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Cyril Brom, Tomáš Holan, Daniel Balaš, Adam Abonyi, Vı́t Šisler and Leo Galamboš
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Introduction to the AISBJ Special Issue on
Artificial Intelligence Narrative and Games

Sandy Louchart and Judy Robertson

School of Mathematical and Computer Sciences, Heriot-Watt University
Riccarton, Edinburgh EH14 4AS, Scotland

Sandy@macs.hw.ac.uk ; Judy@macs.hw.ac.uk

Stories play an essential role in our communication, education and development strate-
gies. Roland Barthes once described them as innumerable; communicated by many
means, present in many forms and in any time, period, place, society or class. He defined
them as Universal, International, trans-historic and cross-cultural. Interactive Storytelling
(IS) proposes to add an extra dimension to traditional storytelling and alter the static na-
ture of stories. As a concept, it has proved to be a remarkable ground for theoretical and
technical research and its ability to both unite and divide researchers and communities is
proof of its significance. While it first originated within Artificial Intelligence (AI) and
computer sciences, it is now home to a wide range of exciting multi-disciplinary research
and draws inspiration from other disciplines such as linguistics, speech, traditional arts
and media, video-gaming, emotion modeling, education and learning, performance arts
and digital media. As a research domain, IS has experienced a remarkable growth over
the last decade and offered a truly inter-disciplinary discussion forum. It combines pas-
sion and technological development and researchers in the field share genuine interests
in narratives. The chances are that if you are reading these lines, amongst the various
diverging and concurring opinions; it is likely that you probably have yours and feel quite
strongly about them!

In recent times, IS researchers have turned some of their attention towards video
games as games are increasingly regarded as the potential medium for the fulfillment
of their visions. After all, the rapprochement between IS and games is somewhat logical
as both share similar challenges in merging interactivity and narratives. It is also likely
that the dream game title in the heads of creative directors and game designers is in-line
with what IS researchers had in mind for some times. The forms and contents might
vary, but it is likely that the nature of the experience shares the IS raison d’tre. While
the possibilities and potential aspects of Interactive Storytelling are many, the underly-
ing functional requirements are on another hand limited to a set of complicated and vast
challenges. Amongst these, believable and autonomous synthetic characters along with
plot/story articulation stand as the fundamental elements and basis for any interactive
storytelling approach.

In this special issue, we selected articles that covered these theme so as to provide the
reader with an general understanding of the issues and challenges that faces Interactive
Storytelling and Video Games. Shearer et al offer us with an in-depth review and analysis
of non-verbal behaviour for believable synthetic characters. In their paper, they take on the
task of describing non-verbal behaviour through the analysis of both agents and gestures
within the context of video gaming (i.e. Half -Life). Malfaz et al focus on the autonomy
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of agents and synthetic characters through the development of an experimental platform
for testing decision-making. in their article they investigate a decision-making system for
self-motivated autonomous agents via MUDs (Multi-User Dungeons) games. Gillies et
al introduce the Demeanour system and provide an in-depth review of the relationships
and interactions of multiple characters in interactive narratives. The article focuses on the
interactions between characters and how their behaviours (i.e. gaze) can serve narrative
needs. Finally, Brom et al cover plot representation through a thorough and detailed
description of Petri-Nets and how can these be used in order to represent Story plots in
Serious Games.

The exciting research presented in this special issue only represents a fraction of the
difficulties and challenges standing before us on our way to a truly immersive interactive
narrative. However, these selected papers cover most of the basis upon which future
systems will be built. The Interactive Storytelling field is in constant evolution and with
increasing involvement from the video game industry, one can hope the the dream game
or dream interactive narrative is closer than one might think.

