- 
tencies are discovered that have no applicable Resolution 
rules then an appeal to the observational world is made for 
factual information, The recognition rules play a second 
important role in directing the search for disparities betweeii 
the model and the world by serving to focus on relevant pro- 
positions. When all such inconsistent propositions have been 
queried to the Observer and the model state consistency is 
restored, the state can be considered to be a correct descrip- 
tion of the world. Since the domain language used by the 
model state and the Observer are uniform, the Resolution 
Rules can be acquired by the model space by storing experi- 
ence and generalizing on them (with user interaction and 
guidance). 

FOCUS PROBLEM: AN ASPECT OF COMMUNICATION 

The interpreter gets its input from the Observer process. The 
data that the Observer uses are state differences computed in 
terms of snapshots of the world. The Observer does not (and 
should not) transmit complete snapshots or state differences 
but attempts fto describe' by relational triples the changes 
that occur. For Believer, the observer process is simulated 
by hand-coding descriptions of actions that have taken place 
in the episode, The extent and the nature of the summariza- 
tion that can be done in this encoding depends on the assump- 
tions one is willing to make (or on what one knows) about the 
Frame rules possessed by the Model space. When the collec- 
tion of Frame rules in question is meager there is a need to 
submit more complete collections of the differences observed 
in the snapshots. The problem for the Observer process, 
namely, of describing the relevant changes and invariances 
and also at times, grouping together in a single description 
a collection of changes, we call the FOCUS PROBLEM. This 
manifests itself as the Segmentation Problem in speech 
understanding systems where the system observer process has 
to determine the 'unit' groups of utterances, Soloway 
(Soloway and Riseman 197.5) uses focusing rules in the obser- 
ver for baseball actions to parse the sequence of state 
changes to determine the start and end of actions. 

There is a complementary relationship between the Frame 
Problem and the Focus Problem, Whereas the Focus problem 
concerns the attribution of a single action with a single 
primary outcome to summarize a large collection of relations 



in the state of the world, the Frame Problem concerns the 
computation of all contingent changes to the model state that 
must be effected when only the primary change is given as in- 
put, One can conceive of the mappings between propositions 
effected by the recognition rules and focusing rules being 
inverses of each other [Figure 21. The implication of this 
complementary relation for the design of a system that in- 
cludes an Observer process is the following: The presence 
of each Frame rule could be rephrased into a Focus rule for 
the Observer, and to the extent the Frame and Focus rules 
are derived from the same domain knowledge the communication 
between the Observer and Model space can be smooth, The de- 
sign of the knowledge representation language we have permits 
us to experiment with this aspect of communication among 
processes. 

CONCLUSION 

There is an implementation under development in an A 1  langu- 
age called FUZZY (LeFaivre 1974) wherein the Recognition and 
Resolution rules are currently operational. The practicality 
of these ideas will receive their test in the application area 
of BELIEVER, 
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2 FOCUS-FRAME RELATIONSHIP 



M e  Trigoboff  

PROPAGATION OF INFORMATION I N  A SEMANTIC NET 

ABSTRACT 

In c r e a t i n g  a  computer system which can func t ion  a s  an ophthal-  
mological consu l t an t ,  p a r t i c u l a r  a t t e n t i o n  must be  p a i d  t o  t h e  
choice o f  a  r ep re sen ta t ion  f o r  t h e  system" medical knowledge. 
This  choice a f f e c t s  both t h e  system's  e f f i c i e n c y ,  and i t s  
a b i l i t y  t o  expla in  i t s e l f  by r e fe rence  t o  t h i s  knowledge. We 
desc r ibe  a  r e p r e s e n t a t i o n  c o n s i s t i n g  of a  semantic n e t  i n  which 
a  s e t  o f  r u l e s  can be a s soc i a t ed  with any l i n k .  The system 
uses  t h i s  r ep re sen ta t ion  t o  perform i n  a  bottom-up, event -  
dr iven  manner. Information propagates  through t h e  semantic 
n e t  under c o n t r o l  of  t h e  r u l e s .  We show how both e f f i c i e n c y  
and explana t ion  a r e  served by t h i s  r e p r e s e n t a t i o n .  

INTRODUCTION 

Our goal  i s  t h e  c r e a t i o n  o f  a  computer system which can fun- 
c t i o n  a s  an expe r t  ophthalmological consu l t an t .  Such a  system 
must n e c e s s a r i l y  con ta in  a  l a r g e  q u a n t i t y  of medical knowledge. 
The choice of  a  r e p r e s e n t a t i o n  f o r  t h i s  knowledge has  e f f e c t s  
on many important  a spec t s  o f  t h e  sys tem's  ope ra t ion .  

To be u s e f u l ,  t h e  system must ope ra t e  e f f i c i e n t l y .  The 
knowledge r e p r e s e n t a t i o n  we choose must t h e r e f o r e  be d i r e c t l y  
usable  by t h e  system" dec i s ion  p roces ses ,  The system must 
a l s o  be a b l e  t o  exp la in  i t s  dec i s ions  t o  t h e  u s e r .  I t  can do 
t h i s  only by r e fe rence  t o  t h e  medical knowledge on which t h e  
dec i s ions  were based.  Th i s  knowledge must t h e r e f o r e  be  s t o r e d  
i n  a  format which w i l l  be  comprehensible t o  t h e  u s e r  when p re -  
sen ted  a s  p a r t  o f  an exp lana t ion ,  

2 ,  KNOWLEDGE REPRESENTATION 

There a r e  two types  of  knowledge t h a t  must be r ep re sen ted  
i n  a  medical a r t i f i k i a l  i n t e l l i g e n c e  system. The f i r s t  i s  
genera l  knowledge of d i s e a s e s ,  d i s e a s e  mechanisms, syndromes, 
pa thophys io logica l  s t a t e s ,  t r ea tmen t s ,  and t h e i r  i n t e r r e l a t i o n -  
s h i p s ,  From t h e s e  pr imary elements we can develop a  schematic 
d e s c r i p t i o n  o r  model of t h e  d i s e a s e  p roces s ,  I t  w i l l  be s t a t i c  
i n  t h e  sense t h a t  it does not  i nco rpora t e  knowledge of any 
p a r t i c u l a r  d i a g n o s t i c  o r  t h e r a p e u t i c  s i t u a t i o n .  The second 
kind of knowledge i s  s p e c i f i c  t o  t h e  c u r r e n t  c o n t e r t  o f  a  
given p a t i e n t .  I t  w i l l  change c o n t i n u a l l y  a s  new f a c t s  about 



a  p a t i e n t  a r e  obta ined  and a c t i o n s  ( t reatments)  performed, 

In our  system, t h e  f i r s t  type  of  knowledge i s  r ep resen ted  
a s  a  semantic n e t .  This  i s  a  d i r e c t e d  graph i n  which t h e  
nodes r ep re sen t  medical s t a t e s  ( i . e ,  d i s e a s e s ,  syndromes, 
symptoms, e t c  .) . The Zinks (o r  r e l a t i ons lwh ich  connect t h e s e  
nodes r ep re sen t  r e l a t i o n s h i p s  between them. Links a r e  assoc- 
i a t e d  i n  p a i r s .  Each member of a p a i r  i s i t s  p a r t n e r ' s  r e l a t -  
i ona l  i n v e r s e ,  Whenever two nodes a r e  connected by a  member 
of such a  p a i r ,  they  a r e  connected i n  t h e  r e v e r s e  d i r e c t i o n  
by the  p a i r "  o t h e r  member. People can e a s i l y  read  and under- 
s tand  such a  r e p r e s e n t a t i o n ,  and computers can r e a d i l y  mani- 
p u l a t e  and process  graph s t r u c t u r e s ,  We thus  have a  r e p r e -  
s e n t a t i o n  t h a t  s a t i s f i e s  both of  t h e  above c r i t e r i a .  

The second type  of  knowledge i s  r ep resen ted  a s  ISPECs, 
ISPEC i s  an acronym der ived  from Information SPECificat ion.  
Each node i n  t h e  semantic n e t  can have a  l i s t  of  ISPECs 
a s s o c i a t e d  with i t  ( c a l l e d  i t s  ISPECS p r o p e r t y ) .  This l i s t  
i s  t h e  system? only  information about t h e  s t a t u s  of t h e  node 
with r e s p e c t  t o  t h e  p a t i e n t .  Each ISPEC conta ins  among o the r  
t h i n g s  a  measure of b e l i e f ,  a  t ime n o t a t i o n ,  a  s i d e  n o t a t i o n  
( r i g h t ,  l e f t ,  o r  NIL), modi f ie rs  which can serve  t o  f u r t h e r  
s p e c i f y  t h e  concept represented  by t h e  node, and complete 
information d e t a i l i n g  how and why t h e  ISPEC was genera ted .  
A t  any p o i n t ,  t h e  system's  t o t a l  knowledge of t h e  p a t i e n t  i s  
contained i n  t h e  ISPECs. 

In t h e  fo l lowing  s e c t i o n ,  we w i l l  d e s c r i b e  how t h e  system 
c r e a t e s  and uses  ISPECs, While t h e  syntax  of  t h i s  process  i s  
uniform throughout t h e  semantic n e t ,  t h e  semantic  i n t e r p r e -  
t a t i o n  of  an ISPEC v a r i e s  depending on i t s  node and on t h e  
t a s k  c u r r e n t l y  being performed, For example, t h e  c r e a t i o n  of  
an ISPEC f o r  a  node r ep resen t ing  a  d i s e a s e  can be thought of 
a s  hypothes is  s e l e c t i o n ,  while  t h e  c r e a t i o n  of an ISPEC with 
a time a t t r i b u t e  of "future'"or a  symptom node can be seen 
a s  prognos is ,  

3 ,  PROPAGATION OF INFOm4ATION THROUGH A SEMANTIC NETWORK 

So f a r ,  what we have descr ibed  amounts t o  a  computerized 
c h e c k l i s t ,  I t  merely records  t h e  f a c t s  we have about our  
p a t i e n t ,  Often,  however, when we make a  f i n d i n g  we can draw 
some o t h e r  conclusions based on t h a t  f i nd ing .  In  our  system, 
t h i s  c a p a b i l i t y  i s  implemented as  a  process  c a l l e d  propagat im.  
When an ISPEC i s  genera ted  f o r  a  node, t h e  f a c t  o f  t h a t  
ISPEC's c r e a t i o n  i s  propagated along a l l  t h e  l i n k s  emanating 
from i t s  node, As a  r e s u l t ,  ISPECs may be generated f o r  t h e  
nodes propagated t o ,  a t  which p o i n t  t h e  propagat ion  process  
cont inues  r e c u r s i v e l y .  Each new f i n d i n g  i s  l i k e  a  d r o p l e t  
which, when added t o  our pool of  knowledge, causes a  r i p p l e  



which can propagate  any d i s t a n c e  through t h e  poo l .  

Information contained i n  t h e  semantic  n e t  is  used t o  guide 
t h e  propagat ion of  susp ic ion  and b e l i e f  through t h e  node space.  
Each r e l a t i o n  i n  t h e  n e t  w i l l  cause a  d i s t i n c t i v e  p a t t e r n  of  
propagat ion,  both because d i f f e r e n t  r e l a t i o n  types  have d i f f -  
e r e n t  p a t t e r n s ,  and because a  p a r t i c u l a r  r e l a t i o n  type  can lead t o  
d i f f e r e n t  p a t t e r n s  depending on i t s  surrounding con tex t .  

In  o r d e r  t o  implement a propagat ion mechanism, we need a  
means of  a s s o c i a t i n g  var ious  types  of  information with i n d i v i -  
dual  l i n k s .  We have implemented our  semantic  n e t  u s ing  BBN's 
SEMNET package (Brown, e t  a l . ,  1974). Augment nodes, which 
a r e  p a r t  o f  t h i s  package, provide a  way of doing t h i s .  An aug- 
ment node can be a s soc i a t ed  with any ind iv idua l  l i n k ,  and can 
c a r r y  whatever informat ion  we d e s i r e .  

Propagation ac ros s  a  l i n k  i s  c o n t r o l l e d  by t h e  s e t  of r u l e s  
a s soc i a t ed  with t h e  l i n k  v i a  i t s  augment node. Each r u l e  con- 
s i s t s  of  condi t ions  (RCONDS) which must be s a t i s f i e d  f o r  it t o  
be considered t r u e ,  and s p e c i f i c a t i o n s  f o r  t h e  c r e a t i o n  of  
ISPECs (RISPECS) i n  case  it i s  t r u e .  RCONDS a r e  requirements  
t h a t  a  p a r t i c u l a r  node be t r u e  of t h e  p a t i e n t  i n  t h e  way spec i -  
f i e d  ( e . g .  PAST, SEVERE, e t c ) .  The s a t i s f a c t i o n  of  an RCOND 
i s  determined by examining i t s  node" ISPECs. When propagat ion 
t akes  p l ace ,  t h e  r u l e s  a s s o c i a t e d  with t h e  l i n k  i n  ques t ion  a r e  
eva lua ted .  The RISPECS of  t hose  t h a t  a r e  t r u e  s p e c i f y  c r e a t i o n  
of t h e  ISPECs which a r e  t h e  r e s u l t  of propagat ion ac ros s  t h e  
l i n k ,  

Within t h e  s e t  of r u l e s  a s s o c i a t e d  with a  l i n k ,  t h e r e  can 
be both enabl ing  and superseding r e l a t i o n s h i p s .  A p a r t i c u l a r  
r u l e  may n o t  be d i r e c t l y  a s s o c i a t e d  with an augment, b u t  r a t h e r  
may have an enabl ing  l i n k  with one t h a t  i s  d i r e c t l y  a s soc i a t ed  
with t h e  augment. When propagat ion ac ros s  a  l i n k  i s  at tempted,  
a l l  t h e  r u l e s  d i r e c t l y  a s s o c i a t e d  with t h e  augment a r e  evalua-  
t e d .  A r u l e  t h a t  i s  not  d i r e c t l y  a s s o c i a t e d  with t h e  augment 
w i l l  only be eva lua ted  i f  a  r u l e  t h a t  enables  it i s  found t o  
be t r u e  .. 

This  f a c i l i t y  permi ts  u s  t o  s imp l i fy  t h e  r u l e s  cons iderably .  
If one p a r t i c u l a r  condi t ion  i s  necessary  t o  a whole c l a s s  of  
dec i s ions ,  it can be embodied i n  a  r u l e  which enables  t h e  r u l e s  
t h a t  a c t u a l l y  make t h e  d e c i s i o n s ,  Without enab l ing ,  each r u l e  
would have had t o  con ta in  t h e  cond i t i on ,  and t h e  cond i t i on  
would have been eva lua ted  aga in  f o r  each r u l e ,  With t h e  en- 
ab l ing  c a p a b i l i t y ,  t h e  cond i t i on  need only  be s p e c i f i e d  once, 
and w i l l  only be eva lua ted  once when propagat ion i s  at tempted.  

A r u l e  may a l s o  have a ggsupersedesw r e l a t i o n s h i p  t o  another  



r u l e ,  When a  r u l e  i s  t r u e ,  none of t h e  r u l e s  it supersedes 
w i l l  produce ISPECs o r  enable  r u l e s  even i f  t h e  superseded r u l e  
i s  i t s e l f  t r u e ,  One use of t h i s  i s  t o  permit  enabled r u l e s  t o  
t u r n  o f f  t h e  r u l e  t h a t  enabled them. 

We w i l l  i l l u s t r a t e  t hese  mechanisms wi th  t h e  example i n  
Figure 1, 

relation 
A B 

RULE1 r e q u i r e s  merely t h a t  node A be t r u e  of t h e  p a t i e n t ,  RULE2 
r e q u i r e s  i n  a d d i t i o n  t h a t  A be t r u e  with modi f ie r  M2, RULES 
requ i r e s  A t o  be t r u e  with modi f ie r  MS. I f  A i s  t r u e  bu t  
without modi f ie rs ,  B w i l l  g e t  an ISPEC s p e c i f i e d  by R U L E l ,  
I f  A i s  t r u e  with modi f ie r  M 2 ,  B w i l l  g e t  an ISPEC s p e c i f i e d  
by RULE2 (RULE1 i s  s t i l l  t r u e ,  b u t  has  been superseded by 
RULE2), I f  A i s  t r u e  with modi f ie r  M3, B w i l l  g e t  an ISPEC 
s p e c i f i e d  by RULES. F i n a l l y ,  i f  A i s  t r u e  with modi f ie rs  M2 
and M 3 ,  B w i l l  ge t  ISPECs from both RULE2 and RULES. We men- 
t i o n  i n  pass ing  t h a t  any l e v e l  of  enabl ing  i s  pe rmi t t ed .  
RULE2 could enable  o the r  r u l e s ,  t hey  i n  t u r n  could do t h e  same, 



and s o  on. 

Thus, t o  summarize t h e  propagat ion p roces s :  whenever a new 
ISPEC i s  c rea t ed ,  propagat ion i s  at tempted ac ros s  a l l  l i n k s  
with augments t h a t  emanate from t h e  new ISPEC? node. For 
each such l i n k ,  t h e  r u l e s  a s s o c i a t e d  with i t s  augment a r e  
eva lua ted ,  and t h e  ISPECs o f  t h e  t r u e ,  not-superseded ones a r e  
added t o  t h e  ISPECs l i s t  f o r  t h e  node a t  t h e  f a r  end of t h e  
l i n k ,  The process  then  r e p e a t s  r e c u r s i v e l y ,  p o t e n t i a l l y  pro- 
ducing a wave of  propagat ion ac ros s  t h e  semantic  n e t .  

The propagat ion process  a s  descr ibed  above could e a s i l y  
r e s u l t  i n  a combinatorial  explos ion .  I f ,  on t h e  average,  
c r e a t i o n  of an ISPEC r e s u l t e d  i n  t h e  propagat ion o f  more than  
one ISPEC, an uncon t ro l l ab l e  chain r e a c t i o n  o f  ISPEC propaga- 
t i o n  would r e s u l t .  We avoid t h i s  problem i n  two ways. To 
begin wi th ,  once a node has been propagated from, no propaga- 
t i o n  t o  i t w i l l  be  allowed from nodes which were reached deeper 
i n  t h e  r ecu r s ion ,  This  keeps t h e  propagat ion wave from doubl- 
i ng  back on i t s e l f ,  j u s t  a s  t h e  r e f r a c t o r y  per iod  does f o r  
neu ra l  impulses.  Secondly, a s  was mentioned above, each 
ISPEC conta ins  a measure of b e l i e f .  This  i s  a number which 
can range from -1 t o  I with 1 r ep resen t ing  t o t a l  b e l i e f ,  and 
-1 rep resen t ing  t o t a l  d i s b e l i e f .  Most RCONDS r e q u i r e  a meas- 
ure  o f  b e l i e f  of a t  l e a s t  - 7  i n  o rde r  t o  be s a t i s f i e d .  When 
propagat ion t a k e s  p l ace  ac ros s  a l i n k ,  q u i t e  commonly t h e  
measure o f  b e l i e f  f o r  t h e  new ISPEC i s  computed a s  t h e  measure 
of b e l i e f  of t h e  o ld  one t imes  a cons tan t  a s s o c i a t e d  with t h e  
l i n k .  These cons t an t s  range from 0 t o  1. Therefore propaga- 
t i o n  from a p a r t i c u l a r  node w i l l  g e n e r a l l y  d i e  out  w i th in  two 
o r  t h r e e  l i n k s  when t h e  propagated measure of  b e l i e f  f a l l s  
below t h e  th re sho ld  f o r  RCOND s a t i s f a c t i o n .  