We sincerely hope you enjoy reading this special issue,

Sandy Louchart and Judy Robertson
School of Mathematical and Computer Sciences, Heriot-Watt University

http://www.aisb.org.uk
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Non-Verbal Behaviour for Believable
Synthetic Agents

John Shearer∗, Philip Heslop∗, Patrick Olivier∗ and Marco De Boni†

∗ Newcastle University, Newcastle upon Tyne, NE1 7RU, United Kingdom,
john.shearer@ncl.ac.uk ; philip.heslop@ncl.ac.uk ; p.l.olivier@ncl.ac.uk

† Unilever Corporate Research, Unilever R&D Colworth, Sharnbrook, Bedford,
MK44 1LQ, United Kingdom, marco.de-boni@unilever.com

Abstract

Realism for synthetic characters, both in computer games and conversational agent
mediated applications, requires both visual and behavioural fidelity. One significant
area of synthetic character behaviour, that has to date received little attention, is non-
verbal behaviour. In identifying the scope and participants of non-verbal behaviour
in computer games we first review the range of spatial and task scenarios that are
relevant. We then select the principal categories of non-verbal behaviour: proxemics,
gaze, gesture, self-adaptors and passive communication – summarising their role in
communication and propose their incorporation in the design of non-player charac-
ters. In conclusion we review the question of how to capture the non-verbal behaviour
of players or provide them with interaction techniques that might facilitate non-verbal
communication with players and non-player characters alike.
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Synthetic Agents

1 Introduction
Perhaps the most significant current challenge for synthetic agents in games is the inte-
gration of narrative and intelligent character behaviour with a view to further enhancing
user engagement. The development of non-player characters has primarily focussed on
high-level coordination of non-player character physical behaviours (typically through the
characterisation of state space) and little attention has been paid to low level interactions
between characters (both non-player characters and player characters) such as different
forms of verbal and non-verbal behaviour.

Realistic interaction between characters is a challenging problem. In simple terms it
requires non-player characters to have sophistication in their beliefs, desires, and inten-
tions equivalent to the expectations that a player might have of a real character (within
the narrow domain of the game). Although, one should keep in mind the possibility of
an ’uncanny valley’ (Mori, 1970) – that, as characters become more human-like, with
a positive emotional response from a human, there becomes a point where the response
suddenly becomes strongly negative – the character is almost human, but seems unusual
or strange – something is perceived as being not quite right. This is clearly contrary to the
desired effect.

Crucially, non-player characters must also have beliefs as to the beliefs, desire and
intentions of other characters, and therefore require some ability to monitor the activity
of other characters for intentional behaviour. This then allows for communication (the
intentional influence of other’s beliefs). This requires a non-player character to distin-
guish between behaviour that is, and is not, intentionally influencing another’s beliefs,
as many behaviours are interpreted differently depending on the context. For example,
opening a door can be an action (enabling continuation of a route) and communication
(showing another person respect). Humans (and many higher mammals) are extremely
good at separating basic actions from actions intended to communicate (as a conscious
act or otherwise), and, in the course of social interactions, people constantly analyse each
other’s behaviour (e.g. speaking, moving, gesturing, touching) to understand their (the
other’s) beliefs, desires and intentions. It has been shown that people also do the same
for artificial entities (Reeves and Nass, 1996). That is, people have a tendency to attribute
intention to all things they interact with, even if those objects have no possible mechanism
from which intention might derive (according to our present scientific understanding of
the world), for example, shouting at a household object if it is not working correctly, as
if the object intended to go wrong. Inevitably, players ascribe intention (often very com-
plex intention) to non-player characters even when the non-player character’s behaviour,
and/or the underlying control architecture, is very limited.

Non-player characters in present-day games often incorporate a restricted notion of
desire and intention, but have no significant ability to perceive the desires and intentions
of other characters (and thereby infer their beliefs and other aspects of internal state).
Thus, intention is usually exhibited through direct action – in a first person shooter non-
player characters display their intention to frag (kill) a character simply by shooting at
that character. Indeed, in games where the role of non-player characters is not so clearly
defined, players quickly habituate to repetitive behaviour as this ”supporting cast” mills
around according to simple rules or scripts.

A discussion of the development of interactions in all areas of games is beyond the
scope of our analysis. Instead, we address communication between characters, specifi-
cally non-verbal communication through gesture, facial expression, eye gaze and other
bodily movement. That is, we address non-verbal interactions between characters that are
not direct actions (i.e. not actions such as attacking). Most games portray the intentional-

http://www.aisb.org.uk
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ity and personality of characters with cut-scenes – scenes inserted, pausing game-play, at
various points of the game – with fully animated characters using non-verbal and verbal
behaviour in an attempt to provide an engaging narrative for a game. In contrast, during
actual game-play a character’s behaviour is much simpler, and very little intentionality is
usually displayed.