Wen propagat ion ac ros s  a l i n k  t a k e s  p l ace ,  two l i s t s  a r e  
c r e a t e d .  One, a l r eady  mentioned, i s  t h e  l i s t  o f  ISPECs pro- 
duced by t r u e ,  not-superseded r u l e s ,  The o t h e r  i s  a l i s t  con- 
s i s t i n g  of  a l l  r u l e s  a s soc i a t ed  with t h e  l i n k  ( e i t h e r  d i r e c t l y  
o r  i n d i r e c t l y )  which were e i t h e r  f a l s e ,  superseded,  o r  no t  en- 
ab led .  This  l i s t ,  and t h e  n o t a t i o n  on each ISPEC o f  t h e  r u l e  
which produced i t ,  make it p o s s i b l e  f o r  propagat ion t o  be un- 
doable ,  Suppose, f o r  whatever reason ,  we dec ide  t o  d e l e t e  an 
ISPEC. The ISPEC i s  removed from i t s  node" IISPECS l i s t ,  and 
we then propagate  from t h e  changed node. A s  propagat ion t a k e s  
p l ace  ac ros s  any l i n k  out  of  t h e  changed node, r u l e s  which 
were formerly t r u e  may now be f a l s e ,  Each ISPEC on t h e  node 
being propagated t o  i s  checked t o  s e e  i f  t h e  r u l e  which pro-  
duced it i s  now on t h e  second l i s t .  I f  s o ,  t h e  ISPEC is 
d e l e t e d  from i t s  node, and t h e  process  r e p e a t e s  r e c u r s i v e l y .  
This permi ts  t h e  d e l e t i o n  (o r  a l t e r a t i o n )  of  an ISPEC t o  pro-  
pagate  through t h e  semantic n e t  i n  j u s t  t h e  same way a s  t h e  



c r e a t i o n  of  a new ISPEC does,  

Any a r b i t r a r y  boolean combination of condi t ions  about any 
number of  nodes can be expressed i n  a r u l e r s  RCONDS, This  be- 
comes very  important when def in ing  propagat ion t o  nodes which 
r ep resen t  d i s e a s e s .  In  gene ra l ,  a d i sease  node w i l l  have many 
incoming l i n k s  from nodes whose presence o r  absence cha rac t e r -  
i z e  i t .  

We c a l l  such a conf igura t ion  a propagat ion cone, I t  i s  
u sua l ly  v i s u a l i z e d  with t h e  d i s e a s e  node a t  t h e  apex, and t h e  
o the r  nodes occupying t h e  cone ' s  base .  Since t h e  same s e t  of 
r u l e s  w i l l  be used no mat te r  which node a t  t h e  base o f  t h e  cone 
we a r e  propagat ing from, we def ine  j u s t  one augment node f o r  
a l l  base-to-apex propagat ion i n  t h e  cone, and allow it t o  
serve  a s  t h e  augment node o f  a l l  t h e  base- to-apex l i n k s ,  This  
can a l s o  be done f o r  apex-to-base propagat ion.  

A simple semantic n e t  l i n k  connects two nodes. Propagation 
i n  each d i r e c t i o n  (semantic n e t  l i n k s  a r e  always r e l a t i o n a l -  
inverse  p a i r s  of  d i r e c t e d  l i n k s )  i s  def ined  by r u l e s  a s soc i a -  
t e d  with t h e  augrnent node f o r  t h a t  d i r e c t e d  l i n k ,  A cone i s  
a g e n e r a l i z a t i o n  of t h i s  b a s i c  s t r u c t u r e .  With cones, t h e r e  
can be a s e t  of nodes r a t h e r  than a s i n g l e  node on one s i d e  
of t h e  s t r u c t u r e ,  There a r e  s t i l l  two d i r e c t i o n s  propagat ion 
can fol low,  and propagat ion i n  each d i r e c t i o n  i s  still def ined  
by a s i n g l e  augment node. 

Consider t h e  semantic n e t  l i n k  A REL B (REL could be any 
of t h e  r e l a t i o n s  d e f i n e d ) .  When we add an ISPEC t o  A,  one o r  
more LSPECs may be produced f o r  B .  We cannot j u s t  add them 
t o  B, and cons ider  B a l t e r e d .  A may have had ISPECs before  
t h e  cu r r en t  one was added, and may have a l r e a d y  propagated 
t o  B .  If t h e  new ISPEC does not  a l t e r  t h e  t r u t h  s t a t u s  of  
any of  t h e  r u l e s  on t h e  augment f o r  A REL B ,  a s e t  o f  ISPECs 
f o r  B w i l l  be produced which i s  i d e n t i c a l  t o  t h e  s e t  produced 
t h e  l a s t  t ime propagation from A t o  B took p l a c e ,  

Each ISPEC conta ins  a s i d e  n o t a t i o n ,  t h e  i d e n t i f i e r  of t h e  
r u l e  which produced i t ,  t h e  i d e n t i f i e r  of t h e  augment node 
from which t h e  r u l e  was accessed,  and a l i s t  of t h e  nodes 
which s a t i s f i e d  t h e  r u l e ,  Whenever a s e t  o f  ISPECs Is pro-  
duced f o r  a node by t h e  propagat ion p roces s ,  we check each 
one t o  s e e  if it i s  1) i d e n t i c a l  t o  one a l r eady  on t h e  node, 
2 )  a replacement f o r  one a l r eady  on t h e  node, o r  3) a t o t a l l y  
new one t h a t  needs t o  be added t o  t h e  ISPECs a l r eady  t h e r e .  

In  t h e  f i r s t  case  we do noth ing ,  The node i s  not  marked 
a s  changed, and propagat ion w i l l  no t  t a k e  p l ace  from i t ,  The 
second case  i s  i d e n t i f i e d  when, f o r  an ISPEC j u s t  produced 
by t h e  propagat ion p roces s ,  t h e r e  i s  one a l r eady  on t h e  node 



which has  t h e  same s i d e  n o t a t i o n ,  and was produced by t h e  
same r u l e  from t h e  same augment, In  t h i s  case we d e l e t e  t h e  
old ISPEC, and t h e  new one, mark t h e  node a s  changed, and pro-  
pagate  from i t .  I f  n e i t h e r  o f  t h e  above i s  t r u e ,  then  we add 
t h e  new ISPEC, mark t h e  node a s  changed, and propagate  from i t .  

A s  was mentioned e a r l i e r ,  two l is ts  a r e  produced when pro-  
paga t ing  ac ros s  a l i n k .  The f i r s t  i s  t h e  l i s t  of  ISPECs pro-  
duced f o r  t h e  node being propagated t o .  The second is a l i s t  
of a l l  t h e  r u l e s  which were f a l s e ,  no t  enabled ,or  superseded 
when propagat ion was being done. This  l i s t  i s  used t o  d e l e t e  
ISPECs from t h e  t a r g e t  node which depend on r u l e s  t h a t  a r e  no 
longer  t r u e .  When a node is being propagated t o ,  each of i t s  
ISPECS i s  checked t o  determine i f  it should be d e l e t e d  from 
t h e  node, The t e s t s  a r e :  i t s  s i d e  n o t a t i o n  should agree  with 
t h e  s i d e  we a r e  c u r r e n t l y  propagat ing with r e spec t  t o ,  i t s  
augment i d e n t i f i e r  should be i d e n t i c a l  t o  t h e  augment we a r e  
c u r r e n t l y  u s ing  f o r  propagat ion ,  and i t s  r u l e  i d e n t i f i e r  
should appear on t h e  second l i s t ,  

These mechanisms make t h e  propagat ion process  completely 
and f l e x i b l y  undoable.  We can add i tems and then  d e l e t e  
s e l e c t e d  ones i n  any o rde r  we d e s i r e ,  t o t a l l y  independent of 
t h e  o rde r  i n  which they  were e n t e r e d ,  The system can draw 
conclusions a s  it goes along,  and change i t s  mind a s  new i n -  
formation comes i n .  This  a l l  g e t s  taken  c a r e  of  au tomat ica l ly :  
t h e  system" u s e r  need only  be concerned with coding dec i s ion  
c r i t e r i a  i n t o  r u l e s .  

One of t h e  c r i t e r i a  on which we base t h e  measure o f  b e l i e f  
assigned t o  a d i sease  node i s  how wel l  it e x p l a i n s ,  o r  covers  
t h e  observed d a t a .  Our system d e a l s  wi th  t h i s  i s s u e  by pro-  
paga t ing  downwards from d i s e a s e  nodes t h a t  have a s i g n i f i c a n t  
measure of b e l i e f .  The ISPEC t h a t  i s  propagated downwards 
conta ins  t h e  information t h a t  t h i s  symptom i s  expla ined  by t h e  
d i sease  node being propagated from. In  t h i s  way, t h e  propaga- 
t i o n  process  can mark a l l  t h e  symptom nodes t h a t  a p a r t i c u l a r  
d i sease  node i s  c u r r e n t l y  capable of  exp la in ing .  When a 
g loba l  dec i s ion  i s  being made a s  t o  which d i s e a s e  node w i l l  
i n  f a c t  be chosen a s  our  d i agnos i s ,  t h i s  information i s  used.  
Note t h a t  t h i s  is  implemented a s  a s e t  o f  r u l e s  on t h e  down- 
wards augment node of t h e  d i s e a s e  node 's  propagat ion cone. 
I t  i s  handled by t h e  propagat ion process  i n  j u s t  t h e  same way 
a s  any o t h e r  augment node with a s soc i a t ed  r u l e s .  

4 ,  RELATED WORK 

O f  a41 t h e  .work i n  medical a r t i f i c i a l  i n t e l l i g e n c e ,  our  
system most c l o s e l y  resembles S h o r t l i f f e ' s  MYCIN ( S h o r t l i f f e  
13741. MYCIN i s  a ru le -based  system whose e x p e r t i s e  i s  i n  t h e  
a r e a  of  i n f e c t i o u s  d i s e a s e s ,  The r u l e s  a r e  of t h e  form: 



" I f  C l  and C2 and . . . and Cn then we can conclude D wi th  cer -  
t a i n t y  E . "  'en WCIN needs t o  f i n d  out  whether a p a r t i c u l a r  
medical s t a t e  i s  t r u e  of t h e  p a t i e n t ,  it uses  t h o s e  r u l e s  
which can confirm o r  deny t h e  s t a t e .  These r u l e s  a r e  accessed 
from t h e  s t a t e  v i a  t h e  s t a t e ' s  UPDATED-BY p rope r ty .  This  i s  
a list o f  a l l  t h e  r u l e s  i n  t h e  system which can a f f e c t  t h e  
t r u t h - s t a t u s  of t h e  s t a t e  ( i n  o t h e r  words, a l l  t h e  r u l e s  i n  
which t h e  s t a t e  i n  ques t ion  appears on t h e  r i g h t  s i d e ) ,  This  
process  r e p e a t s  r e c u r s i v e l y ,  t e rmina t ing  a t  s t a t e s  which a r e  
e i t h e r  observable ( t he  system can ask t h e  u s e r  i f  t hey  a r e  
t r u e  of t h e  p a t i e n t ) ,  a l r eady  ass igned  a measure of b e l i e f -  
d i s b e l i e f ,  o r  which have no UPDATED-BY prope r ty .  A measure 
of b e l i e f  f o r  t h e  s t a t e  t h e  process  s t a r t e d  from then  pe r -  
c o l a t e s  back up, based on t h e  s e t  o f  r u l e s  t h a t  were found t o  
be t r u e ,  

In  our  system, t h e  r u l e s  a r e  connected t o  s p e c i f i c  l i n k s  i n  
t h e  semantic n e t ,  and t h i s  determines when they  a r e  used .  We 
might say t h a t  they  a r e  suspended i n  a mat r ix  c o n s i s t i n g  of 
t h e  semantic n e t ,  WCINts r u l e s ,  on t h e  o t h e r  hand, a r e  sus-  
pended i n  a s t r u c t u r e  composed of UPDATED-BY p o i n t e r s .  The 
r e c u r s i v e  r e t u r n  p a r t  o f  WCIN's process ing ,  a s  descr ibed  
above, i s  q u i t e  s i m i l a r  t o  t h e  propagat ion process  i n  our  
system. 

Semantic n e t s  have been widely used i n  r e sea rch  i n  a r t i -  
f i c i a l  i n t e l l i g e n c e  and r e l a t e d  a r e a s ,  Q u i l l i a n  (Qu i l l i an  
l968) ,  and Rumelhart (Rumelhart et al., 1972) have used seman- 
t i c  n e t s  t o  model t h e  processes  by which humans organize  t h e i r  
semantic i n f o m a t i o n *  Since we a r e  concerned only  wi th  t h e  
performance o f  t h e  given t a s k  (medical reasoning) ,  and not 
a t  a l l  with modeling a human process ,  we tend  t o  use our s e -  
mantic n e t  i n  very  d i f f e r e n t  ways, Brom,Be l l , and  Burton 
(Brown e t  a l e ,  1974) use a semantic n e t  i n  t h e i r  system, 
SOPhPE, SOPHIE'S semantic n e t  r e p r e s e n t s  t h e  s t r u c t u r e  and 
s t a t e - o f  r e p a i r  of an e l e c t r o n i c  dev ice ,  This  i s  much c l o s e r  
t o  t h e  way we use our  semantic n e t ,  

F i n a l l y ,  our work i s  l a r g e l y  based on, and has  grown out  
of t h e  work of Kulikowski (KuLikowski e t  a l , ,  1972) and 
Weiss (Weiss, 1974).  It  was through experience gained i n  t h e  
use  of t h e i r  system t h a t  t h e  need f o r  a genera l  semantic  n e t  
(and many o t h e r  f e a t u r e s  a s  wel l )  i n  t h e  c u r r e n t  system was 
f i r s t  d i scerned ,  

5 a CONCLUSION 

Om system reasons i n  a predominantly event -dr iven ,  bottom- 
up manner. We have chosen t h i s  mode of  a c t i o n  because of i t s  
wide range o r  a p p l i c a b i l i t y ,  h y  type  of  reasoning  i n  which 
some e n t i t y ' s  presence o r  absence can be determined from t h e  



presence o r  absence of o t h e r  e n t i t i e s  can be modeled us ing  
t h e  f a c i l i t i e s  provided by t h e  propagat ion process .  

The d a t a  s t r u c t u r e  used by our system is a semantic  n e t  i n  
which a s e t  o f  r u l e s  can be a s s o c i a t e d  with any l i n k .  Such 
a s t r u c t u r e  can be r e a d i l y  used by processes  whose t a s k  i t  i s  
t o  exp la in  t h e  system" dec i s ions  t o  t h e  u s e r .  I f  asked "How 
d id  you conclude X?," t h e  system can scan X!s ISPECs t o  s e e  
which nodes they  propagated from, and then  say  something l i k e :  
"Because we know U ,  V ,  and W, and U CAUSES X, and V and W a r e  
ASSOCIATED-WITH X." A s  we have a l r eady  shown, t h e  propagat ion 
process  permi ts  us  t o  use t h i s  d a t a  s t r u c t u r e  a s  t h e  b a s i s  
f o r  competent per fomance  of  medical t a s k s  such a s  d i agnos i s .  
Our system thus  f u l f i l l s  both of t h e  c r i t e r i a  mentioned a t  
t h e  beginning of  t h i s  paper .  I t s  medical knowledge is s t o r e d  
i n  a format which can be descr ibed  i n  terms f a m i l i a r  t o  t h e  
phys ic ian ,  bu t  neve r the l e s s  can be used by t h e  system i n  pe r -  
forming t h e  t a s k s  of d i agnos i s  and therapy  s e l e c t i o n .  

Cur ren t ly , t he  propagat ion process  has  been implemented i n  
INTERLISP, Our semantic n e t  c o n s i s t s  of approximately 100 
nodes, with propagat ion governed by approximately 200 r u l e s .  
This covers  most of t h e  knowledge needed t o  diagnose glaucoma, 
We a r e  moving ahead i n  t h e  design and implementation o f  h ighe r  
l e v e l  dornponents which w i l l  make use  o f  t h e  s t r u c t u r e  of  t h e  
semantic  n e t  and t h e  r e s u l t s  of  t h e  propagat ion p roces s .  
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David Be D,  Warren 

GErJERATING CONDITIONAL PLANS AND PRO 

This paper descr ibes  Warplan-C, a genera l  purpose system f o r  
synthes is ing  p lans  and programs from p r e c i s e  problem descrip-  
t i o n s ,  The system c o d i n e s  an adequate so lu t ion  t o  t h e  "s ide  
e f f e c t "  problem ( t y p i f i e d  by the  t a sk  of "interchanging the  
contents  of two machine r e g i s t e r s e ' h i t h  t h e  case  a n a l y s i s  
necessary f o r  generat ing programs containing condi t ionals .  

Predica te  log ic  i s  used both a s  t h e  problem s p e c i f i c a t i o n  
Language and, i n  the  form of Prolog, a s  the  implementation 
language. The e n t i r e  Warplan-C program comprises 66 c lauses  
and compiles i n t o  q u i t e  an e f f i c i e n t  program by c u r r e n t  stand- 
a rds ,  

Planning, automatic programming, s i d e  e f f e c t s ,  condi t ionals ,  
p red ica te  log ic ,  Prolog, 

l, INTRODUCTION 

This paper descr ibes  Warplan-C, a genera l  purpose system which 
can automatical ly synthes ise  small condi t ional  p lans  o r  pro- 
g r m s  t o  so lve  p rec i se ly  spec i f i ed  problems, 

The notions of "planning" and "progr ing" a r e  genera l ly  
used r a t h e r  loosely,  I n  t h i s  paper we propose t o  use t h e  
terms i n  a more exact  and l jmi ted  sense, The c h a r a c t e r i s t i c  
f e a t u r e  of "planning" i s  t h e  problem of " s ide  e f f e c t s " ,  We 
say t h a t  a s i d e  e f f e c t  i s  associa ted  with an event  E i f  the re  
i s  some statement P which i s  t r u e  before E b u t  i s  n o t  necessar- 
i l y  t r u e  a f t e r  E ,  For example, i f  P i s  t h e  statement "Ian has 
a pound note i n  h i s  pocket" and E i s  the  event  of "Ian buying 
an i c e  cream". 