The advent of high performance 3D graphics hardware and software, and high quality
audio has given rise to the use of geometrically detailed, skeletally animated characters,
that exhibit some non-verbal behaviour. For example, Half-Life 2 (Valve, 2004) makes ex-
tensive use of non-verbal behaviour in non-player characters, to the extent that player en-
gagement and narrative development can occur effectively without the use of cut-scenes.
Non-player characters attempt to talk with the player and when engaged in talking to a
player character they will: move around to maintain eye contact during the conversa-
tion; respond to the players actions; and show expressions and gestures appropriate to the
game-play.

While the characters within Half-Life 2 appear to have desires, personality and inten-
tions, their actual behaviour is, in fact, highly scripted. Most non-player characters have
only a relatively small set of simple behaviours and a number of complex scripts that
occur only once or twice. These complex behaviours replace the traditional cut-scene,
but without the need to break game-play. However, the integrity of the non-verbal be-
haviour relies on the skill of the artists in coordinating the non-player character’s action
with the game-play and the non-player character’s speech. This can clearly be seen when
observing non-player characters’ interactions with each other. Aside from pre-scripted
cut scenes, non-player characters do not interact with each other, other than to avoid col-
lision. Even then, they still walk on paths that lead to collision, but evade each other at
the last moment (sometimes accompanied with a sound effect along the lines of ’watch
where you are going’). Indeed, following an individual non-player character through the
environment reveals that they are predominantly on pre-fixed paths that simply enter the
environment at one point and walk off at another. Some of the inhabitants even walk in a
constant looping path around the environment.

Similar behaviour is exhibited in other games, such as Grand Theft Auto 3 (Rockstar,
2002). Although more densely populated, the non-player characters exhibit similarly
aimless behaviour, reacting only to certain events (such as explosions or being attacked)
but otherwise wandering through the environment with no apparent destination. There
are games in which the behaviour of non-player characters is more sophisticated, such as
The Sims (Maxis, 2000), where the characters fall half-way between being user controlled
and AI controlled. The characters converse with each other and utilise objects in their
environment. Though, even in this case the characters exhibit only the desire to satiate
certain undesirable internal states, such as hunger and tiredness, by using the objects
and characters around them. They have no longer term and more complex goals, and
the conversations between characters do not actually convey any specific information but
rather the act of conversation itself satisfies some current short-term need; the characters
can obtain the same effect by using an object in the environment, such as reading a book
or listening to the radio. In practice the scope of application of non-verbal behaviour
extends far beyond the replacement of the cut-scene and in the next section we consider
the applicability to games of the relevant spatial and task contexts over which non-verbal
behaviour is known to be utilised in humans.

http://www.aisb.org.uk
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2 Spatial and Task Context
Communication can be considered to occur in four different task contexts: cooperation,
coaction, competition and conversation (Knapp and Daly, 2002). In other words, com-
munication occurs in order for some number of parties to: perform a task together (co-
operation), to exist in the same vicinity (coaction), to perform a task at the expense of
another (competition), and to entertain or pass on information (conversation). Commu-
nication varies across these different contexts and also with the physical proximity of
the communicating parties. As already described, non-verbal behaviour provides infor-
mation as to the beliefs, desires, and intentions of a character, or alternatively it can be
considered as providing indicators as to another character’s cognitive, emotional, phys-
ical, intentional, attentional, perceptual, interactional and social status. A set of distinct
but common communication situations (spatial and task contexts) for computer games is
illustrated in Figures 1-6 using screenshots from Half-Life 2.