Side e f f e c t s  a r e  an important cons idera t ion  i n  a progr 
language such a s  Fortran,  where the  execution of a s tatement 
t y p i c a l l y  means t h a t  the  value of some v a r i a b l e  i s  not  what it 
was, I n  con t ras t ,  pure Lisp i s  a language without s i d e  e f f e c t s  
- a statement t h a t  some Lisp funct ion  applied t o  c e r t a i n  argu- 
ments y i e l d s  a c e r t a i n  r e s u l t  i s  t r u e  un ive r sa l ly  i f  it i s  t r u e  
a t  a l l ,  

"Planning" i s  the re fo re  the  design of a sequence of ac t ions  
(o r  events)  which r e s u l t s  i n  a c e r t a i n  statement being t r u e ,  
where it i s  a fundamental proper ty  of t h e  a c t i o n s  t h a t  they may 
cause s i d e  e f f e c t s ,  Thus we would no t  regard t h e  problem of 



const ruct ions  i n  geometry a s  "planning" s ince ,  i n  the  i d e a l  
mathematical world a t  l e a s t ,  t he re  a r e  no s i d e  e f f e c t s  involved 
i n  e f f e c t i n g  a geometrical construct ion.  I n  so f a r  a s  we d i s -  
t ingu i sh  "progr ing8Yrom "planning", we s h a l l  use "program- 
ming" t o  mean the  production of p lans  containing condi t ional  
and/or i t e r a t i v e  s t eps ,  

Warplan-G i s  implemented i n  Prolog (Bat tani  and Meloni 
s s e l  Cl9753), a  p r a c t i c a l  embodiment of the  p r i n c i p l e  
ing i n  p red ica te  log ic  ( ~ o w a l s k i  Cl9751,,van Emden 
The system i s  an extension t o  handle condi t ionals  of 

an e a r l i e r  planning program, Warplan (Warren Cl97411, The 
s impl ic i ty  of the  extension i s  a good example of the  modularity 
advantages t o  be gained from progr ing i n  log ic ,  

2, BASIC METNOD 

The approach t o  the  s i d e  e f f e c t  problem i s  a s  described by 
Warren Cl9741, and i s  very s i m i l a r  t o  t h a t  of Manna and Wal- 
dinger El9741 (see  a l s o  Waldinger Cl97519, Br ie f ly ,  t h e  plan 
i s  constructed by progress ively  modifying a p a r t i a l  so lu t ion  
u n t i l  t h e r e  a r e  no u n s a t i s f i e d  goals ,  For example consider 
the  p a r t i a l  plan d i a g r  

s t a r t  T f i n i s h  

where the  goal  P needs t o  be t r u e  a t  time T. Nothing need be 
done i f  P i s  already t r u e  a t  T, i , e .  P has been made t r u e  by 
some e a r l i e r  ac t ion  and i s  n o t  a f fec ted  by any in tervening 
ac t ion ,  Al te rna t ive ly  a new ac t ion  which achieves goal  P must 
be inse r t ed  i n  the  p lan  somewhere before  T, say a t  T@, The 
system makes sure  t h a t  P i s  no t  a f fec ted  by any a c t i o n  between 
T@ and T ,  and a l s o  t h a t  the  new a c t i o n  doesn? i t s e l f  a f f e c t  
any of t h e  already achieved goa l s ,  I n  genera l  the  new ac t ion  
w i l l  r equ i re  t h a t  f u r t h e r  goals  be e s t ab l i shed  a t  T@. The 
system e f f e c t i v e l y  a t t aches  "comments" t o  i t s  p a r t i a l  so lu t ions  
so  t h a t  it can '"protectw a l ready achieved goa l s  ( c f ,  Sussman 
Cl9731) , 

The main d i f fe rence  between the  above and the  method of 
Manna and Waldinger i s  t h a t  here  it i s  permiss ib le  t o  i n s e r t  an 
ac t ion  t o  achieve P even i f  P i s  a l ready t r u e  i n  the  p a r t i a l  
plan a s  it s tands ,  This allows goa l s  t o  be considered i n  only 
one order ,  which may be chosen a r b i t r a r i l y ,  Because Manna and 
Waldinger do no t  allow t h i s ,  they have t o  introduce a r u l e  t o  
permute the  order  of considering goa l s  ( a s  STRIPS, Fikes and 
Nilsson [ l9711) ,  I n  the  absence of a  s a t i s f a c t o r y  way of cop- 
ing with the  enomous redundancy t h i s  introduces,  we consider 
it i s  b e t t e r  t o  accept  the  somewhat u n i n t u i t i v e  f e a t u r e  



mentioned, 
We have found t h a t  condi t ional  planning can be in teg ra ted  

i n t o  our scheme f o r  handling s i d e  e f f e c t s  i n  a simple b u t  
e f f e c t i v e  manner, Cer ta in  a c t i o n s  a r e  spec i f i ed  t o  t h e  system 
a s  condi t ional ,  with two poss ib le  outcomes l a b e l l e d  P and QP, 
where P i s  some s t a t a e n t .  I n i t i a l l y ,  such a c t i o n s  a r e  t r e a t -  
ed j u s t  l i k e  uncondit ional  ac t ions  which achieve the  goa l  P, 
When a '%solutionw has os tens ib ly  been found, t h e  system t r a c e s  
back through the  p lan  t o  see  i f  t h e r e  a r e  any o the r  cases  it 
must consider ,  I f  a condi t ional  a c t i o n  i s  encountered, the  
plan i s  rewr i t t en  a s  indicated:-  

f i n i s h  1; 
The t e s t  " i f  & then Z" i s  now t r e a t e d  l i k e  an uncondit ional  
ac t ion  which achieves %P and which has C a s  precondi t ions ,  
where C a r e  the  goals  protec ted  immediately before  & i n  the  
o r i g i n a l  plan. Planning s t a r t s  a f r e s h  with t h e  new p lan  a s  
'YFnt ia l  s ta te ' "  t r y i n g  t o  achieve t h e  o r i g i n a l  o v e r a l l  goal ,  
Note t h a t  e x t r a  a c t i o n s  may g e t  i n s e r t e d  before t h e  t e s t  i f  
needed f o r  the  "else" branch now being generated,  

This process i s  i t e r a t e d  u n t i l  a complete p lan  has been 
generated with no unresolved cases,  Note t h a t  d i f f e r e n t  
branches never " re jo in"  i n  t h e  p lans  thus  constructed,  i , e .  
The p lans  a r e  l i k e  (a)  r a t h e r  than (b)below:- 

s t a r t  T s t a r t  

I 

1 f i n i s h  l f i n i s h  1 f i n i s h  

I t  i s  d i f f i c u l t  to genera te  p lans  o f  t h e  second type without 
redundancy, We f e e l  they a r e  b e s t  a r r ived  a t  a s  a subsequent 



optimisat ion o r ,  b e t t e r ,  by breaking the  main t a s k  i n t o  smaller  
subtasks i n  a s t ruc tu red  progr ing  approach, 

To f a c i l i t a t e  the  s p e c i f i c a t i o n  of problems t o  t h e  system, 
p a r t i c u l a r l y  those requ i r ing  condi t ional  so lu t ions ,  the  system 
permits  d e f i n i t i o n s  of r e l a t i o n s  i n  t h e  domain i n  terms of 
o t h e r  r e l a t i o n s  i n  t h e  domain, 

A number of devices a r e  incorporated i n t o  t h e  system t o  
r e s t r i c t  i t s  search and t o  d i r e c t  it more quickly t o  a solu- 
t i o n  : - 
(1) Consistency 

The system can be given i n f o m a t i o n  t h a t  c e r t a i n  statements can 
never be t r u e  simultaneously, and use it t o  r e j e c t  incons i s t en t  
goals ,  This f e a t u r e  p lays  an espec ia l ly  important r o l e  i n  
condi t ional  planning, a s  it guides t h e  system t o  genera te  d i f -  
f e r e n t  so lu t ions  t o  t h e  o v e r a l l  goal  a s  t h e  "then" and "else" 
branches of a condi t ional ,  

The system ensures t h a t  a condi t ion  is  never t e s t e d  twice on 
$-,he same path  through a program, 

( 3 )  "Loop" Checks 

These op t iona l  checks a r e  ad hoe, i n  t h a t  they des t roy t h e  com- 
p le teness  of  the  system, i , e ,  They may well  prevent  a = 
f i d e  so lu t ion  from being found, However, i n  genera l  they have 
=Trikingly b e n e f i c i a l  e f f e c t ,  The "weak" " l o o p ' h h e c k  re- 
j e c t s  a goal  i f  it i s  a subgoal of  an i d e n t i c a l  goal  a t  t h e  
same po in t  i n  t h e  plan,  The "strong" "loop" check r e j e c t s  the  
subgoal i f  it i s  merely u n i f i a b l e  with t h e  supergoal,  

3 ,  SAMPLE DOMAIN RMB PROBLEM 

The use and perfomance of the  system i s  i l l u s t r a t e d  below on 
the  problem of synthes is ing  a simple machine code program. A s  
a domain, machine code progr ing  i s  of  i n t e r e s t  f o r  i ts  proto- 
t m i c a l  s i d e  e f f e c t s  and the  wealth of p r a c t i c a l  examples, 

Problem domains and individual  problems a r e  described t o  the  
system i n  statements of p red ica te  log ic ,  We would advocate 
this i r r e s p e c t i v e  of the choice of i.mplemen-tation language f o r  
&he planning system, 

The Prolog syntax used below i s  t h a t  accepted by t h e  a u t h o r ' s  
compiler, Variables a r e  d is t inguished by an i n i t i a l  c a p i t a l  
l e t t e r ,  '-' i s  used f o r  an ""nnnamed" v a r i a b l e  (fol lowing 
Pavel Brazd i l ) ,  Clauses a r e  w r i t t e n  i n  t h e  f o m  9 : - Q , R , S , "  
meaning "P i f  (g  and R and S l e w ,  P r o l s g B s  "sbash" ( ' / ' I  de- 
t e r n i n a t o r  i s  w r i t t e n  8 ! 8 ,  I n f i x  no ta t ion  is  used f r e e l y  f o r  
p red ica tes  a s  we31 a s  functors ,  

The machine described has an a c e m u l a t o r  h c c b n d  a anumber 



of reg is te rs  "eg R '  where R i s  a machine address, Space only 
permits us t o  show the descriptions of the machine instructions 
actually needed fo r  the problem, These are:- 

M l A D R  : t o  load a value from regis te r  R in to  the 
accumulator ; 

STORE R :: t o  s tore  a value from the accumulator into 
reg is te r  R; 

LOAD1 R : t o  load indirect ly  a value from the reg is te r  
whose address i s  i n  reg is te r  R;  

ADDC C : t o  add a constant C t o  the value i n  the 
accumulator; 

JUmLT R : t o  t e s t  whether the contents of the accumulat- 
o r  i s  l e s s  than the contents of reg is te r  R e  

The description uses terms such as  "oadi(R,Rl,X) "0 name the 
event of executing the instruction "LOAD1 R" where reg is te r  R 
contains R 1  and reg is te r  R l  contains X, The "extra" arguments 
can be thought of as 'koments" which enable the system to  re- 
member how the plan works and t o  "protect" solved goals, 
'L:Xheans "location L contains value X", The prefix 9' i s  
used fo r  program constants (addresses known a t  load-time), 

.I Principal Effects of the Instructions 

acc : (X+C) a f t e r  addc (C,X) :- const (C) , 
acc :X a f t e r  load (#R,x) . 
acc:X a f t e r  loadi ( # R , R ~ , x )  , 
reg#R : X a f t e r  s tore  (#R ,x) , 

XCY a f t e r t e s t  jrunplt (#R,x,u) , 

P P  a f t e r  U' means "statement P i s  t rue  a f t e r  the event U", 
% a f t e r t e s t  U b e a n s  " s t a tmen t  P i s  t rue  i f  the t e s t  U is 
successful", 

.2 Instruction Preconditions 

addc (C,X) needs acc: X, 
load (R,X) needs reg R:X, 
laadi  ( R , R l , X )  needs reg R l : X  & reg R:Rl ,  
s tore  (R,X) needs acc :X, 
jumplt(R,X,Yj needs acc:X a reg R:Y, 

g U  needs C '  means "event U can only take place i f  condition C 
holdsg' 

.3 Side Effects e tc ,  

U af fec ts  R E X  :- R:X3 a f t e r  U, 
always X=/=X :- I , f a i l ,  

never QX g! X ,  always X=/=Y, 
never R:X & R:Y & x=/=u, 
never X<Y & UCX, const (a) , const (1) , 



W af fec ts  P b e a n s  " i t  should not be assumed tha t  statement P 
holds a f t e r  event U merely because it held before". Cnb, 
There i s  no presumption tha t  P is  f a l se  a f t e r  U nor tha t  P i s  
t rue before U, In t h i s  domain, the single "affects' statement 
above suffices t o  describe a l l  possible side effects , ]  

"ever C b e a n s  "statement(s) C can never be t rue simultaneous- 
ly*  

Palways P b e a n s  "statement P i s  universally true". 

,4 A Problem 

The example problem i s  tha t  of loading in to  the accumulator the 
smallest value from a vector of regis ters .  In f ac t ,  the sys-. 
t e m  i s  just  given the major subtask of generating the body of a 
"Loop" t o  i t e r a t e  through the vector and replace the value i n  
the accumulator by a value from the vector i f  the l a t t e r  i s  
smaller, The present system i s  not able t o  design i t e ra t ive  
programs unaided, 

The addresses aE the s t a r t  and end of the vector a re  given 
i n  regis ters  #a l  and #a2, We make use of the def ini t ions of 
two relations:- 'min(X,L,"Y)' meaning ""Y i s  the minimum of X 
and the elements of the l i s t  L"'; "esser(X,Y,Z) b e a n i n g  "Z i s  
the lesser  of X and Y1', These are  defined just  as one might 
write them for  an ordinary Prolog program except tha t  (a) the 
predicate @iff i s  used t o  make the rules  expl ic i t  and (b) the 
functors used are  the l i s t  destructors "dband ' t l v i n t e a d  of 
the usual constructor, 

min (X ,L ,Y)  i f  lesser  (::,hd (L) , X I )  & min(Xl,tl (L) ,Y) , 
min ( X , L , X )  i f  nul l  (L) , 

lesser  (X,"Y,X) i f  X<Y, 
lesser  ( X , Y , Y )  if %X<Y, 

reg R1:hd (L) i f  R l  t o  R 2  :L & R l < R 2 ,  
Rl+L to  R 2  :tl (L) i f  R l  t o  R2 :L & R 1 c R 2 ,  
nu l l  (L)  i f  R 1  t o  R2:L & %R1<R2,  

i n i t i a l l y  acc:n, 
i n i t i a l l y  s t a r t  t o  endzl is t ,  
i n i t i a l l y  reg#al:start ,  
i n i t i a l l y  reg#a2:ende 

want min (n,l ist ,X) & acc:X, 

' R 1  t o  R2:L '  means "L i s  the l i s t  of values stored between 
addresses R l  and R2", 

B i n i t i a l l y  P '  means "statement P i s  t rue  i n  the i n i t i a l  s t a t e  
' s tar t ' " ' ,  



'want C h e a n s  'k ta tement(s )  C a r e  t h e  goal  (s) which must be 
t r u e  i n  any f i n a l  s t a t e " ,  

,5 Induction Hypothesis 

I n  order  f o r  t h e  system t o  generate a "loop", the  use r  has t o  
supply an induction hypothesis  i n  t h e  form of a desc r ip t ion  of 
the  rou t ine  being synthesised ( 'minr tn ' )  f o r  recurs ive  use  by 
t h e  planner. I n  t h i s  case,  t h e  information i s  a simple re-  
wr i t e  of  the  ' i n i t i a l l y b d  ' w a n t h t a t e m e n t s  above, p lus  a 
"safe" assumption about the  rou t ine  @ s  s i d e  e f f e c t s ,  

acc:min(X,L) a f t e r  minrtn(X,L,Rl,R2), 
minrtn (X, L,Rl ,R2) needs 

acc:X & R1 t o  R2:L & r e g # a l : ~ l  & r eg#a2 :~2 ,  
minrtn (X,L,Rl,R2) a f f e c t s  reg#R:Xl, 
always min (X,L,min (X,L) ) :- L=t l  (list) , 

The l a s t  s tatement i s  s u r r e p t i t i o u s l y  r e s t r i c t e d  t o  prevent  
'minrtnP being used t o  so lve  t h e  o v e r a l l  goal ,  These s t a t e -  
ments a r e  placed f i r s t  f o r  Prolog con t ro l  purposes. 

4, SOLUTION OF THE PROBLEM 

The f i r s t  so lu t ion  generated by Warplan-C, given t h e  con t ro l  
information b p l i c i t  i n  t h e  c lause  and goal  order ings  above, 
and applying the  "strong" loop check, is  shown i n  Figure 1, 
Alongside it i s  t h e  corresponding assembly language program i n  
a more conventional syntax, The code t o  be executed following 
a successful  jump i s  shown indented r a t h e r  than separated e l se -  
where, The code generated by Warplan-C makes recurs ive  c a l l s  
t o  'minr tnE;  i n  t h i s  case  t h e r e  i s  an obvious d i r e c t  i t e r a t i v e  
equivalent  which i s  shown i n  t h e  assembly language vers ion ,  

The numbers t o  the  l e f t  of the  i n s t r u c t i o n s  i n d i c a t e  t h e  
order  i n  which Warplan-C has generated them, Note:- 

( a )  An e a r l i e r  f a i l u r e  r e s u l t s  i n  t h e  generat ion of the  
apparently "unnecessary" STOm and re-LOAD of value 'n '  
( s t e p s  3 and 21, This would no t  be poss ib le  with t h e  
Manna-Waldinger method, Access t o  ' h d ( l i s t 1  ' i s  now 
poss ib le  ( s t e p s  4 t o  6 )  without "losing" ' n B e  

(b) I n s t r u c t i o n  (8) on a '"then" branch causes V a l '  t o  be 
incremented before t h e  t e s t  (1) t o  avoid destroying ' n P  
i n  the  a c c m u l a t o r ,  

(el The "e lse"  branch (12) t akes  advantage of t h e  s t e p s  (9, 
10, 11, 4 ,  5) already introduced f o r  t h e  "then" branch 
( 8 )  

This example was chosen t o  i l l u s t r a t e  t h e  f u l l  range of t h e  
system" c a p a b i l i t i e s ,  I t  i s  n o t  usual  f o r  such a near- 
optimal so lu t ion  t o  be generated a t  a f i r s t  at tempt,  Other 



Figure 1. 

store (#TI, n) 
load (#al, start) 
jmplt(#a2,start,end) 

loadi (#al,start,hd (list) 1 
store (#~2,hd (list) 1 
load (#alp start) 
addc (1, start) 
store (#alp start+l) 
load (#TI, n) 
jumplt (#T2,n,hd (list) ) 

minrtn (n, tl (list) , 
start+l, end1 

exit 
load (#T2 ,hd (list) 1 
minrtn (hd (list) , tl (list] I 

start+l,end) 
exit 

load (#Tl ,n) 
exit 

MINRTN : 
STORE TEMP1 
LOAD Al 
JUMPLT A2,LABl 

LAB1: LOAD1 A 1  

STORE TEMP2 
LOAD A1 
ADDC 1 
STORE A1 
LOAD TEMPI 
JUMPLT TEMP2,LAB2 

LAB2 : GOT0 MINRTN 

LOAD TEMP2 
GOT0 MINRTN 

LOAD mm1 
EXIT 

Time: 1l,6 sec (compiled Prolog on a DECsystem I@). 

Store: 2fl~ words (total far progrm + data areas, 
including Prolog run-time system), 



examples tested successfully include:- 

(1) a machine code routine to compute factorial: 

(2) a version of the "sort 3 variables" problem described by 
Waldinger Cl9751; 

( 3 )  implementation in machine code of the "sort2" routine used 
in (29 above, 

5, EXTRACT FROM THE IMPLEMENTATION 

The entire Warplan-C program (excluding user interface) com- 
prises 66 clauses, A verbatim extract is reproduced below 
showing the main rules used in constructing a plan. 'plans' 
is the user's handle to start the system running, 'planfrom( 
T , A I f f  means '9 can be constructively modified to a plan for 
the overall goal, compatible with assumptions A". "lan(X, 
P@~T@,P~T~A~G)~ means "T is a sequence of actions which achieves 
goals P under assumptions A and which contains a subplan T@ 
achieving goals P@ where P is equivalent to X&P@". C~he extra 
argument G is a goal list used for "loop checkings' and is not 
semantically significant.] As executed by Prolog, x,P@,T@,A,G 
will be input arguments and P,T output, 

planfrom ~T@,A) : - 
want C, consistent (C,A) , 
plan(C,void,T@,P,T,Ad , 
othercases (T,P ,A, exit), 

plan (x~&x~,P@,T@~P~T~A~G~ :-: I 

~ ~ ~ ~ ( X L , P @ , T @ , P L , T ~ ~ A ~ G )  p 

plan(X2,Pl,Tl,P, T, A,G), 
~~~~(X,P@,T@,P@~T@,-~~) :-always X, 
plan(X,~@,T@,P, ~@,~,,j :-holds (Xdllyd) eaddtoset (x,P@,P) 
plan(X,-,,,,,,,AII):-minimalityviolation(XpA) p:pfaile 
plan (X,,,T@~~,-,-,G) T -1oopcheck (Type] 

(Type=strong; we=weak Pmkg~~und (XI 1 
memberoflist (X:T@, 6 )  fail, 

plan (X,P@dT@,X&P@BTI~QG) :- 
X after Up U needs C ,  consisten%(G,A), 
extraassqtions (U,A)  
~ ~ ~ ~ ~ ~ ~ ( x , u , P @ , T # , T , A ~ [ : x : T @ ~ ~ ~ G ~ )  