Figure 7 maps out the range of spatial and task context for these examples. Syn-
thesizing non-verbal behaviour for conversational partners at close physical proximity is
particularly difficult, due to the full movement of a character (both body and face) be-
ing visible in detail to the player. Furthermore, people are highly attuned to interactions
in intimate, personal, and social spaces and are sensitive to many subtle cues and nu-
ances in non-verbal behaviour. Thus, at close proximity players are very aware of errors,
unrealistic, or unnatural behaviour in non-player character. At further distances less de-
tail of a character’s movement is apparent. Moreover, there is a significant transition in
non-verbal behaviour from situations where intimate verbal communication is possible to
those where it is not. The sensitivity of non-verbal behaviour to proximity is due to a
number of factors, including the more public nature of non-verbal gesture in open spaces,
and the requirement on particular physical behaviour to carry the full communicational
load (e.g. subtleties in gaze and facial expression are not visible at a distance).

Figure 1 shows an example of cooperation in intimate space. The male character
demonstrates his attentional state – that he is attending to the female character – with
his body orientation, face orientation, and gaze direction. Of course, people are rarely
static, but different non-verbal channels (e.g. face orientation, body orientation, gaze
direction, body position) are closely coordinated in demonstrating attention. Thus, the
male character could look away but still communicate his attention sufficiently through
his posture and pose. In an interaction between unfamiliar participants, however, strong
or constant facing or looking at a person is widely considered an aggressive signal. It is
considered rude, or at least off-putting (Knapp and Daly, 2002). Figure 1 also illustrates
non-verbal behaviour using facial expressions and kinaesthetic (touching) behaviour.

Figure 5 illustrates a situation at the other end of the spatial scale, cooperation at a dis-
tance between the player and a non-player character (in fact, navigation and negotiation, a
subset of cooperation). The non-player character shown and the player will collide if they
do not arrive at an agreement as to how to pass one another and communicate this – the
characters must cooperate through the use of non-verbal behaviour to resolve a potential
conflict. In the real world, people in this situation use a range of subtle non-verbal mecha-
nisms such as gaze and body turning to initiate and mutually negotiate space. Non-player
characters in Half-Life 2 will avoid the player, but will not exhibit non-verbal behaviour
in doing so and simply move around the players as they approach. Without non-verbal
behaviour it is difficult for the player to decide which way to move out of the way (in-
deed they do not need to) and this absence of social convention (and the ability to break
them, to invite conflict) that both undermines the engagement of players with the game
and limits their expressivity.

http://www.aisb.org.uk
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Between the proximal and distant spatial scales are social spaces and figure 6 is an
example of conversation in a social space. Here non-verbal behaviour facilitates a num-
ber of aspects of the interaction (and the dialog in particular) including the mediation
of conversation flow, such as whose turn it is to speak (interactional state). Turn-taking
mediation is a complex coordination of behaviours, but in simple terms speakers provide
opportunities to allow the listener to take a turn (such as, a slightly prolonged pause, or
a look up into the eyes), at which point other listeners can, if they choose, take a turn.
If not, then the speaker will continue. Additionally, the ’speaker’ can indicate that they
would like to speak, with signals such as increased eye contact, leaning forward or stand-
ing taller (Duncan and Fiske, 1977). Turn-taking mediation is not required in Half-Life
2 because the game developers have not allowed the player to speak, but it is potentially
a very important component of games that hope to include natural language interactions
(particularly spoken interaction) between player and non-player characters.

Finally, figures 2, 3 and 4 illustrate the remaining task contexts: coaction, conversa-
tion and cooperation, and competition. Characters sharing the same approximate area of
space engage in coaction behaviour, corresponding to mutual monitoring – this can be
interpreted as communication by virtue of the fact that watching a character implies that
you might react to it – that is, there is an implied reason (intention) for watching. Coac-
tion can be considered the default task context, which develops into the other contexts.
Competition contexts give rise to distinctly different forms of non-verbal behaviour from
other contexts, but these still serve to communicate internal states. In figure 4 the raised
baton serves to communicate“you have crossed a line – back off or I will hit you”.

http://www.aisb.org.uk
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Figure 1: Cooperation in intimate space Figure 2: Coaction in social space

Figure 3: Conversation in personal space Figure 4: Competition in personal space

Figure 5: Cooperation at a distance Figure 6: Conversation in social space

Figure 7: Task and spatial contexts.