~~~~(X,P@,T@,P,T,A,G~ :- 

X if C, consistent(C,~@aAl, 
~~~~(C,P@,T@,P,T,A,~PI:T#~~~G~~ 

gC~,,,~I% is our notation for a list whose head is H and tail 
is T, 



6 ,  DISCUSSION 

One of t h e  main advantages of  this system i s  t h a t  it i s  con- 
jectured t o  be complete, i , e .  I f  a problem can be expressed 
t o  the  system, the  system can i n  p r i n c i p l e  f i n d  a s o l u t i o n  i f  
the re  is  one, This is  c e r t a i n l y  n o t  the  case  with "STRIPS- 
l i k e "  s y s t m s  such a s  HACKER and (apparently)  Luckham and 
B ~ c h a n a n " ~  which cannot, f o r  ins tance ,  so lve  t h e  problem of 
interchanging the  contents  of  two r e g i s t e r s ,  

The major l i m i t a t i o n  of Warplan-C i s  t h e  redundancy inherent  
i n  the  exis tence  of p lans  which a r e  i d e n t i c a l  b u t  f o r  t h e  pre- 
c i s e  order ing  of the  ac t ions .  This  problem is addressed by 
Saeerdot i  Cl9751, whose system cons t ruc t s  p lans  which a r e  only 
p a r t i a l l y  ordered with t h e  aim of avoiding unnecessary order- 
ings,  We a r e  not  a l toge the r  convinced t h a t  t h i s  approach i s  
p rac t i cab le ,  I t  i s  c e r t a i n l y  a major problem t o  f i n d  an ex- 
p l i c i t  r ep resen ta t ion  of  t h e  s e t  of  a l l  v a l i d  reorder ings  of a 
p lan  ( c f ,  t he  d i f f i c u l t i e s  of  applying t h e  Vienna Def in i t ion  
Language to the  formal d e f i n i t i o n  of pL/ l ) ,  Human programmers 
appear t o  proceed by re laxing previous "unnecessary" ordering 
assumptions r a t h e r  than by only introducing an ordering i f  it 
i s  abso lu te ly  necessary, I t  i s  a much more d i f f i c u l t  t a sk  t o  
design a p r o g r m  f o r  a p a r a l l e l  processing machine than f o r  a 
sequen t i a l  one, 

Most o the r  authors  of planning systems have used languages 
which provide b u i l t - i n  f a c i l i t i e s  f o r  maintaining one o r  more 
models of a "world s t a t e "  (e,g. Sussman: Conniver, Tate 
Cl9751: HBASE, Luckham and Buchanan: Microplanner),  We 
would a r m e  t h a t  such f a c i l i t i e s ,  even t h e  more ambitious "con- 
t ex t s"  o f  Conniver e t  a l e ,  have proved too  l imi ted  and in f l ex -  
i b l e  f o r  planning app l i ca t ions .  I n  most cases they have pre- 
vented an adequate so lu t ion  t o  the  s i d e  e f f e c t  problem, Even 
i n  T a t e 6 s  system, where t h e  problem has been overcome, t h e  
decis ion  t o  manipulate a sequence of  goa l s  seems t o  have been 
forced by the  i n a b i l i q  t o  manipulate the  p lan  i t s e l f ,  Manna 
and Waldinger do use t h e  contexts  of QLISP, bu t  only i n  a weak 
way - a l l  contexts  a r e  i m e d i a t e  descendants o f  a s i n g l e  
"global" context ,  The "skeleton" models t h a t  they advocate 
a r e  e f f e c t i v e l y  hplemented by Warplan-C i n  t h e  form of pro- 
t e c t e d  goa l s  a t tached t o  each p o i n t  i n  a plan,  Thei r  "re- 
gression" r u l e s  a r e  mirrored by t h e  use WaqLan-C makes o f  t h e  
' a f t e r s ,  'needs' and ' a f f e c t s '  s tatements,  We do not  f e e l  
Probog needs a "context" f a c i l i t y ,  b u t  a b u i l t - i n  " se t "  data-  
type r~ould  be useful, i f  implemented e f f i c i e n t l y ,  

This  work was supported by an SRC research  s tudentship ,  under 
the  supervision af  Prof ,  Bernard Meltzer,  D r ,  Robert Kowalski 
and, formerly, Prof ,  Donald Michie, I t  would n o t  have been 
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possible but for interaction with members of the AI Group, 
Marseille, The ideas on conditional planning were stimulated 
by discussions with Gottfried Eder. 
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Ye Wilks 

DE MINIMIS, OR TKE ARGWOLOGI OF F 

There i s  a p r i n c i p l e  of common law t h a t  you cannot be  con- 
v i c t e d  o f ,  say, possess ing  a forbidden substance un le s s  you 
possess  a c e r t a i n  minimum amount of i t ,  I f  you possess  only  
a very small amaunt you can c i t e  t h e  p r i n c i p l e  of De Minimis, 
I n  t h i s  n o t e  I in t roduce  t h e  no t ion  of a d y n m i ~  thesaurus 
r o w  Whether o r  n o t  t h a t  c o n s t i t u t e s  possess ion  of "frames' 
i n  one 's  system, i n  t he  sense of Minsky (1974), i s  f o r  t h e  
c o u r t s  of opinion t o  dec ide  bu t ,  i f  it i s  found t o  be  one, it 
can only  be an abso lu t e ly  minimum frame, 

I n  a r ecen t  paper (Wilks l975b, s e c  VII) I argued t h a t  it 
had no t  y e t  been made c l e a r  what c laims were ,he ing  madeTin 
t h e  a p p l i c a t i o n s  of a frames hypothesis $0 Ehd understanding 
of n a t u r a l  language. I suggested two th ings  they  might be 
claiming, and argued t h a t  t h e s e  had n o t  been shown t o  b e  t r u e ,  

Here I want t o  t ake  a r a t h e r  d i f f e r e n t  p o i n t  of view and 
t o  accept  t h a t ,  q u i t e  a p a r t  of t h e  t r u t h  o r  falsehood of 
genera l  hypotheses connected wi th  frames, t h e r e  i s  an import- 
an t  a spec t  of word-sense r e p r e s e n t a t i o n  concerned w i t h  
sequences of" events, and t h a t  t h i s  a spec t  has no t  been taken 
account of adequately i n  t h e  primitive-based system of rep- 
r e s e n t a t i o n  I have descr ibed  elsewhere $or example Wilks 
l975a) ,  I n  t h i s  n o t e  I want t o  suggest  a way i n  which t h i s  
dynamic a spec t  could be  b u i l t  i n t o  a semantic r ep re sen ta t ion  
system, and i n  a way c l o s e l y  a s soc i a t ed  wi th  a t r a d i t i o n a l  
f o m  of l i n g u i s t i c  i n f o m a t i o n ,  t h e  thesaurus, which i s  
normally thought of a s  composed of rows of semi-synomnyms 
such a s :  

hammer, c h i s e l ,  f i l e ,  screwdriver ,  ..... wrench 

a l l  of which a r e  t o o l s ,  and t h e  row i s  unordered, I s h a l l  
suggest a no t ion  of a dynamic thesaurus rou which i s  ordered,  

TNE DEFECT OF A mRELY STATIC WOIZD-SENSE REPWSENTATTON 

A e l e a r  demonstration of t h e  need f o r  a non- s t a t i c  element i n  
sense r e p r e s e n t a t i o n  comes from ve ry  simple cons ide ra t ions ,  
Suppose we wish t o  express  t he  meaning of an a c t i o n  l i k e  
'smoke', It soon becomes c l e a r  t h a t  any fo rma l i za t ion  of 
'drawing of a gas from an o b j e c t  i n t o  t h e  lungs of a humanv 



i s  somehow inadequate ,  That throws no l i g h t  a t  a l l  on t h e  
meaning of 

Smoking makes your f i n g e r n a i l s  yel low (1) 

Smoking sho r t ens  your l i f e  span (2) 

Smoking i s  a s o c i a l  d i s e a s e  (3)  

Though one might argue t h a t  it could he lp  w i t h  

Smoking makes your b r e a t h  smell  ( 4 )  

One t r o u b l e  wi th  t h i s  inadequacy argument i s  t h a t  it i s  by 
no means c l e a r  J u s t  what he lp  i s  needed w i t h  those sentences,  
and one might argue t h a t  2, could be  d e a l t  wi th  simply by 
p u t t i n g  i n  the  r e p r e s e n t a t i o n  of 'smoke' some fo rma l i za t ion  
of ' causes  people t o  d i e t ,  Other examples l i k e  

H i s  mather" smoking made him f e e l  unhappy (5) 

might be  ' u n d e r s t o o d b o  long a s  we had in fe rence  r u l e s  t h a t  
m u l d  l i nk  r e p r e s e n t a t i o n s  by some fo rma l i za t ion  of 

A c t i v i t y  X causes people t o  d i e  -t X cause 
o t h e r  people t o  be unhappy ( 6 )  

and so on, Nonetheless,  even e x m p l e s  a s  na ive  a s  l suggest  
t h e  need f o r  something i n  t h e  sense r e p r e s e n t a t i o n  t h a t  could 
express  t h e  ssqttezes of a c t i v i t i e s  tha t  const i tute  smoking, 
r a t h e r  than p a r t i c u l a r  one-step sequence in fe rences  l i k e  6, 
Notice t h a t  t h i s  need of dynamicism i s  p re sen t  i n  a l l  word- 
sense r ep re sen ta t ions ,  whether expressed i n  semantic pr imi t -  
i v e s  o r  n o t ,  

THE DEFECT OF A mRELU PRIMITIVE REPMSENTATION 

I n  Wilks (1975b, s e e  11)  I argued, a s  many have, t h a t  e x p r e s s  
i ng  sense r e p r e s e n t a t i o n s  w i t h  t h e  a i d  of on ly  ve ry  genera l  
concept names (W, THING, CAUSE, MOVE and so on) l e d  t o  
enomous redundancy of n o t a t i o n  so t h a t ,  f o r  example, t h e  
in fe rence  r u l e s  i n  (Wilks 197%) a r e  a c t u a l l y  expressed i n  a 
short-hand l i k e  6 above, because t o  w r i t e  i n  f u l l  t h e  
func t ions  ranging over  p r i m i t i v e s  t h a t  express  t he  same 
content  would t ake  many times t h e  space, Af t e r  a whi le  one 
begins t o  suspec t  t h a t  t h e r e  m y  be  some r e a l i t y  t o  t h e  s h o r t  
hand, even i f  t he  procedures ,  based on ly  on t h e  p r i m i t i v e s ,  
work ~ p & h E  enough i n  p r a c t i c e ,  

ONE NAIVE SOLUTION TO THE DEFECTS OF PRIMITIVES 

In  Wilks (E975a, s e e  11) I suggested,  n o t  wholly s e r i o u s l y ,  
one p o s s i b l e  s o l u t i o n ,  namely t h a t  word names could a l s o  
func t ion  i n  r e p r e s e n t a t i o n s  so long a s  t hey  themselves had 



sense r ep re sen ta t ions  elsewhere, i , e ,  any words so employed 
were a l s o  i n  t h e  d i c t i o n a r y  themselves. Th i s  might lead  t o  
i n s e r t i n g  i n  the  d i c t i o n a r y  a sense formula f o r  %shootF, 
us ing  p r i m i t i v e s  p l u s  t h e  word names "unhand ' b u l l e t '  a s  
fo l lows  

Where t h e  whole th ing  i s  t o  be  read as :  (syntax d e t a i l s  i n  
Wilks 1975a o r  1975b), Shooting i s  a CAUSing t o  MOVE of an 
OBJect ( a  b u l l e t ) ,  done by a HUMan SUBJect, wi th  an INSTru- 
ment t h a t  i s  a gun and w i t h  t h e  GOAL of STRIKing an ANImate 
o b j e c t ,  Were ' gunband  " u l l e t '  r e p l a c e  a more genera l  
THING, 

Th i s  suggest ion was aZso proof a g a i n s t  t h e  charge t h a t  t h e  
sense f o m l a  now contained s u r f a c e  words a t  random ( a s  
Schank" (1973) graphs c e r t a i n l y  seem do t o ) ,  because these  
i n s e r t e d  words m u l d  be merely shorthand f o r  o t h e r  formulas,  
So, "gun-n 7 i s  simply shorthand f o r  t h e  formula f o r  'gun' 
i n  t h e  d i c t i o n a r y ,  

The t r o u b l e  wi th  t h i s  was t h a t  it made too many concess- 
ions  to t h e  a n t i - p r i m i t i v i s t s :  ' gun f ,  a s  it func t ions  i n  7, 
i s  a l r eady  too  s p e c i f i c :  what we want i s  something more 
genera l ,  even . i f  less  genera l  than THING, a s  I s h a l l  now 
show, 

TIE DEFECT OF A mRELU SURFACE WORD REPWSENTATION 

Any reader  who had been puzzled, because i t  has  never  occur- 
red t o  him t o  r ep re sen t  meaning o t h e r  than by an u n r e s t r i c t -  
ed u s e  of o rd ina ry  Engl i sh  words, should be aware of t h e  
l i m i t a t i o n s  t o  t h a t  view, A r e c e n t  suggest ion f o r  a frame 
system (Charniak 1975) w r i t e s  t h e  f i r s t  t h r e e  l i n e s  of t h e  
frame ( f o r  shopping i n  a supemarke t )  a s  fo l lows  



a )  Goal : SHOPPER owns PURCNASE - ITEMS 

b) SHOPPER dec ide  i f  t o  use  BASKET, i f  so 
s e t  up ca r t - ca r ry  F I  

c)  SHOPPER o b t a i n  BASKET, (8) 

The ques t ion  is ,  what are those  o b j e c t s  i n  upper case,  
words o r  what? I s  BASKET t h e  Engl i sh  word 'basket"  The 
ques t ion  i s  n o t  an empty one because, i f  t h a t  frame i s  u l t i -  
mately t o  be appl ied  t o  Engl i sh  s t o r i e s ,  a s  Charniak in tends ,  
than how BASKET i s  t i e d  i n  t h e  process  of a n a l y s i s  t o  what- 
ever  word i s  used i n  t h e  s t o r y ,  say,  one of :  

baske t ,  box, car r ie r -bag ,  push-cart ,  p las t ic -sack , ,hands  
(9) 

w i l l  be  c r u c i a l .  The assumption (not  made by Gharniak him- 
s e l f )  t h a t  one w i l l  a c t u a l l y  be  a b l e  t o  match frame objects  
l i k e  BASKET d irec t ly  onto the input because t h e  s t o r y  t e l l e r  
w i l l  always be cons ide ra t e  enough t o  u se  ' b a s k e t q s  too 
s i l l y  t o  be worth d i scuss ing ,  But then how i s  a  sur face-  
only system l i k e  8 t o  b e  appl ied ,  even i n  p r i n c i p l e ?  I am 
no t  saying t h a t  such a system must have iiitansio;mZ sense 
r e p r e s e n t a t i o n s  l i k e  7,  because extensional thesaurus  rows 
of wards l i k e  9 might do equa l ly  we l l ,  But i t  must have 
something more than a  naked 8,* 

A COMPROMISE POSITION LEADING TO AN EXTENSIONAL-INTENSIONAL 
DUALITY 

One way of g e t t i n g  a  g r e a t e r  g e n e r a l i t y  than  t h e  s u b s t i t u t i o n  
of words i n t o  sense r e p r e s e n t a t i o n s ,  a s  i n  7,  would be  t o  u s e  
more genera l  concepts than words, though no t  a s  genera l  a s  
p r i m i t i v e s ,  So, i n s t ead  of 'gun' i n  7, something a t  t h e  
l e v e l  of ' shoot ing  instrument '  might be b e t t e r ,  Th i s  s o r t  
of e n t i t y  I s h a l l  c a l l  a  thesaurus  head (TH) and w r i t e  a s  
'+ shoo t ing ins t rumef i  t o  c o n t r a s t  w i t h  ' w o r d h n d  
'PRIMSTHVE', Though, of course,  a l l  t h r e e  f o m s  a r e  words 
i n  some sense,  and t h e  d i f f e r e n c e  concerns how we use t h e  
t h r e e  k inds  of e n t i t y  i n  a  system, 

" *I do no t  mean t o  suggest  t h a t  Charniak has n o t  considered 
how the  frame v a r i a b l e  BASmT i s  bound, f o r  he h a s :  
(CharnFak 1975) d i scusses ,  f o r  example, how it should not  be 
bound t o  ' pocke tg ,  However, it i s  n o t  c l e a r  t h a t  consider-  
a t i o n  of t he  binding of frame v a r i a b l e s  i s  the  same t h i n g  a s  
cons ider ing  t h e  l i n g u i ~ t i c  forms of information t h a t  w i l l  
allow t h e  frame t o  be a t t ached  t o  text ,  The f o m e r  a c t i v i t y  
leaves  u s  i n s i d e  t h e  f r m e  system, t h e  l a t t e r  f o r c e s  u s  t o  
connect it w i t h  something e x t e r n a l ,  



A thesaurus  ( i , e ,  Roget) i s  a t r a d i t i o n a l  c l a s s i f i c a t i o n  
of words v i a  genera l  concepts;  a s  i t  were a r e v e r s e  d i c t ion -  
a ry ,  I n  Roget t h e r e  a r e  about 1000 TH%* l i k e  +goodness 
and + a g r i c u l t u r e ,  Under each TH a r e  blocks of  words, 
u s u a l l y  corresponding t o  a p a r t i c u l a r  p a r t  of speech, t h a t  a t  
t h e  lowest  l e v e l  c o n s i s t  of rows l i k e  9,which might be  a row 
under a TN +conta iner ,  Presumably, +shootinginstrument  would 
b e  a l o w  l e v e l  subhead, perhaps j u s t  t h e  name of a row, 

The suggest ion of 7 ,  i , e ,  p u t t i n g  word names i n  formulas,  
would have given r i s e  t o  a r e c u r s i v e  form of r ep re sen ta t ion ,  
because a word name i n  a formula might we l l  have, a s  i t s  
formula, one t h a t  i t s e l f  contained words, e t c ,  One might i n  
f a c t  c i r c l e ,  and never a c t u a l l y  reach formulas con ta in ing  only 
p r i m i t i v e s ,  bu t  t h a t  need n o t  ma t t e r  so long a s  from every 
word you could a l m y s  go on t o  another  formula, 

On t h e  p re sen t  suggest ion,  t h e  TH's i n  formulas ( i , e ,  wi th  
+shootinginstrument  no t  "gun') would p o i n t  o f f  i n  two ways: 
( i )  t o  a forrnula ( t h e  intension of +shootinginstrument)  and 
( i i )  t o  whatever rows of words were l i s t e d  under i shoot ing-  
instrument  i n  t h e  thesaurus  ( t h e  extension, l e x i c a l l y  speak- 
ing,  of t h e  term). The thesaurus  need no t  even e x i s t  
e x p l i c i t l y ,  f o r  i t  could be cons t ruc ted  when needed - i n  t h i s  
case  t h e  row c o n s i s t i n g  of a l l  t h e  words whose f o m u l a  t r e e s  
contained the  sub-formula t h a t  was i n  t h e  d i c t i o n a r y  a s  t he  
in t ens ion  of +shootinginstrument .  That  i s  t o  say, t h e  
formulas f o r  ' r i f l e g ,  ' co l t45 ' ,  h o r t a r '  e t c ,  would a l l  have 
a comon s u b - f o m l a  which would be t h e  formula f o r  +shoot- 
i ng ins  trument , 

These formulas composed of p r i m i t i v e s  and TH9s would a l s o  
be  r e c u r s i v e  l i k e  7 ,  It shnuld a l s o  be  noted t h a t ,  u n l i k e  
TH%s, p r i m i t i v e s  ( l i k e  W) would not be t h e  names of p a r t s  
of a thesaurus :  they would be too  genera l  - though they  
might be considered t h e  names of c l a s s e s  of THws, 

We would thus  have a dua l  r ep re sen ta t ion ,  o r  r a t h e r  two 
forms of o rgan iza t ion  of t h e  word-sense r e p r e s e n t a t i o n s ,  and 
t h i s  d u a l i t y  would extend t o  t he  in fe rence  r u l e s ,  because t h e  
f o m  of r u l e s  l i k e  6 would now be n o t  on ly  a shorthand form 
of t h e  f u l l  p r i m i t i v e  ve r s ion  of t h e  r u l e  bu t  a dua l  of it, 
and should now be m i t t e n  

l c a c t i v i t y  X +cause-die *mI-tC*m d i s l i k e  X1(102!  

* t h i s  u se  of 'head' he re  has  no eonnexion t i t h  i t s  rase a s  
the  l e f tmos t  i tem of a LISP l i s t ,  o r  t h e  rightnaost i t em i n  a 
f o m u l a  l i k e  7 ,  



where t h e  p r i m i t i v e  *HUM ("' denot ing  a c l a s s  of p r i m i t i v e s  
conta in ing  W) remains i n  t h e  r u l e  because, a s  j u s t  no ted ,  
such concepts  a r e  too genera l  t o  b e  abbrevia ted  by TH%s, 
Thus t h e  dua l  of LO, i t s  primit ive-only ' f u l l  formt ,  would 
have * H W  i n  t h e  same s l o t s  a s  10. 

S AND TIIESAURI: REDISCOVERING HISTORY 

I have n o t  j u s t  plucked t h e  no t ion  of a thesaurus  ou t  of t h e  
a i r ,  It was a popular  t o o l  i n  t h e  computational l i n g u i s t i c s  
of t h e  F i f t i e s  (see,  f o r  example, Masteman 1956) and, more- 
m e r ,  one designed t o  do a job ve ry  l i k e  t h e  one frames a r e  
now being suggested f o r ,  To pu t  it crudely ,  t h e  thesaurus  
us ing  system was designed t o  t e l l  you what t h e  context  was, 
o r ,  a s  i t  i s  now put ,  what 'frame you a r e  i n P ,  The b a s i c  
thesaurus  a lgor i thm of twenty yea r s  ago was a s  fol lows:  
f o r  every word, l i s t  t h e  TH numbers i n  Roget (between I and 
1000) under which t h e  word f a l l s ,  Then s e t  i n t e r s e c t  t he  
TH number l i s t s  of a l l  t h e  words i n  a sentence,  The s e t  
i n t e r s e c t i o n  should y i e l d  t h e  numbers of t h e  TH's t h a t  
d e f i n e  t h e  "ontext*,  Thus, @buck' i n  one sense would be 
under +gmeanimal and ( a s  an o b j e c t )  under,  say, +hunting, 
whi le  i n  t h e  o t h e r  sense i t  would be under +money, Then, i n  
(cf Riesbeck 1974) 

The hunter  went shoot ing and got  4 bucks (11) 

we would g e t  t h e  r i g h t  sense of %buckP i n  t h i s  con tex t  
because ' shoot '  would a l s o  be  under,  say, t h e  TN +hunting 
and so t h e  r i g h t  sense of 'buckP would have i t s  head i n  t he  
s e t  i n t e r s e c t i o n  of TH's, whi le  t h e  money sense would n o t ,  
This  was an inadequate  method, a s  can b e  seen from 

The hunter  went shoot ing w i t h  4 bucks i n  h i s  pocket (12) 

But t h e  moral i s  t h i s :  those  frame implementations which 
t a c k l e  11 by saying Pshoo t ingP  w i l l  s e t  up t h e  Hunting Frame 
and so when we encounter 'buck' e t c ,  e t c ,  e t c ,  a r e  r ed i scove r  

-ing t h e  thesaurus  and w i l l  f a l l  down on 12 i n  j u s t  t h e  same 
way, 

There a l r eady  e x i s t  'frame papers '  t h a t  r ed i scove r  t h e  
a l g o r i t h  above, though r e f e r r i n g  n o t  t o  l i s t s  of TH'S b u t  
t o  t h e  i n t e r s e c t i o n  of one 'frame index'  wi th  another ,  

m a t  i s  needed t o  overcome t h e  d e f e c t s  of bo th  ~ b i m d i d e d  
Ehesaurus and t h e  'na ive  frame' so a s  t o  t a c k l e  examples 
l i k e  12 is ,  of course,  q u i t e  a t h e r  s t r u c t u r a l  mechanisms, 
n e c e s s a r i l y  r equ i r ed  f o r  t h e  a c t u a l  a p p l i c a t i o n  of knowledge 
s t r u c t u r e s  t o  t e x t s ,  My p o i n t  here ,  however, i s  no t  s i n p l y  
t o  show t h a t  t he  t r a d i t i o n a l  r o l e  of t h e  thesaurus  i n  
computational l i n g u i s t i c s  had s i m i l a r i t i e s  t o  t h a t  now be ing  



claimed f o r  t h e  frame, bu t  t o  add another  t w i s t  t o  t h e  t rad-  
i t i o n a l  thesaurus  so a s  t o  make it even more l i k e  a frame, 
I s h a l l  t hen  suggest t h a t  t h i s  augmented thesaurus  may actual- 
l y  be  u s e f u l ,  provided it i s  seen only  a s  a p a r t  of a n  under- 
s tanding  system and not  a s  i t s  s t a r  t u rn .  

A DYNAMIC THESAURUS 