Table 1:

http://www.aisb.org.uk
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3 Non-Verbal Behaviour
Non-verbal behaviour in synthetic characters should be based on the equivalent behaviour
exhibited by real people in human-human interactions. Hence, the forms of non-verbal
behaviour that are particularly relevant to the synthesis of non-verbal behaviour in virtual
characters include:

• Proxemics – (the use and arrangement of the self in the physical world).

• Gaze – (where the eyes are looking and pupil dilation).

• Gesture – (movement of hands and head).

• Self-Adaptors – (movements that serve to alter the self).

• Passive Communication – (communication that occurs without a specific action).

It should be noted that there are very significant individual differences in the precise
nature of their non-verbal behaviour. Non-verbal behaviour is influenced by age, gender,
social status/hierarchy position, culture, presence of others, illness and physical ability
as well as the spatial and task context. This presents problems for both the study and the
synthesis of non-verbal behaviour, but also furnishes a potentially rich behavioural vocab-
ulary by which the individuality of characters can be developed. Fidelity in non-verbal
behaviour requires that each distinct non-player character employs its own characteristic
behaviour in this respect. In the following sections we characterise non-verbal behaviour
in people, generally from a Western cultural perspective, with a view to identifying which
aspects should be addressed in the design of engaging virtual characters for computer
games.

3.1 Proxemic Behaviour (Proxemics)
Proxemic behaviour is defined as the closeness and arrangement of the self in physical
world compared to others (Hall, 1966). This is the use of personal space and territory, and
although spatial measurements are sometimes difficult to judge in game environments
(people rarely feel their personal space is invaded in games), the use of space does have
an impact on player behaviour. Moreover, as games become more immersive (due to
improved graphics, larger screens, head-mounted displays, immersive environments, and
surround sound) and spoken dialog with non-player characters becomes a possible occur-
rence, the impact of proxemics will increase. As discussed, non-verbal behaviour varies
significantly with distance (and spatial arrangement), so its consideration is therefore im-
portant in the synthesis of non-player character behaviour.

Proxemics also exhibit some of the largest (but consistent) cultural variations, espe-
cially in conversation. In addition to distant space for interaction at over 8 metres (25
feet), where people still interact but do not conduct conversations, we can define, in or-
der of increasing distance (or decreasing proximity), the spaces for UK/US culture (Hall,
1966):

• intimate space for embracing, touching or whispering (15-45 cm, 6-18 inches);

• personal space for interactions among good friends (45-120 cm, 1.5-4 feet);

• social space for interactions among acquaintances (1.2-3.5 metres, 4-12 feet);

http://www.aisb.org.uk
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• public space used for public speaking (over 3.5 metres, 12 feet).

Proxemic behaviour stems from the idea of territory. Territories vary dynamically and
are dependent upon many different factors, but the categories above are likely to be suffi-
cient for basic synthesis. Synthetic characters should use proxemics in the same way that
people do – in order to be socially correct use: social space for interacting with relatively
unknown people, personal space for people known well and intimate space with people
known very well. Violation of these rules is socially incorrect. Invasion of personal space
can be intimidating, flirtatious, or can be the result of interaction between participants
from different cultural backgrounds. Whilst the requirements of a task, such as needing
to be close to attend to a wound, may override the usual norms, in such circumstances the
progression through the spaces is still mediated by non-verbal behaviours.

The synthesis of complex proxemic behaviour requires further parametrisation with
respect to types of territory: primary, secondary and public (Altman, 1975). Primary
territories are the exclusive domain of the owner (such as a home), secondary territories
are those felt to be partly owned (such as the local pub), and public territories those
available to almost anyone for temporary ownership (such as a park bench). Temporary
ownership means a person behaves very differently towards that object or space while
they ‘own’ it (Knapp and Daly, 2002), it becomes part of their territory.

3.2 Gaze and Eye Based Communication
The use of the eyes is an important component of human-human communication, and
it involves far more than just what a person is looking at. Peoples’ eyes are constantly
moving from place to place (not smoothly, but jumping from one locus of attention to
another). As Knapp and Daly (2002) note, “we associate various eye movements with a
wide range of human expressions: downward glances are associated with modesty; wide
eyes with frankness, wonder, naivete, or terror”. Where the eyes are looking (or gaze)
is the primary (and most obvious) form of communication by gaze, but people are also
sensitive to, and react to, pupil dilation/constriction. There is also a close relationship
between gaze behaviour and facial expression (not considered here).

Kendon (1967) identifies four functions of gaze behaviour (in addition to looking
at specific items for information gathering), and Knapp and Daly (2002) built on this,
classifying five functions of gaze as:

1. Regulating the flow of communication.

2. Monitoring feedback.

3. Reflecting cognitive activity.

4. Expressing emotions.

5. Communicating the nature of an interpersonal relationship [added by Knapp].

Within the context of a non-player character, the five categories pose challenges for
synthesis that are considerably more challenging than simply having the character look
at where it is interested. The regulation of communication flow, gazing briefly at another
person (specifically at the face) establishes an obligation to interact; further and longer
gazing shows a desire to increase the level of interaction; while decreased and shorter
gazing desires a decrease in the level of interaction. During an interaction eye glances
serve as turn-taking signals and also highlight grammatical breaks, conceptual unit breaks,

http://www.aisb.org.uk
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and the ends of utterances (a sequence of speech separated from another by a marked gap).
These glances also allow feedback on the interaction by monitoring the reactions of the
other person.

When under increased cognitive load (for example trying to process difficult or com-
plex ideas) both listeners and speakers tend to look away. It is thought that this averted
gaze reflects a shift in attention from the external to the internal. Additionally, there is
evidence that the eye gaze direction under this condition changes with different forms of
cognitive load, according to the active hemisphere of the brain (Ehrlichman and Wein-
berger, 1978; Weisz and Adam, 1993; Wilbur and Roberts-Wilbur, 1985).

The eyes are also a site for the display of emotions: surprise; fear; disgust; anger; hap-
piness; sadness, in addition to blends of these and more complex emotions. Interestingly,
in certain contexts emotions displayed with the eyes will not always match the facial emo-
tional expressions (e.g. during emotional masking) and can be very transitory. However,
people are adept at detecting emotional state from the eyes, and there is evidence that
different emotions are in fact detected from different areas around the face (Ekman et al.,
1971; Ekman and Friesen, 1975), but that it is the facial area around the eyes that displays
the emotion, not the eyes themselves.

Finally, eye gaze can communicate the nature of an interpersonal relationship. Gazing
and mutual gazing is found most in conversations with a high-status addressee, lower
with a very high status addressee, and minimal with a very low-status addressee (Hearn,
1957; Efran, 1968). Aggressive encounters and interactions between lovers or mothers
and babies have extended periods of mutual gazing.

3.3 Gesture
Gesture is body movement that serves to communicate, mainly involving movement of the
hands and the head. There are many forms of gesture, but of particular relevance for non-
verbal behaviour synthesis in non-player characters are emblematic gesture (gesture with
specific meanings that occur without speech) and spontaneous gesture (hand and head
movements that occur with speech). Emblematic gestures are well defined in both their
form and meaning and are therefore readily synthesised with standard skeletal animation
and scheduling frameworks. For example, the ‘come here’ gesture is performed using
the moving of a finger, fingers, hand, hands, arm, or arms towards the body from the
direction of the addressee (often in a repetitive form). Synthesis of spontaneous gesture
for non-player characters is significantly more challenging.

Spontaneous gesture is performed by people while speaking, in synchrony with the
speech and is generally made with the head or hands. When needs be people are apt to
use any available body part, or even the whole body (e.g. pointing with a foot when one’s
hands are full). Spontaneous gesture continues to be studied in depth by the psychology
and psycholinguistics communities, and though most studies are descriptive in nature,
recent research on growth points is leading to theories of how gesture relates to other
cognitive processes (McNeill, 2005).