Thesaurus raws l i k e  9 a r e  unordered; except  i n  so f a r  a s  we 
might des igna te  say, t h e  f i r s t  i tem t o  be  a d e f a u l t  va lue ,  a s  
i n  Minsky (1974). Suppose we a l s o  had ordered rows, and 
moreover ones t h a t  cons is ted  not  of words, a s  9 does,  bu t  of 
TH%* Suppose we m o t e  

and we sa id  t h a t  t h e  name of t h a t  row was t h e  TN +smoke, j u s t  
a s  +conta iner  was t h e  name of 9, except  t h a t  i t  w i l l  n o t  be 
t h e  case  i n  13, a s  i t  was i n  9, t h a t  t h e  formula f o r  t h e  row 
name i s  p a r t  of t h e  formula f o r  each and every member of t h e  
row, 

I n  some sense,  t h i s  ordered raw cap tu re s  t h e  'sequence of 
even t sP  aspec t  of t h e  meaning a f  t h e  a c t i o n  'smoke' t h a t  was 
missing from t h e  e a r l i e r  s t a t i c  r ep re sen ta t ion ,  so  and might 
a l low u s  t o  "understand' sentence 1 b e t t e r ,  

Th i s  a d d i t i o n a l  information 13 may seem a b i t  t h i n ,  b u t  
i t  i s  r e c u r s i v e  ( i n  t h e  same sense a s  used i n  ' r e c u r s i v e  
t r a n s i t i o n  network" i n  t h a t  t h e  TH's composing it can po in t  
no t  on ly  t o  thesaurus  rows, of semi-synonyms, bu t  a l s o  t o  
o t h e r  dynamic rows. For .example, + l i g h t  might i t s e l f  be  t h e  
name of a dynamic row, Again, i t  would be  a smal l  ma t t e r  t o  
a d j u s t  t h e  n o t a t i o n  so a s  t o  admit except iona l  cond i t i ons  and 
s i d e  cond i t i ons  i n  t h e  way t h a t  r e a l  d i c t i o n a r i e s  and 
t h e s a u r i  do, So, a more r e a l i s t i c  ve r s ion  of 13  might be 

Here we s e e  t h a t  t h e  smoked o b j e c t  i s  no t  e x t r a c t e d  o r  
stubbed i f  it i s  a p i p e  and t h a t  i n  t h e  sequence t h e  main 
o b j e c t  dirninSshes, An i n t e r e s t i n g  p o i n t ,  t h a t  might d i v i d e  
those  who do and do n o t  b e l i e v e  t h a t  such d e s c r i p t i o n s  should 
s imZate  t he  a c t i v i t y  concerned, would be  whether o r  n o t  t h e  
row should con ta in  some express ion  of 'do sucking and blowing 
aga in  whiZe a b j e c t  i s  g r e a t e r  than  l cmP, I do no t  b e l i e v e  
t h i s  i s  an e s s e n t i a l  p a r t  of t he  l i n g u i s t i c  d e s c r i p t i o n ,  bu t  
i t  would r e q u i r e  no g r e a t  f e a t  of gymnastics t o  i nco rpora t e  
it i n t o  t h i s  n a t a t i o n ,  

There i s  no t roub le  about t h e  b inding  of v a r i a b l e s  such 



a s  'main ob jec t '  ( ' m a i n b a n  be  understood t o  des igna te  t h e  
o b j e c t  of t h e  row-aming act ion+smoke s i n c e  i t  must b e  rem- 
embered t h a t  t h e  T H b  i n  t h e  ralw p o i n t  n o t  only t o  word rows 
(and poss ib ly  o t h e r  "dynamicr TH rows r e c u r s i v e l y )  b u t  a l s o  
t o  t h e i r  own formulas l i k e  7, It i s  t h e  a s soc i a t ed  formula 
t h a t  g ives  t h e  i n t e n s i o n a l  s t r u c t u r e  t h a t  t h e  system expec ts  
t o  be a s soc i a t ed  wi th  an ac t ion :  thus  i n  7 we s e e  t h a t  
shoot ing i s  expected t o  have, o r  p r e f e r s  t o  have, a human 
agent and some s o r t  of animate o b j e c t ,  S imi l a r ly ,  f o r  
+ e x t r a c t  i n  14 above: i t s  formula would show i t s  a n t i c -  
ipa ted  agent ,  o b j e c t ,  instrument  e t c ,  Hence t h e r e  i s  no 
a s s u q t i o n  i n  14 t h a t  + e x t r a c t  and +suck have t h e  same 
o b j e c t ,  f o r  t h e i r  a s soc i a t ed  formulas would make c l e a r  t h a t  
they  do n o t ,  

Thus, it should be  c l e a r  t h a t  14 i s  a l s o  a form of shor t -  
hand*, and could, i f  and when a n a l y s i s  of t e x t  demands it ,  b e  
exp'.nded out  t o  a f u l l e r  s t r u c t u r e  ( a  'maximal frame" i f  you 
w i l l )  s i n c e  each TH w i l l  p o i n t  t o  a formula, which i s ,  i n  i t s  
tu rn ,  a b lue-pr in t  f o r  a small  t e x t  s t ruc ture ,**  

*pCompacted form of information,  o r  knoxi ledgehounds  
b e t t e r ,  Some r eade r s  may f e e l  t h a t  I have over  emphasised 
t h e  p o i n t  about % h o r t h a n d ~ h r o u g h o u t ,  and t h a t  t h e  no t ion  
of a word name s tanding  f o r  i t s  own f o m a l  d e f i n i t i o n  i s  
well  e s t ab l i shed  i n  t h e  f i e l d  and needs no emphasis, True, 
bu t  a s  I have argued i n  (Wilks 1975b, s e c t i o n  I I I ) ,  i t  i s  a 
convention f r augh t  w i t h  danger,  i n  t h a t  it i s  o f t e n  used when 
t h e r e  i s  no th ing  i n  a system t h a t  t h e  word i s  in fa& short- 
hand for, That i s  why I emphasise t h a t  t h e  word names a s  
used he re  a r e  indeed shorthand f o r  r e a l  o b j e c t s  l i k e  7, 

**This may sound confusing wi thout  d e s c r i b i n g  t h e  system 
of (Wilks l975a) ,  Roughly, t h e  "mall t e x t  s t r u c t u r e s B  
a r e  meaning r e p r e s e n t a t i o n s  c a l l e d  t empk tes ,  They c o n s i s t  
of f o m u l a s  (u sua l ly  agent ,  a c t i o n  and o b j e c t  f o m l a s ,  a t  
l e a s t ) ,  A t  t h e  same t ime formulas,  l i k e  7 ,  s p e c i f y  t h e  
s o r t s  of ternplate i n  which they  p a r t i c i p a t e  - i , e ,  7 p r e f e r s  
t o  f i t  i n  a template  which a l s o  has an agent  formula t h a t  i s  
i t s e l f  f o r  a human being,  Rules l i k e  6 connect templates  
toge ther ,  Confusion a r i s e s  only  i f  fonnula p a r t s ,  l i k e  
(*WM SUBJ) i n  7 ,  a r e  thought of a s  s lots  t o  be  f i l l e d ,  On 
the con t r a ry ,  wbZe formulas l i k e  7 go i n t o  s l o t s  i n  h igher  
o rde r  s t r u c t u r e s ,  t h e  templates ,  



An a d d i t i o n a l  cons ide ra t ion  i s  t h a t  t h e s a u r i  a r e  a t rad-  
i t i o n a l  form of l i n g u i s t i c  information,  one which human 
i n f o m a n t s  a r e  a b l e  and w i l l i n g  t o  provide,  Th i s  paper  i s  
i n  complete agreement wi th  Charn iakPs  view (1975) t h a t  frame- 
l i k e  o b j e c t s  a r e  b e s t  seen a s  data, r a t h e r  than  procedures ,  
but: i s  even more r eac t iona ry  i n  arguing t h a t  they  should i f  
p o s s i b l e  be traditionaZ forms of data, 

It seems t o  me an important p r i n c i  l e  i n  t h i s  f i e l d  a s  i n  
sc ience ,  t o  a s s i m i l a t e  t h e  u n k n o w ~ ~ i & n , k ~ 8 ~ ~  The unknown 
no t ion  of frames would be i n  no way diminished by being ass -  
imi l a t ed  t o  t h e  well-knom one of t h e s a u r i ,  on t h e  con t r a ry ,  

But t he  p re sen t  suggest ion would have t h e  e f f e c t  of making 
t h e  f r m e  not ion  l e s s  c e n t r a l  t o  a  language understanding 
system than it has seemed t o  be  i n  r e c e n t  work, and n o t  on ly  
because t h e s e  a r e  admi t ted ly  minimaz frames, b u t  because t h e  
c e n t r e  of t h e  p i c t u r e  i s  s t i l l  occupied, a s  i n  my view it 
must be, by t h e  mechanisms t h a t  a c t u r a l l y  apply s t r u c t u r e s  
t o  t h e  su r f ace  language, I n  the  p re sen t  n o t e  t h e  dynamic 
rows become j u s t  another  a n c i l l i a r y  mechanism f o r  doing t h a t ,  
I n  my view, frame-like e n t i t i e s  have only  seemed c e n t r a l  
because t h e r e  has been a  t a c i t  agreement on a l l  s i d e s  t o  
ignore  ques t ions  of app l i ca t ion ,  o r  what t o  do w i t h  them i n  
p r a c t i c e ,  

Not t h a t  1 have s a i d  very  much about  such procedures  here ,  
bu t  then the  space i s  l imi t ed ,  I assume t h a t  t h e  o v e r a l l  
s t r u c t u r e  of procedures  would be l i k e  t h a t  of (Wilks 1975a) 
bu t  t h a t  we would now have t h e  a b i l i t y ,  should we wish t o  
use it, of expect ing,  say, e x t r a c t i n g  and l i g h t i n g  e t c ,  t o  
be d iscussed  a f t e r  smoking had been introduced i n t o  a  
d iscourse ,  These m a t t e r s  a r e  s epa ra t e ,  and r e s t  on dec is -  
i ons  about such m a t t e r s  a s  whether one sees  a  knowledge 
s t r u c t u r e  a s  e s s e n t i a l l y :  

a )  p a r a l l e l i n g  an  incoming t e x t ,  so t h a t  we t i c k  
o f f  t h e  expected sub-topics a s  they  a r e  
mentioned , o r  

b) e x p e c t a t i o n a l l y  i n t e r p r e t i n g  t h e  t e x t ,  r e s o l v i n g  
ambigui t ies  e t c ,  by 'knowing i n  advance what i s  
going t o  be  s a i d ' ,  o r  

c )  an a d d i t i o n a l  mechanism f o r  g e t t i n g  a s u r f a c e  
t e x t  i n t o  a semantic r e p r e s e n t a t i o n ,  by r e so lv ing  
ambigui t ies  and r e fe rences  t h a t  cannot be s e t t l e d  
i n  o t h e r  ways, 

Decis ion between these ,  if they  a r e  indeed d i f f e r e n t ,  i s  
a s e p a r a t e  ma t t e r  t h a t  b r ings  up t h e  ques t ion  of what 



hypotheses about language a r e  being made by frame u s e r s ,  
Th i s  top, ic  i s  d i scussed  i n  (Wilks 1956, s ec  VII)  and avoided 
here ,  where I have been concerned only  w i t h  a  lacuna i n  

' r e p r e s e n t a t i o n :  t h e  dynamic a s p e c t  of word-sense meaning, 

I have a l s o  introduced t h e  no t ion  of a  dua l  s e m n t i c  
representa t ion-both  ex tens iona l  and i n t e n s i o n a l ,  a s  i t  
were, though i n  a  non-standard sense of ' ex t ens iona l "  
t o  overcome the  d e f e c t s  of both exces s ive ly  p r i m i t i v e  and 
excess ive ly  s u p p r f i c i a l  r e p r e s e n t a t i o n ,  Th i s  p o i n t  i s  
q u i t e  s epa ra t e  from t h a t  of t he  'minimal f rameg,  

S AND CONCLUSION 

In  t he  proposed s t r u c t u r e  each word sense i s  t i e d  by t h e  
d i c t i o n a r y  t o  a  sense formula: each formula i s  s t r u c t u r e d  
from p r i m i t i v e s  and THBs, Each of t h e  l a t t e r  p o i n t s  i n  
t h r e e  ways, ( i )  each t o  its o m  formula ( i , e ,  +smoke 
i s  i t s e l f  a  word i n  t h e  d i c t i o n a r y )  ( i i )  t o  t h e  rows of 
(semi-symzonymous) words under i t  i n  t h e  thesaurus ,  and 
poss ib ly  ( i i i )  t o  a  dynamic, ordered,  row of THBs, 
( i ) ,  ( i i )  and ( i i i )  can a l l  be  r ecu r s ive ,  S imi l a r ly ,  i n f e r -  
ence r u l e s  which range from template  t o  template  ( s ee  e a r l i e r  
foo tnote)  a r e  composed of func t ions  t h a t  can be expressed 
d u a l l y  i n  terms of p r i m i t i v e s  and T H 5  ((pointing a s  i n  ( i ) -  
( i i i )  above),  

It should be noted t h a t  i n  t h i s  pkoposed s t r u c t u r e  (un- 
l i k e  Charniak 1975 and Rieger  1975) frame-like o b j e c t s  a r e  
not  "demon-like' o b j e c t s  pre-stacked, a s  would be t h e  case  
i f  t h e  e x p l i c a t i o n  of ' frameB he re  was a  pre-set  s t ack ing  of 
i n fe rence  r u l e s ,  l i k e  6 ,  t h a t  are e s s e n t i a l l y  demon-like. 
The ' d p a m i c  t h e s a u r u s h o w  i s  no t  composed of demon-Bike 
o b j e c t s ,  bu t  i s  more compact and l i n g u i s t i c  i n  na tu re ,  
while  s t i l l  p reserv ing  the  e s s e n t i a l  p rope r ty  of express ing  
event  sequences, However, a s  was poin ted  ou t ,  a  f u l l e r  
(maximal) frame could b e  cons t ruc ted  from a  dynamic row by 
r ep lac ing  t h e  TH9s wf  t h  t h e i r  corresponding f ormulas and 
then f i l l i n g  those out  as if t h e  preyerences had been 
satisfied, 

I have mphas i sed  t h e  h i s t o r i c a l  s i m i l a r i t y  between the  
r o l e  of t h e  thesaurus  and one r o l e  be ing  tou ted  f o r  ehe 
frame, then added a  t w i s t  t o  make t h e  s i m i l a r i t y  even 
s t ronge r ,  and f i n a l l y  opted f o r  t h e  o l d e r  form, because i t  i s  
a  Zinguistic form, X a l s o  argued t h a t  those  who d e a l  i n  
frames and n a t u r a l  language mst be  s u r e  t o  do a t  least as 
well a s  t he  o l d  s t a ~ i e  thesaurus ,  and would r e c a l l  t o  mind 
the  adage about  those  who f o r g e t  h i s t o r y  being doomed t o  
r e l i v e  i t ,  
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Ian 8, Witten 

GEmMTmG r\aa SPEECH FmM TEXrf 

$nis papr  outlines progress towards spech synthesis sFtems 
\.thich are capable of generating natural spech from ordinary 
text, Its theme is that although the engineering and phonetic 
tmls for this task are nearing cometion, many diff icult  
problems of high-level l lnguistic analysis exist V$I ich have 
hardly k e n  considered - for example, the generation of 
appropriate intonation infomation f r m  text., 

ZPaese problems are highlight& by describing an existing 
smthesis system, paying particular attention to the way the 
input is spcif ied and how it differs from ogdinary text, It 
is clear that A I  technigues of syltactric and semantic analysis 
are necessary to achieve the goal of generating natural spech 
from t e ~ t a  

me  arntomtic synthesis of speech is tasblally considered to be 
the province of engineers and phoneticians - a d  indeed much 
of it is, Hotever, i n  this p p r  I w i l l  argue &hat the 
eng ineer ing and pbne t i c  problems, al thoqh not yet solved, 
are a t  least v~elB mderstod, and steady pragress totgards 
their solution is beiw made; v~hrhle f~wdmental d i f  f icub t ies  
of high-level 1 Iqu i s t i c  analysis ex l sbh ich  have hardly h e n  
tackled, Surely here is ~ c o ~  for ar t i f  ic f a l  Intel 2 igence 
techniwes l 

&lQhough sp the t ic  spech has its roots i n  m t i q i t y  
(witness the oracles of Grece and Rome, and the age-1d 
ppcalarity of the v e n t r i k o ~ i s ' r ~ s  d m y ) ,  the f i r s t  
p t en t i a l ly  vsefd synthesizer v~as construct& i n  1951 
(hweenee , 1953) , Since then, rapid techraslq ical development 
has kept sxflthesiaer design on the move, a ~ d  i n  the l a s t  few 
yeaas several novel ideas have a p p a r d  as hard~vare, H~lmes 
(E973) demonstrates the ex ten t  of the prmcess ?y exhibiting 
s~flthetic utterances vhich are prceptuaP3-y identical to the 
originals they vJere cop%& from, even m d 6 ~  high-fidelity 
is ten Ing cand itions , 

From a prackieal point of view, the usefubness of 
ar t i f ic ial  spech is b h i t d  by the voltme of storage r e ~ i r d  
for it, the ease w i t h  vhich new uttermces can be add& to an 
existiw corpus, armd the flexibility w i t h .  vd2i.ch elements of 
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T h i s  paper is posing a problem, not solving one, My thesis 
is that the 'speech-handling' part of a reading-aloud system 
is a t  least  partially resolved, while the Yext-handling-rt 
has hardly been touchd, We have programs to generate speech 
from a phone t ic  format with additional markers (indicating 
rhythm, points of major stress, intonation contours, pauses, 
and so on), and this format is substantially the same as those 
used by l i n g u i s t s  when recording natural utterances, What we 
do ma& have are technigues for generating this information 
from text. 

The  erne w i l l  be develowd as follows, The newt section 
reviem briefly the so...calld s~rasegmental features of 
spech v h i ~ h  need to be controlled, Then follots~s a 
description of how these features can be specified - the input 
to the spechehadling part of an existing system, Set ion 4 
dixusses the problem of slpecifying khe most recalcitrant 
feature, intonation, and finally progress is outlined on the 
more routine v~ord-mephoneme conversion process, 

2, SEGMEWa AND SUPRASEGMEWAL ASPECTS OF SPEECH 

Phone ticians divide features of naturiil speech into segmenel 
ones (g iv iq  segments of syllables) and suprasegmental ones 
( r e l a t i q  to p r o ~ r t i e s  other than pure articulation), and 
this distinction is useful i n  s p a e s i s  work as well, Of 
course, segmental syntrhesis must  come f i r s t ,  otherwise there 
is no vehicle to carry the prosodic features, Ho~lrever, i n  the 
past l i t t l e  consideration has k e n  given to systems for 
s q r  asegmental synthesis ~lhich provide enoqh frwdom to allow 
production of natural-somdiq var id spech, 

To be swe, most sylthesis schemes have incorpora&& some 
system for prosodic con&Jrol, Mattingly (1966) concentrated on 
prominence - for h i c h  he used acoustic features of durational 
increases and p i t ~ h  changes - pusal  features, a ~ d  intonation, 
Prosodic markers i n  the phonemic input string indicated 
stressed syllables, f i n d  a& nonefinal pauses, and t ~ p e  of 
intonation con$our, He confind the intonation repertoire ta 
a falling tone, a fall-rise, and a r i s i w  tone, Durations 
bfere treat& as segmental features, with additional 
sqrasqmenbl  lengthenirag of stressed vovrels, In a similar 
system, Ainskaorth (1974) ineorpxated a tendency towards egual 
time intervals betkeen stressed syllables, by lengthening the 
vowels of these syllables appropriately, Rdditionally, he 
used an a r e h e t p h  pitch eontour betv?een stressed syllables 
h i c h  increased .their ~ r c e p t u a l  prominence, coteled wi8;h an 
overdl fa l l  as rise i n  pitch depnding on bhether the 
utterance ofas a sbtement or a y.estions 

%ercrombie (1967) sp l i t s  s~~rasegnrenal. features into two 
basic catqaries:  features of voice q a l i t y  and features of 



voice dqmamics, Variations i n  voice q a l i t y  - which are 
accountd for by anatomical differences and long-term muscular 
idiospcracles - have l i t t l e  part to play i n  the kind of 
applications I have i n  m i n d ,  so I consider here only elements 
of the second category, Abercrombie lists these as 

tempo (speed of spaking) 
continuity (pauses) 
rhythrn 
range (empass be-en highest and lowest pitch levels) 
tessitura (mean p ikh  levelf 
piteh fluctuation (intonation contour) 
loudness, 

m e  of these features .- for exmple, pitch fluctuation and 
rhythm - are intimately bound up w i a  the way the utterance 
unfolds i n  t h e r  an26 sa are &st passed from the text handling 
part of the system to the speech handling part as markers i n  
me phoneme s t r i q ;  while others -- tempo and tessitura, for 
instance - have a mre  global character and can be represented 
by parameters h i c h  are alter& only occasionally, 
Ineidenally, the richness of contrasts i n  speech even when 
reading from a b m k  should not be mderestimatd, Read aloud 
to an audience and notice the contrasts i n  voice dynamics 
deliberately introduced for variety" sake, I f  stories are to 
be read there Is even a ease for controlling voice wali$y 
to cope with quotations and affective hitations,  

3 ,  IC SmmESIS OF SPEECH FROM A PHONETIC 
REPRESENTATIm " 

Here are examples of the way utterances are specified to the 
speech sp thes is  system under development a t  Essex, 

Tne standard International Phone t ie  Assoe iation symbols are 
coded into one or two let ters  to c o ~  wi th  the Ih i ta t ions  of 
computer input devices, Slashes mark the dm8 Itac8mda~ii~?s 
(cnJnic,eh correspod to stressed syllables) and an asterisk 
identifies the point of major stress of an intonation p t t e r n ,  
Uttermees must be divided by punctuation marks into 
inmnation units call& t a m e  grows, and the s h a p  of the 
intonation contour is s p c i f  id by a ntnneral a t  the s t a r t  of 
each tone group, Crude control over pauses is achieved by 
punctmtion marks: full stop, for exmpPe, signals a pause 
&iEe coma does not, m e  " ehasacter stands for a 'silent. 
stressP or breath point, 

me progrm that deals wi* the prosodic features of rhytb 
and intonation works rorzghly as f o l l o a  (full details can be 



found i n  Witten, 19751, Each foot is sp l i t  into its 
constituent sfllables, and from their types a rhythm for the 
foot is determined, According to the theory of isochronicity, 
each foot has a ~ r o x h a t e l y  the same duration, and .this is 
divided mowst the syllables according to their r h y m e  The 
westion of where each syllable begins and ends is a difficult  
one: research iI?diea.tes the existance of a rhythmic 'tapping 
p o i n t q n  a e l l -def in& place i n  each syllable (usually just 
k f o r e  the vowel), Then the phonemes of a syllable are 
classified into those hose  duration is intrinsically 
detemined (like the ini t ia l  %s" and ' t \  We a i' , and the 
f i n d  's\ of 'straits" try speaking the word i n  context, 
slowly but wi* a natural rhythm), and those where it is 
extrinsically detemined by the r h y t h  (the ha" and the second 
'tQf 'straits"; ;and the syllable t h e  is divided mongst 
them accordingly (bmence, 1974) , Intonation is handled 
u s i q  the tone group n r to access a table of standard 
inmnation contours (see Section 41, 

me above seven attributes of voice dylmics are controlled 
as follows, 

ternpa -- a special dirmtive can alter the target foot 
duration 

continuity - crude control achieved by pmctuation 
rhythm - specified by the slashes which mark foot 

bmdar ies 
r a y e  a l l  controlled toge"cher by the 
tess itura intonation contour specifications, 
pitch fluctuation although the individual a t t r  ibutes 

could easily be factored out 
loudness - not contsrolled a t  a suprasegmental level a t  

a l l  (contrary to intuition, loudness is a very 
m a k  cue for stress, and is outshadod by 
rhythm and intonation) , 

me pitch of a voice is an essentially continuous, 
the-varying wantity, and it is not elear how it can k 
spcif ied i n  a computer system, Linguists, however, are 
e x p r t  i n  the difficult  area of discretizing essentially 
continuous ( i n  both the s p t i a l  and the temporal sense) 
infoma tion, and have attacked the problem of classifying 
intonation w i ~  gusto, 

Tneor ies of Br i t ish Mglish inbnation invar iabl y sqment 
utterances into m i t s 8  h i c h  I cal l  "one grows', each w i ~  a 
single salient or 'tonic a syllable (and a n 
syllables), me mst appealing classification of tone grows, 
from the p i n t  of view of computer hplemenbtion, is 
H:allidaya"s (1970) , h i c h  identifies five different prhary 



intonation contows, each hiwing on the tonic syllable, 
S v e ~ a l  secodary conmurs, h i c h  are variations on the 
prhary ones, are defined as well, 

Our exprience with Halliday" selassification is that it 
does not ~ r m i t  a rich enough variety of p i e h  patterns to be 
gener at& for na tur al-sound ing synthetic speech - its 
r e ~ r k o i r e  is toa restricted, For example, an inflection on 
the pre-tonic part of a tone group is essential for 
naturdness, and the magnitude of the inflection should be 
a l t e r d  slightly to add interest: b u t  a considerable increase 
i n  it prodbaces a semantic chaqe by making the utterance more 
emphatic. mese fine distinctions are not representd i n  
Wabliday 's  syskem, 

We have developd a meaod of intonation s p c i f  ication 
&ich is intended to prmi t  close control over those a s p c t s  
of an intanation conbur that affect the way it is p r c e i v d ,  
M*oraggl-a t h i s  syskem is tentative and still under devebopent, 
9 w i l l  outline the  form it takes ~t present, Ten pidrch 
paasneters are def ind,  each wi th  a s h p l e  meaning, The 
overall pitch movement is eontroll& by spcifying the pit=ch 
a t  e re places: the b g i m i w  of the ;tone growb the 
mimilag of the 'tonico syllable (the one vhich b a r s  major 
s t ress) ,  and the end of the tone grow, Provision is made for 
an abrwt pikch break a t  the s ta r t  of the tonic syllable, The 
pitch is bnterwlatd linearly over the f i ~ s t  part of the tnne 
q r o q  (up to the tonic syllable) and over the l a s t  part (from 
there $0 the end), except Lbat it is pssibHe to s p c i f y  a 
ncan-linearity on the tonic syllable, for emphasis, Onr this 
basic sha* are s ~ p r i m p s e d  two finer pitch patkerns, one to 
a l l o ~ ~  8contiwuation"ett?een tone grows, and the other to 
give a S i l t ,  s~chronized w i t h  the Eoot structure, to the 
ini t ia l  part of the contour, ?Chis Bast is necessary to 
pre~rent the deadeniw effect of steadily increasing or 
Secreasiq freweney, Figure 1 shows details of the ten 
m~antities, 

The in%ntion of t h i s  parme*ic  me?^& of spcifying 
intonation contours is khat the parmeters should be easily 
$zrivable frcm semantic variables like emphasis, no~~el ty  of 
idea, surpr iee , uncertain",.(, inc~mpleteness, Roughly 
s ~ a k i n g ,  parm.ekess 4 ar3 "7 control emphasis, 7 by itself  
controls ncl~sektlr and surpr l~e ,  3rd 8 and the relative sizes of 
5 a ~ d  6 control  certainty and incompleteness, Gea tain 
parsmeters (notabby 9 and 181 are 22find bcause although 
they do not aFpear to ~ ( ~ r r e ~ ~ o f z d  to semantic distinctionsl we 
60 not yet know how to geczeate them atatcmaticallv, 
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TAIL 6 

F l y r r  1. R e  ten quantltios which 

bpecify .% pitch contour. 

5, GEmRATmG THE PHONmIC REPRmENTATION FROM TE)(T 

Tkre most striking difference bewen the input to our exis t iw 
spech synthesis system and the target input format of 
ordinary text is the pholae&&~ specification of utterances, 
Arnd ye"cour experience indicates that the 
"rapheme-to-phonemebonversion problem is not nearly so 
tough as eliciting suprasqmental infomation from text, 

For example, we have hplemented a seaightforward 
s t r  ing-akhing and replacing procedure which takes l i t t l e  
account of the morphology of words (described by NcIlroy, 
l974), and found it to have a reading age of 1 2  years, 
according to a standard Schonell test  (Schonell, 19511, We 
can enter 

3 " auto/mtie / s w ~ e s i s  of /*speech, 1 ^ from a 
gra/*phemic //rpreant/a tion, 

a d  it produces 

m l i t y  could be hprovd still fmther by a s h p l e  rule for 
@ r d u e i ~ b r  c e n w a l i z i ~  the v o e l s  of mstressed syllables, 

Unfortmately, t h i s  grapheme-to-phonerne procdure, being 
ignormt of morpholagy, cannot detect the stressed syllables 
of wsrds and place fczot: boundaries aceordiqly, We are 
currently i~nplementing a norph dictionary so that prefixes and 
suffices can be treated proprly (Allen, 19761, 



The a h  of th i s  p p r  is to stimulate interest i n  the 
high-level problems of spech  synthesis from text, The 
engineer irq and phone t i c  tools necessary to generate 
intellrlgible spzech from a phonetic input with suprasegmental 
markers exis t  already, and the w a l i t y  of a r t i f i c i a l  spech  
can be expcted to hprove slowly but steadily in khe future, 
Most of the preceding sections have been intended to help make 
this p ink :  we saw !&at infomakion - e s p c i a l l y  
swrasegmental information - is necessary for sylkhesis, how 
it can be spgcified, and how intonation can be handled, The 
westion of grapheme-to-phoneme conversion has been discussed 
and shorn to be tractable, 

F&&at problems are l e f t?  Let me isolate some, 
KlmkmwatBom qromp bom8a~ges, If text is l iberal ly 
p~mctua td ,  then the punctuation marks identify many of the 
hundaries of intonation groups, Unfortunately, current 
l i terary  fashion favours spazse punctuation, Eloreover, since 
most ~ e o r i e s  of British intonation ins i s t  that a tone group 
h a s  a m i w e  "conic syllable (not  to do so v?o~~ld exacerbate the 
problem of classif icat ion),  it is ~ome thes  necessary to place 
a tone group boundary h e r e  a pumctuaadcion mark could never be 
(see exmple klow),  
m~glie syRBa!bXes of t~ne ~ K Q E V S ,  The tonic syllable 
occurs a t  the semantic focus of a n  intonation grow; which can 
be caricatured as the most musual new wo~d, A simgle exmple 
of Halliday 's i l lus t ra tes  the problems: 

/ th is  of course de/pends on the /counkry vhere they 
/*live 

can be read as 

, / t h i s  of course de/*pnds on the //country *ere they 
/*live 

or ,  i n  a different context, as  

/%his of course de/pnds on the /*country  ere they 
//*I ive 

(// indicates a kane group boundary) , 
m s a l t m ~ a  amd gaqc, mese both increase w i t h  dramatic 
tension [and are rdueed for material in p a r e n ~ e s e s )  , 
Km&armaffSon con&o&?~s. The t y p  of an intonation contour is* 
sometimes apparent from the ptrn~tuation (~taternenk\q~estion, 
far exmple) . Pdditionally, t h z  %nllraducP-,ian of a new concept - of ten a t  the Bxgi~slincg of a paragraph - earr ies  a 
distinctive kooveStyB intonation, Section 4 has show how 
semantic variables can be t rans la td  into appropriate pitch 



contours, 
Parmms. Here again, prmctuation is invaluable, The old 
rule "count one for a coma, two for a full  stope goes a long 
way, 

a rgcs ,  Even though morphemic analysis of text 
helps to detect stressed syllables, it does not completely 
solve the problem. The 'of couuse' phrase i n  the example 
above does not have a foot bomdary, a l ~ o u g h  "this of 
/course de/pends . . . "would k an acceptable rendering , 
B5~cBZameoams d%f E l c d t l e s  od ~eaaBmg, Dates, 
numerals {especially mmanl), abbreviations, t i t l e s ,  etc,,  a l l  
introduce peculiar practical problems, 

Surprise, novelty of words, novelty of ideas - these a l l  
affect speech, Clearly, a semantic andysis like that of 
W i l k s  (1975) is necessary - but certainly not suff icient - to 
resolve these difficulties, 
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Richard M. Young 

DESIGN aOICES FOR A WORLD-MODELLING SYSTEM 

Abstract. The problem of adequately s imu la t ing  an environment 
conta in ing  simultaneous ac t ions  and continuous processes  i s  
d i scussed ,  Two d i f f e r e n t  approaches a r e  o u t l i n e d  and compared 
on s i x  design i s s u e s .  It i s  argued t h a t  the s i x  choices  a r e  
n o t  independent ,  and t h a t  when t h e i r  mutual c o n s t r a i n t s  a r e  
taken i n t o  account t h e r e  a r e  only fou r  main f a m i l i e s  of world- 
modelling systems, d i f f e r i n g  p r imar i ly  on the  i s s u e s  of Units 
of SimuZation and Activation of Processes. The s t r e n g t h s  and 
weaknesses of t h e  d i f f e r e n t  designs a r e  explored.  

Keywords: World modelling, s imu la t ion ,  robot  p lanning ,  
cogn i t i ve  development, 

A few yea r s  ago Bendrix (1973) publ ished a  paper desc r ib ing  
the s imula t ion  of a  robot  \ world conta in ing  "simultaneous 
ac t ions  and continuous processes"",  H e n d r i x h  work was done 
i n  recogt l i t ion of the  f a c t  t h a t  although many A r t i f i c i a l  
I n t e l l i g e n c e  programs involve  the  s imula t ion  of a  s imple world 

11 - e.g,  robot  p l ann ing 'h rog rams ,  o r  Winograd's (1972) well-  
known "blocks world" - most of t hese  worlds a r e  t o t a l l y  pas s ive  
and do noth ing  bu t  respond t o  t he  ope ra to r s  t he  robot  app l i e s  
t o  them, They Lack two c r u c i a l  p r o p e r t i e s  of t h e  r e a l  world,  

(a) s imu l t ane i ty :  t he  f a c t  t h a t  s e v e r a l  th ings  may be 
going on a t  once; 

(b) autonomy: the  f a c t  t h a t  the  world does n o t  n e c e s s a r i l y  
remain quiescent  a t  times when the  robot  i s  no t  a c t i n g  
upon i t ,  and t h a t  th ings  can happen wi thout  t h e  robot  
having caused o r  intended them. 

Hendrix proposed, t h e r e f o r e ,  a  system which included the  
a b i l i t y  t o  model growing f lowers ,  running s t reams and a  sun 
which wanders gradual ly  across  the  heavensvfs  Independent ly,  I 
had been proceeding w i t h  the  implementation of a  program t o  
r ep re sen t  a toy '"locks world" t o  s e r v e  as  an environment f o r  
s tudying  cogn i t i ve  development i n  young ch i ld ren  (Young 1974, 
19761, I n t e r e s t i n g l y  enough, on same i s s u e s  t hese  two systems 
adopt p o s i t i o n s  as  d i f f e r e n t  as  can reasonably be imagined, y e t  
i t  i s  f a r  from obvious t h a t  one system i s  uniformly b e t t e r  than 
t h e  o t h e r .  The c o n t r a s t  between them has proved inva luab le  
f o r  c l a r i f y i n g  the  p o s s i b l e  opt ions  i n  t h e  design of a  "world 



model", and i t  i s  t o  t h i s  t o p i c  t h a t  t h e  p r e s e n t  paper  i s  
addressed .  

We b e g i n ,  t h e n ,  w i t h  a  b r i e f  d e s c r i p t i o n  of each system.  
Although f a i l i n g  t o  do complete j u s t i c e  t o  e i t h e r ,  t h i s  w i l l  
h o p e f u l l y  h i g h l i g h t  t h e  f e a t u r e s  of t h e  sys tems most r e l e v a n t  
t o  our  p r e s e n t  purpose .  A f t e r  t h a t  we w i l l  d i s c u s s  a  number 
of c r u c i a l  "des ign  i s s u z s "  - o r  dimensions of c h o i c e  - f o r  
world  mode l l ing  programs, i l l u s t r a t i n g  t h e i r  s i g n i f i c a n c e  by 
r e f e r e n c e  t o  t h e  two sys tems ,  N e i t h e r  o f  t h e s e  sys tems has  a  
name, s o  they  w i l l  be  r e f e r r e d  t o  h e r e  s imply a s  HS and YS, f o r  
Nendr ix ' s  sys tem and Young's sys tem r e s p e c t i v e l y .  It shou ld  
be  s t r e s s e d  t h a t  t h e i r  comparison i s  n o t  t o  be t a k e n  i n  a  p a r t -  
i s a n  s p i r i t .  Rather  than  r e g a r d i n g  t h e  two systems as  r i v a l s ,  
i t  shou ld  b e  r e a l i s e d  t h a t  i t  i s  t h e i r  ve ry  d i f f e r e n c e s  which 
makes them u s e f u l  f o r  u n d e r s t a n d i n g  t h e  d e s i g n  of world- 
mode l l ing  programs. 

THE TWO SYSTEMS 

WS i s  d e r i v e d  from i d e a s  i n  t h e  S t a n f o r d  r o b o t  p l a n n i n g  program 
STRIPS (F ikes  and N i l s s o n  l 9 7 1 ) ,  and many of i t s  f e a t u r e s  s h a r e  
t h e  same s p i r i t ,  Most i m p o r t a n t l y ,  a l l  i n f o r m a t i o n  about  t h e  
c u r r e n t  s t a t e  of t h e  wor ld  i s  r e p r e s e n t e d  by asser t ions ,  o r  
f a c t s ,  and t h e  modelled wor ld  i s  a l t e r e d  by t h e  a p p l i c a t i o n  of 
o p e r a t o r s  ( h e r e  c a l l e d  SCENARIOS) which d e l e t e  o l d  i n f o r m a t i o n  
and add new, The u n i t s  i n  which t h e  s i m u l a t i o n  i s  s t r u c t u r e d  
cor respond  t o  events o r  a c t i v i t i e s  i n  t h e  s i m u l a t e d  wor ld  - 
such a s  an a la rm c lock  b e i n g  s e t ,  t h e  c lock  r i n g i n g ,  a  b u c k e t  
b e i n g  f i l l e d  w i t h  w a t e r ,  o r  a  r o b o t  moving a c r o s s  t h e  f l o o r .  

For  example, t h e  s c e n a r i o  f o r  s e t t i n g  a n  a l a r m  c l o c k  t o r i n g  
a t  a  g iven  t ime ,  C s  t ime,  i s  c a l l e d  SETALARM(Cs t i m e ) ,  I n i t i a -  
t i n g  t h e  p r o c e s s  SETALARM(7,30 am) r e s u l t s  i n  d e l e t i n g  t h e  f a c t  
(ALARM OFF) and add ing  t h e  new f a c t  (ALAM SET 7.30 am) . The 
a c t u a l  (s imulated!)  r i n g i n g  i s  t h e  r e s p o n s i b i l i t y  of a  d i f f e r -  
e n t  s c e n a r i o ,  SOUNDUARM, which i s  a c t i v a t e d  when t h e  s i m u l a t e d  
c lock  t ime reaches  t h e  t ime  t h e  a l a r m  was s e t  f o r ,  7.30 am. 
When run ,  i t  d e l e t e s  t h e  f a c t  (ALARM SET ...) and adds (ALAW 
R I N G I N G ) ,  The l a t t e r  f a c t  c o n t i n u e s  t o  h o l d  u n t i l  y e t  a t h i r d  
s c e n a r i o ,  OFFALAM, i s  used t o  d e l e t e  i t  and t o  r e s t o r e  (ALAREI 
OFF), 

I n f o r m a t i o n  t h a t  changes c o n t i n u o u s l y  w i t h  t ime i s  r e p r e s -  
enlled by an a s s e r t i o n  c o n t a i n i n g  t ime-dependent v a r i a b l e s  , The 
s c e n a r i o  f o r  FILLBUCKET, f o r  i n s t a n c e ,  adds a n  a s s e r t i o n  
(CONTENT BUCKET Yeontent)  and c o n t a i n s  a  s imple  e q u a t i o n  f o r  
c a l c ~ a l a t i n g  Ycontent  from the  c u r r e n t  t ime  and t h e  r a t e  o f  
f i l l i n g ,  I n t e r a c t i o n s  between s c e n a r i o s  - and hence most of 
t h e  i n t e r e s t i n g  behav iour  i n  t h e  sys tem - a r e  mediated by a  
moni tor  which d e t e c t s  when t h e  c o n d i t i o n s  f o r  a c t i v a t i n g  o r  
t e r m i n a t i n g  a s c e n a r i o  a r e  s a t i s f i e d ,  The job of t h e  moni to r  
i s  r e p e a t e d l y  to : -  



(a)  check t h e  continuance condi t ions  of a l l  a c t i v a t e d  
processes  and the  i n i t i a t i o n  condi t ions  of a l l  
p o t e n t i a l  ones,  i n  o rde r  t o  f i n d  the  e a r l i e s t  time 
when some change i s  due t o  t ake  p l a c e ;  

(b) advance t h e  system clock t o  t h a t  e a r l i e s t  t ime; and 
( c )  make t h e  app ropr i a t e  change. 

PS i s  aimed a t  s imu la t ing  a  toy world where t h e  b locks  obey 
a  s i m p l i f i e d  physics  - f o r  example, they  always remain v e r t i c a l  
so  one block can be supported by another  even i f  they over lap  
only f r a c t i o n a l l y .  I n  c o n t r a s t  t o  HS, YS draws i t s  i n s p i r a t -  
ion  from the  ideas  i n  t he  p r o g r a m i n g  language SIMJLA (Bi r t -  
w i s  t l e ,  Dahl, Myhrhaug and Nygaard 1973) . The s imu la t ion  is  
s t r u c t u r e d  as  a c o l l e c t i o n  of i n t e r a c t i n g  co- rout ines ,  each 
corresponding t o  an object i n  t h e  s imula ted  world: a  b lock ,  
t he  c h i l d ' s  hand, and s o  on. Information about t h e  c u r r e n t  
s t a t e  of t he  world i s  h e l d  by the  r o u t i n e  corresponding t o  t h e  
o b j e c t  f o r  which i t  i s  most r e l e v a n t .  

I n  t h e  case of t h e  alarm clock US would use j u s t  a  s i n g l e  
r o u t i n e ,  c a l l e d  ALARM, t o  s t o r e  informat ion  about t he  s t a t u s  
of t h e  alarm (OFF, SET o r  RINGING) and t h e  t ime i t  was s e t  f o r ,  
The alarm i s  s e t  by a  request t o  t he  r o u t i n e ,  ALARM (SET 7.30 am), 
and would eventua l ly  be turned  o f f  by a  r eques t  of t h e  form 
ALARM (OFF). The r o u t i n e  i t s e l f  has t he  r e s p o n s i b i l i t y  f o r  
s ee ing  t h a t  t he  alarm "r ings" a t  "7* 30f9* 

As a l ready  i n d i c a t e d ,  a c t i v i t y  i n  PS i s  t r i g g e r e d  by messages 
passed from one rou t ine  t o  another .  I f  t h e  b e l l  of t h e  alarm 
were t o  be modelled by a  s e p a r a t e  r o u t i n e ,  f o r  example, i t w o u l d  
be t o l d  t o  r i n g  - BELL (START) - by ALARM a t  the  app ropr i a t e  
time. Time-varying q u a n t i t i e s  p re sen t  no s p e c i a l  problems, 
s i n c e  t h e  r o u t i n e  can do whatever i s  needed t o  compute t h e  
va lue  whenever i t  i s  asked f o r ,  I n  a  s imple case l i k e  ALARM, 
t h e  c u r r e n t  s t a t e  i s  presumably he ld  i n  a  v a r i a b l e  l o c a l  t o  the  
rou t ine .  I n  a  more complicated case ,  such as  t h e  p o s i t i o n  of 
a b lock  f a l l i n g  under g r a v i t y ,  an a r b i t r a r y  computation can be  
invoked t o  determine the  answer. US ,  un l ike  NS, i s  w i l l i n g  
t o  use ilzeremental simuZation t o  model dynamic a spec t s  of t he  
world. I n  o t h e r  words, a  c e r t a i n  i n t e r v a l  A t  of s imula ted  
time i s  chosen f o r  t he  '"grain" of t he  system, and the  simula- 
t i o n  i s  advanced i n  d i s c r e t e  increments of A t .  The r o l e  of 
the  monitor i s  then very s imple ,  As i n  SIMULA, a  queue i s  
maintained of a c t i v e  rou t ines  ordered by the  times a t  which 
each i s  t o  be  resumed, A l l  t he  monitor has  t o  do i s  t o  
remove t h e  f i r s t  r o u t i n e  from t h e  queue, advance system time 
t o  i t s  a s soc i a t ed  resumption t ime,  and then r e - a c t i v a t e  the  
r o u t i n e ,  



GOmAF,ISON OF THE TVO SYSTEMS 

F i g u r e  1 sumxarises  s i x  d i f f e r e n c e s  between t h e  two systems.  
Most of t h e s e  p o i n t s  have been  mentioned i n  t h e  d e s c r i p t i o n s  
j u s t  g i v e n ,  b u t  they  a r e  n o t  whol ly  independen t  and o u r  
i n t e n t i o n  now i s  t o  e x p l o r e  t h e i r  r e l a t i o n s h i p s  and mutual  
c o n s t r a i n t s .  

Motivation may seem l i k e  a  s t r a n g e  s t a r t i n g  p o i n t ,  b u t  i n  
f a c t  i t  i s  c e n t r a l  t o  t h e  d e s i g n  of HS and i s  what makes HS 
hang t o g e t h e r  as  a  coheren t  sys tem,  S i n c e  HS i s  i n t e n d e d  
f o r  use  i n  a  r o b o t  p l a n n i n g  program, m a t t e r s  a r e  s i m p l i f i e d  
i f  t h e  wor ld -s imula t ion  i s  e x p r e s s e d  i n  t h e  same terms as  
those  used by t h e  p l a n n i n g  p r o c e d u r e s "  The a c t i o n s  chosen 
by the  p l a n n e r  a r e  t h e n  guaran teed  t o  l e a d  t o  t h e i r  i n t e n d e d  
e f f e c t  i n  the  s i m u l a t e d  w o r l d ,  I t  pays t o  maximally 
confound t h e  s i m u l a t i o n  of t h e  world  w i t h  t h e  p l a n n i n g  f o r  
i t ,  and indeed  most r o b o t  p l a n n i n g  programs do n o t  even draw 
t h e  d i s t i n c t i o n ,  Given t h i s ,  and t h e  f a c t  t h a t  HS i s  
inkended f o r  a  STRIPS-like p l a n n e r  [ s i n g  a  s t a t e - s p a c e  
r e p r e s e n t a t i o n  (Ni l s son  19711, i t  f c l l o w s  t h a t  t h e  
s i m u l a t i o n  i t s e l f  w i l l  a l s o  have t o  be  i n  terms of s t a t e s  
and o p e r a t o r s ,  and t h e  d e s i g n  cho ices  of HS a r e  t h e r e b y  
determined,  The decisLon a b o ~ l t  Units of Simulation i s  
made, s i n c e  o p e r a t o r s  correspond t o  changes i n  t h e  s t a t e  
B E  t h e  w o r l d ,  i , e ,  t o  a e * _ i v i t i c s  a ~ d  e v e n t s ,  The 
Activation of Processes jc,  cletermined, s i n c e  t h e  o p e r a t o r s  
must have e x p l i c i t l y  s t a t e d  ?re-conc ' i t ions  and e f f e c t s  t o  
be  u s e f u l  f o r  p l a n n i n g ,  The Type cf Processes i s  
determined a s  a  (somewhat extended k i n d  o f )  o p e r a t o r .  
The State of the biorld has  t o  bz  a  g l o b a l l y  a c c e s s i b l e  s e t  
of faaccs, i n  o r d e r  t o  p r o v i d e  t h e  b a s i s  f o r  t h e  p l a n n i n g .  
Even :he t r e a t m e n t  of t h e  Simul,at?:on of Time is s u g g e s t e d  
btho~rqh n o t  a c t u a l l y  f i x e d )  hy t h e  i n t e n d e d  u s e ,  s i n c e  i t  
h e c q r n s  n a t u r a l  f o r  s i m u l a t e d  t ime t o  be  advanced from t h e  
moment o i  a p q l i c a t i o n  of one o g e r a t c r  i n  t h e  ~ l a n n i n g  s p a c e  
to the next, 



Figure  1: Dif ferences  between the  two systems 

HS - YS - 
Motiuation: Robot planning Cognit ive development 

Simulation of P r e d i c t  next  Increment a l  
Time P 11 s i g n i f i c a n t "  change 

Activation of I n i t i a t i n g  condi t ions  Messages between 
Processes ( e t c , )  checked by rou t ines  
(eke,) : moni t o r  

Type o f  SCENARIOS (extended ROUTINES ( i n t e r -  
Processes: ope ra to r s )  a c t i n g  co-rout ines)  

Units o f  Events ,  a c t i v i t i e s  Objects  
Simulation: 

S ta te  o f  the Asse r t iona l  database Information l o c a l  t o  
hrorld: rou t ines  

I n  the  case of Y S ,  t he se  c o n s t r a i n t s  a r e  a l l  missing.  The 
purpose of US i s  t o  a i d  i n  s tudying  t h e  developmental processes  
t h a t  enable  a c h i l d  t o  acqu i r e  new product ion r u l e s  (Young 
1974, l976) ,  The c h i l d  himself  has  access  t o  the  o u t s i d e  
world only by means of h i s  senses  - p a r t i c u l a r l y  touch and 
v i s i o n  - and i f  t he  psychological  model i s  t o  be  r i g h t ,  i t  too  
must respond only t o  t he  appearance of t h e  s imula ted  world. 
There i s  no need f o r  t h e  psychologica l  model t o  have access  t o  
the  mechanism of the  world model, s o  t h e r e  i s  no reason (on 
these  grounds) n o t  t o  w r i t e  '"arbitrary code" t o  r e p r e s e n t  the  
workings of t he  environment, As a r e s u l t ,  PS has more f ree-  
dom t o  choose a m n g  the  a v a i l a b l e  design opt ions .  However 
t h e r e  a r e  s t i l l  some c o n s t r a i n t s ,  and t h e i r  consequences a r e  
explored f u r t h e r  below. 

The dec i s ion  as  t o  how t h e  Simulation of  Time i s  handled i s  
important  i n  i t s  own r i g h t .  To be ab le  t o  t r e a t  t ime by 
advancing i t  t o  the  occurrence of t he  next  s i g n i f i c a n t  change, 
i t  has t o  be p o s s i b l e  t o  analyse t h e  world model s o  as  t o  be 
a b l e  t o  p r e d i c t  when t h i s  change w i l l  occur ,  From t h i s  need 
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again fol low the  design dec i s ions  t h a t  c h a r a c t e r i s e  HS. The 
Activation o f  Processes has t o  be done through e x p l i c i t l y  
s t a t e d  cond i t i ons ,  so  t h a t  t he  monitor can t e l l  where t h e  next  
change w i l l  occur .  The Sta te  o f  the World has  t o  be  i n  an 
a c c e s s i b l e  database t o  enable  t he  monitor t o  work ou t  when i t  
w i l l  occur ,  And s o  on, I n  a d d i t i o n  t o  a l l  t h i s ,  t h e  need 
t o  p r e d i c t  changes means t h a t  dynamic q u a n t i t i e s  a r e  r e s t r i c t e d  
t o  be ing  simple func t ions  of time. HS i s  intended t o  work 
mainly wi th  l i n e a r  r e l a t i o n s ,  though Hendrix does inc lude  one 
example of a  q u a d r a t i c  r e l a t i o n  r e s u l t i n g  from an uniform 
a c c e l e r a t i o n ,  Arb i t r a ry  func t ions  of time computed by 
a r b i t r a r y  code a r e  out  of t h e  ques t ion ,  Dynamic q u a n t i t i e s  
have t o  be represented  by eas i ly-so lved  equat ions .  

One sys temat ic  way of dfscover ing  a l l  t he  dependencies 
between the  design i s s u e s  of Figure l i s  t o  cons ider  them one 
a t  a  time and ask whether they cons t r a in  each of t h e  o t h e r  
i s s u e s .  For exanrple, suppose one were t o  implement Act iv i -  
ta t ion  o f  Processes by means of i n i t i a t i n g  condi t ions  checked 
by a  monitor ,  Does t h i s  a£  f e c t  t h e  Motivation ? Clear ly  not  
s i n c e  t h e  motivat ion i s  p r i o r  t o  ques t ions  of implementation. 
Does i t  a f f e c t  t he  Units o f  SimuZation ? Yes, because i t  i s  
only events  (and n o t  o b j e c t s )  t h a t  have '"initiating condi t ions" ,  
Does i t  a f f e c t  the  Type o f  Process ? No, t h a t  i s  an indepen- 
dent  i s s u e .  The Sta te  o f  the  World ? Yes, because t h e  
monitor must have access  t o  t he  cu r r en t  s i t u a t i o n .  The 
Simulation of Time ? Not n e c e s s a r i l y ,  b u t  the use of i n i t i a t i n g  
condi t ions  (and the  necessary  presence of a  monitor) makes i t  
n a t u r a l  t o  advance time t o  when the  nex t  cond i t i on  i s  t o  ho ld ,  

Proceeding i n  t h i s  way, i t  t m s  out  t h a t  when a l l  t h e  
in te rdependencies  a r e  explored t h e r e  remain only e leven  
d i f f e r e n t  ways of making a  cons is  t e n t  s e t  of choices .  Even 
of t hese ,  some cases  a r e  b a r e l y  worth d i s t i n g u i s h i n g .  Consider 
the  ques t ion  of State  of  the World, f o r  example. Even when 
one has a  f r e e  choice,  whether one uses  a  p u b l i c  da tabase  o r  
p r i v a t e  information ha rd ly  seems an important  dec i s ion  i n  i t s  
own r i g h t ,  Disregarding these  minor v a r i a t i o n s  t h e r e  a r e  j u s t  
four  main ' y a m i l i e s ' b o f  world modelling systems: 

(a)  I f  t h e  Motivation i s  f o r  p lanning ,  o r  i f  t h e  SirnuZation 
o f  Time i s  t o  be handled p r e d i c t i v e l y ,  t he  one i s  l ed  
t o  a system s i m i l a r  t o  NS, 

(b) Otherwise one has a  choice of Units  o f  Simulation, 
CZzoosing an objec t -centered  r e p r e s e n t a t i o n  l eads  t o  
a  system l i k e  YS, 

(c) I f  an ac t iv i ty-based  system i s  chosen, t h e r e  i s  s t i l l  
a  choice about t h e  Activation of  Processes: e i t h e r  
by e x p l i c i t ,  monitored cond i t i ons ,  as  i n  HS, 

(d) o r  d i r e c t l y  by in t e r -p roces s  communication, as  i n  US, 

What a r e  t h e  s t r e n g t h s  and weaknesses of  each of t hese  des igns?  



PROS AND CONS 

The d i scuss ion  w i l l  be  c l a r i f i e d i f w e  f i r s t  d i s t i n g u i s h  between 
two d i f f e r e n t  aspec ts  of t he  problem of s imu la t ion ,  which we 
can c a l l  t h e  "geometrical" aspec t  and t h e  "causal" aspec t .  
Consider the problem of s imu la t ing  t h e  behaviour  of a  number 
of b i l l i a r d  b a l l s  a l l  moving around bumping i n t o  each o t h e r  
and the  w a l l s  of t he  b i l l i a r d s  t a b l e ,  From a l o g i c a l  o r  
eausaZ p o i n t  of view t h e r e  i s  no d i f f i c u l t y  i n  s ee ing  what i s  
going t o  happen, Each b a l l  cont inues moving uniformly u n t i l  
i t  c o l l i d e s  e i t h e r  w i t h  another  b a l l  o r  wi th  the  t a b l e ,  a f t e r  
which i t  moves of f  again wi th  a  new v e l o c i t y  towards i t s  next  
c o l l i s i o n  . . . . The d i f f i c u l t y  w i th  t h i s  problem l i e s  pure ly  
i n  t h e  geometr ica l  aspec t  of a c t u a l l y  c a l c u l a t i n g  which b a l l s  
a r e  going t o  c o l l i d e ,  where, and when. Consider next  a  
problem i n  which a robot  i s  s t and ing  n e a r  a  b lock  A ,  which i s  
touching another  block B ,  which i n  t u r n  i s  touching an 
i m o v e a b l e  w a l l ,  The robot  t r i e s  t o  move A one inch  i n  t h e  
d i r e c t i o n  of t h e  w a l l ,  I n  t h i s  case  t h e r e  i s  no problem w i t h  
t h e  geometry of t h e  s i t u a t i o n :  i f  A were f r e e  t o  move i t  would 
simply s h i f t  one inch  towards t h e  w a l l ,  The d i f f i c u l t y  i n  
modelling t h e  s i t u a t i o n  c o r r e c t l y  l i e s  i n  t he  problem of 
r ep re sen t ing  the  causa l  cha in  i n d i c a t i n g  t h a t  i f  A i s  t o  move 
i t  w i l l  have t o  push B ,  and i f  B i s  t o  move i t  w i l l  have t o  
budge t h e  w a l l ,  bu t  the  w a l l  can ' t  move, t h e r e f o r e  n e i t h e r  can 
B ,  t h e r e f o r e  n e i t h e r  can A .... 

One of t he  d i f f i c u l t i e s  w i t h  us ing  a  system l i k e  HS i s  t h a t  
i f  t h e  monitor i s  t o  be kept  reasonably s imple,  then  a l l  
information has t o  be represented  and handled i n  the  system i n  
a  uniform way, This  means i n  p a r t i c u l a r  t h a t  t he  geometr ical  
and t h e  causa l  aspec ts  of t h e  problem have t o  be d e a l t  wi th  by 
the  same techniques ,  and t h i s  can be very d i f f i c u l t .  Within 
t h e  framework of YS, on t h e  o t h e r  hand, t h e r e  i s  no problem i n  
mixing d i f f e r e n t  techniques.  With regard  t o  Activation of 
Processes ,  f o r  example, although processes  i n  YS a r e  normally 
a c t i v a t e d  d i r e c t l y  by o t h e r  processes ,  t h e r e  i s  always the  
opt ion  of us ing  t h e  scheduler  i n s t e a d .  The c a l l  ALARM (SET 
7.30 am) d iscussed  e a r l i e r  would simply r e s u l t  i n  t he  ALARM 
r o u t i n e  scheduling i t s e l f  t o  be resumed a t  7.30. S i m i l a r l y ,  
wi th  regard t o  Units of S imZa t ion , rou t ines  a r e  u sua l ly  chosen 
t o  r ep re sen t  ob jec t s  r a t h e r  than a c t i v i t i e s .  But cons ider  
t h e  problem of s imu la t ing  the n o i s e  made by two b locks  s l i d i n g  
aga ins t  each o t h e r ,  There a r e  s e v e r a l  ways t o  handle t h i s  i n  
YS, b u t  the  b e s t  i s  f o r  t h e  b locks ,  when they f i r s t  make 
c o n t a c t ,  t o  s e t  up a  "noise p r o c e s s ' h h i c h  t h e r e a f t e r  cont in-  
u a l l y  checks t h a t  the  blocks a r e  s t i l l  s l i d i n g .  If they a r e ,  
i t  produces i t s  "noise"'; and  hen they cease t o  b e , i t  goes 
o u t  of ex i s t ence ,  Once t h e  need f o r  uniformity has been 
removed, i t  becomes p o s s i b l e  t o  i n t roduce  some f l e x i b i l i t y  i n t o  
the  system, One way t o  take  advantage of t h i s  i s  by t h e  use 
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of "experts'" p i eces  of program which do n o t  themselves 
correspond t o  any e n t i t y  i n  the s imulated world,  b u t  which a r e  
good a t  so lv ing  p a r t i c u l a r  subproblems, such as  t he  geometr ical  
aspec ts  of t he  s imula t ion ,  I n  f a c t  i t  i s  an open ques t ion  
whether one can w r i t e  a  p r a c t i c a l  model without t h e  use of 
expe r t s  of var ious  k inds ,  I n  my s imula t ion  of a  blocks world, 
f o r  example, t h e r e  i s  a  " s p a t i a l  expert"  which knows about t he  
e n t i r e  s p a t i a l  l ayout :  where each block i s ,  i t s  s i z e ,  and so 
on. It i s  e f f i c i e n t  a t  t a sks  l i k e  dec id ing  whether o r  n o t  a 
p a r t i c u l a r  t r a j e c t o r y  of a  given block w i l l  c o l l i d e  wi th  any 
o the r  b locks ,  and the  expe r t  i s  f r equen t ly  consul ted  on such 
mat te rs  by the  i n d i v i d u a l  block rou t ines .  

A cons idera t ion  r e l a t e d  t o  the  Units of Simulation i s s u e  i s  
t h a t  a  dec is ion  t o  base the  s imula t ion  on t h e  d i f f e r e n t  kinds 
of a c t i v i t i e s  t h a t  occur i n  the  s imulated world involves  an 
open-ended commitment t o  a  l a r g e  number of d i f f e r e n t  process  
types ,  The problem i s  made worse i n  HS i t s e l f  by t h e  f a c t  
t h a t  a  v a r i a b l e  i n  HS may depend on a t  most one p roces s ,  This 
means t h a t  as  var ious  s i t u a t i o n s  involv ing  d i f f e r e n t  conj unc- 
t i ons  of a c t i v i t i e s  a r e  considered,  t h e  number of d i f f e r e n t  
s cena r ios  requi red  inc reases  combina tor ia l ly .  Consider the  
s i t u a t i o n  where a  bucket i s  be ing  f i l l e d  from a  t a p  and 
s imultaneously be ing  dra ined  by a  s iphon,  say.  There i s  no 
way i n  HS t o  model t h i s  by having two e x i s t i n g  s c e n a r i o s ,  
FILLBUCKET and DMINBUCKET , both a c t i v e  and somehow co- 
ope ra t ing  t o  keep t r a c k  of t h e  c o r r e c t  conten t ,  I n s t e a d ,  a  
new FILLANDDMNBUCKET scena r io  i s  needed. YS on t h e  o t h e r  
hand has no d i f f i c u l t y  h e r e ,  s i n c e  dur ing  each t ime i n t e r v a l  
t h e  bucket rou t ine  w i l l  be  t o l d  bo th  "Such-and-such amount of 
water  has been poured i n t o  you" and "So much water  has been 
removed from y o u H 4 n d  t h e  r e s u l t i n g  change i n  content  w i l l  
simply r e f l e c t  the  d i f f e r e n c e  between the two. 

This  i s  c e r t a i n l y  n o t  meant t o  suggest  t h a t  an objec t -  
centered approach encounters  no problems of a n a l y s i s .  On t h e  
con t r a ry ,  t h e  f a c t  t h a t  phys i ca l  o b j e c t s  can be decomposed i n  
d i f f e r e n t  ways and a t  d i f f e r e n t  l e v e l s  i s  w e l l  known, and poses 
cons iderable  l o g i c a l  and ph i lo soph ica l  puzzles .  But t h e  
approach does not  s u f f e r  from the same cornbinatorial  problem. 
For a  given purpose, a  s a t i s f a c t o r y  d i v i s i o n  i n t o  "objects"  i s  
u sua l ly  easy t o  f i n d ,  and leads t o  a  smal l  s e t  of d i f f e r e n t  
r o u t i n e s ,  The rea f t e r ,  t h e  ob jec t s  can be modelled i n t e r a c t i n g  
with each o t h e r  i n  novel combinations simply by running t h e i r  
r e spec t ive  r o u t i n e s ,  

I n  o r d e r  t o  complete t he  d i scuss ion ,  we need t o  in t roduce  
one f u r t h e r  no t ion ,  t h a t  of responsibi l i ty .  The i d e a  i s  b e s t  
expla ined  wi th  r e spec t  t o  YS, where a  rou t ine  R modelling a  
p a r t i c u l a r  e n t i t y  may c a l l  f o r  h e l p  on o t h e r  rou t ines  and 
var ious  e x p e r t s ,  and s o  on, b u t  R i t s e l f  r e t a i n s  t h e  respons- 
i b i l i t y  f o r  s ee ing  t h a t  t he  s imu la t ion  of t h a t  e n t i t y  i s  done 



c o r r e c t l y .  T h i s  i d e a  a l r e a d y  came up i n  an  e a r l i e r  example: 
even i f  t h e  BELL of  an  a l a r m  c lock  i s  modelled by a  s e p a r a t e  
r o u t i n e  from t h e  ALARM i t s e l f ,  i t  i s  c l e a r l y  s t i l l  t h e  
r e s p o n s i b i l i t y  of &ARM t o  t e l l  BELL when t o  r i n g .  

I n  a  sys tem l i k e  NS t h e  q u e s t i o n  of r e s p o n s i b i l i t y  can n e v e r  
a r i s e ,  s i n c e  i t  i s  i m p o s s i b l e  f o r  one p r o c e s s  t o  a c t i v a t e  
a n o t h e r  d i r e c t l y ,  and a22 r e s p o n s i b i l i t y  l i e s  w i t h  t h e  moni to r .  
Th i s  r a i s e s  a s  many problems a s  i t  s o l v e s ,  however, Consider  
t h e  s i t u a t i o n  t h a t  a r i s e s  when an o b j e c t  i s  moving because  i t  
i s  b e i n g  h e l d  by a moving r o b o t .  There  i s  no way i n  HS f o r  
t h e  p r o c e s s  r e p r e s e n t i n g  t h e  movement of t h e  r o b o t  t o  commun- 
i c a t e  d i r e c t l y  w i t h  t h e  p r o c e s s  r e p r e s e n t i n g  t h e  movement of 
t h e  o b j e c t ,  I n s t e a d  one h a s  t o  add enough a s s e r t i o n s  about  
what i s  moving and about  what i s  h o l d i n g  what t h a t  t h e  moni to r ,  
by runn ing  t h e  two independent p r o c e s s e s ,  can manage t o  keep 
t h e  o b j e c t  and t h e  r o b o t  i n  s t e p ,  R e s p o n s i b i l i t y  h a s  been 
d i f f u s e d  i n s t e a d  of b e i n g  c o n c e n t r a t e d  on,  s a y ,  t h e  r o b o t .  
I n  US t h e  s i t u a t i o n  i s  hand led  q u i t e  d i f f e r e n t l y ,  Whenever 
an o b j e c t  i s  g rasped ,  t h e  o b j e c t ' s  r o u t i n e  i s  t o l d  t h a t  i t  has 
been g r a s p e d ,  and by whom, T h e r e a f t e r ,  any q u e s t i o n s  about  
t h e  o b j e c t ' s  c u r r e n t  v e l o c i t y ,  o r  wha tever ,  a r e  s imply passed  
on t o  t h e  r o b o t  h o l d i n g  i t ,  

The q u e s t i o n  of r e s p o n s i b i l i t y  i s  i n t i m a t e l y  bound up w i t h  
t h e  problems t h a t  a r i s e  i n  t r y i n g  t o  cope w i t h  two o r  more 
d i f f e r e n t  a g e n t s ,  such  a s  r o b o t s ,  With US, h a v i n g  two agen t s  
l e a d s  t o  t h e  need t o  d e c i d e  r e s p o n s i b i l i t y  whenever t h e r e  i s  a  
c o n f l i c t  between them. But  once t h a t  i s  s e t t l e d ,  t h e  sys tem 
shou ld  h a n d l e  t h e  s i t u a t i o n  j u s t  a s  normal ,  The approach 
t a k e n  by HS, however, s u f f e r s  a  fundamental  d i f f i c u l t y .  As i t  
i s  p r e s e n t l y  s t r u c t u r e d  BS s imply  cannot  cope w i t h  two a g e n t s ,  
because  t h e  i n f e r e n c e s  t h a t  t h e  s c e n a r i o s  r e l y  on a r e  no l o n g e r  
v a l i d ,  The problem h e r e  i s  one known i n  A r t i f i c i a l  I n t e l l i -  
gence a s  t h e  ""qual i f ica t ion problem" ( e , g ,  EwIcCarthy and Hayes 
1969) .  The u s u a l  example i s  t h a t  a  c a r  can be  used as  t r a n s -  
p o r t  t o  t h e  a i r p o r t ,  unZess t h e  c a r  h a s  a  p u n c t u r e ,  o r  a  f l a t  
b a t t e r y ,  o r  t h e r e  i s  a  t r a f f i c  jam, e t c ,  .,, , t h e  p o i n t  b e i n g  
t h a t  i t  i s  i m p o s s i b l e  (and wrong-headed t o  t r y )  t o  t h i n k  before -  
hand o f  e v e r y t h i n g  t h a t  cou ld  p o s s i b l y  go wrong and t h e n  use  
t h e s e  t o  hedge t h e  o r i g i n a l  assumption w i t h  q u a l i f i c a t i o n s .  
I n  t h e  c a s e  o f  HS, t h e  cor responding  need would b e  t o  q u a l i f y  
a l l  i n f e r e n c e s  by a  c l a u s e  t o  t h e  e f f e c t  of "', ,, prov ided  t h a t  
no o t h e r  agen t  has  dec ided  d i f f e r e n t l y " ?  b u m t h i s  i s  no 
s o l u t i o n ,  

F i n a l l y ,  l e t  us r e t u r n  f o r  a  moment t o  t h e  FILLBUCKET 
s i t u a t i o n ,  Suppose t h e  b u c k e t  i s  under t h e  t a p  and f i l l i n g  
n i c e l y  when someone comes a l o n g  and i n t e r p o s e s  a  d e f l e c t o r  
between t h e  t a p  and t h e  b u c k e t ,  s o  t h a t  t h e  w a t e r  f a l l s  on t h e  
ground and runs  t o  w a s t e ,  HS i s  unab le  t o  model t h i s  s i t u a -  
t i o n  c o r r e c t l y  ( o t h e r  t h a n  by an ad hoc ATTEmT-FILLBUGKET-WITH- 



INTERPOSED-DEFLECTOR scena r io )  b a s i c a l l y  because i t  i s  no-one' s 
responsibiz i ty  t o  t e l l  t he  FILLBUCKET process  t h a t  i n t e r p o s i n g  
t h e  d e f l e c t o r  means t h a t  the  bucket w i l l  s t o p  f i l l i n g .  The 
only way HS could cope wi th  t h i s  would be f o r  t h e  condi t ions  of 
t he  FILLBUCKET scena r io  t o  inc lude  t h e  q u a l i f i c a t i o n  ' \.. and 
provided t h a t  no d e f l e c t o r  i s  i n t e rposed  ...", which we have 
j u s t  seen  i s  unreasonable.  The' s i t u a t i o n  would obviously be 
hard f o r  YS t o  handle,  a l s o .  But t he  d i f f i c u l t y  t h e r e  i s  
mainly the  geometr ical  one: working o u t  t h a t  the  d e f l e c t o r  
w i l l  i n t e r r u p t  t h e  s t ream of water  and cause i t  t o  miss t he  
bucket ,  The chain of r e s p o n s i b i l i t y  on the  o t h e r  hand - from 
d e f l e c t o r  rou t ine  t o  wa te r - j e t  r o u t i n e  t o  bucket r o u t i n e  - is 
q u i t e  c l e a r .  

CONCLUS I O N  

Where does t h i s  d i scuss ion  l eave  us?  Evident ly  t h e  problems 
of w r i t i n g  a good world-modelling program a r e  f a r  from under- 
s tood ,  and both the  systems descr ibed  h e r e  have seve re  l i m i t -  
a t i o n s .  One poin t  t h a t  emerges w i t h  c l a r i t y  however i s  t h a t  
t he re  i s  a fundamental choice between f l e x i b i l i t y  on t h e  one 
hand and aptness for planning on t h e  o t h e r .  I f  t h e  world 
m d e l  i s  intended t o  s e rve  as  t h e  b a s i s  f o r  r a t i o n a l  planntng 
i n  a s t a t e - space ,  I t  w i l l  have t o  s h a r e  many of the  f e a t u r e s  
of Hendrix 's  system, But otherwise t h e  system can probably 
b e n e f i t  by tak ing  advantage of t h e  f l e x i b i l i t y  o f f e r e d  by t h e  
a l t e r n a t i v e  design op t ions .  
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