It has been found that the gesture stroke (the semantic, or meaningful part) of a gesture
commonly coincides with the peak phonological stress – the most emphasised phoneme
– of the speech stream. Gesture is tied closely to the underlying speech and both speech
and gesture are widely believed to be generated from a single underlying conceptual rep-
resentation (McNeill, 1992). Indeed, spontaneous gesture can be complementary, supple-
mentary, or contrastive to the speech. In other words, gesture can re-iterate or emphasise
the speech, add information to the speech, or communicate something contradictory (or
slightly different) from the associated speech. In contrast to speech, gesture has few con-
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straints on how it is constructed. As McNeill (1992) notes “the important thing about
gestures is that they are not fixed. They are free and reveal the idiosyncratic imagery of
thought.” McNeill (1992) identifies five categories of spontaneous gesture: Emphatic,
Deictic, Cohesive, Metaphoric and Iconic.

Emphatic gesture (also known as beat gesture, or baton gesture) provides emphasis
to parts of speech: phrases, words and phonemes. Emphatic gesture consists of just two
movement phases (up/down, in/out, left/right) with the transition from one phase to the
other (such as, up to down) being the point of emphasis. These have little variation in
form other than the scale and speed of the phase transition, with larger, faster transitions
indicating more emphasis (within an individual). Emphatic gesture can, and frequently
does, utilise all body parts, especially the head and hands, but additional movement of
more of the body provides further emphasis. This form of spontaneous gesture is distinct
from other forms in that it can overlay any other gesture as it indexes a part of speech
rather than providing semantic content (though it is also frequently used independently).

Deictic gestures are simply pointing actions that refer to an object or objects, generally
using fingers, hands, or head. This is complicated by the fact that deictic gesture can, in
addition to referencing concrete objects, reference more abstract objects, such as where an
object was previously, the physical space referred to previously with the introduction of an
idea or object, or almost any abstract space, including time. For example, when describing
a cartoon involving two characters people will often reference one specific area of their
gesture space for one character and another separate area for the other (McNeill, 1992). It
should be noted that deictic gestures can take the form of whole body movement towards
a space as well as the orientation of body parts.

Cohesive gestures serve to connect related parts of discourse that are temporally sepa-
rated. For example, when listing items people often provide an emphatic gesture on each
item. The emphatic gesture marks each item, while the repetition of the same gesture
form connects them together to say ‘here’s one, and another, ...’. Cohesive gesture usu-
ally consists of the repetition of a specific gesture and so they require the use of other
gesture forms (which could simply be emphatic gesture).

Metaphoric and iconic gestures are in essence animated representations. An iconic
gesture is a pictorial animation of a concrete entity or action, while metaphoric gesture
animates an abstract concept as if it were a physical object. For example, a speaker saying
‘and he bends it way back’ while illustrating the action of bending a stick is performing
an iconic gesture (McNeill, 1992). In contrast metaphoric gesture occurs in situations
such as when a speaker says ‘I had this great idea’ and marks the ’great idea’ with a
cupped hand gesture (i.e. metaphoric container). Metaphoric gesture takes abstract ideas
and grounds them in real entities. In practice only a few types of object are portrayed,
mostly containing or enclosed objects, though it is often not clear what object is being
portrayed.

Iconic gestures are probably the most sophisticated and developed class of gesture;
each gesture attempts to portray some aspect(s) of a situation, event, or object in the phys-
ical world and therefore absorbs much of the complexity of the physical world. Typically
the gesture portrays the most important and semantically salient features in the context
of the interaction, and therefore a gesture about a specific object, such as a teacup, can
vary significantly depending on the context. For example, a person talking about a teacup
in context of drinking tea may perform a gesture of lifting a teacup by its handle and
’drink’, while if the context was about how much tea was in the cup, the gesture would
be distinctly different – perhaps portraying the size of the teacup or the level of the tea as
opposed to how it is lifted. Iconic gesture is the form of gesture that mostly allows for
the addition of extra information in the gestural channel and almost anything is permitted.
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For objects or ideas that are common in interaction, the gesture forms portraying them
can often become stylised, and eventually can become symbols, akin to emblems.

In addition to gesture accompanying speech, gesture can be used in a similar way
to eye gaze and many vocal signals to regulate communication flow and the rhythm of
interaction (Knapp and Daly, 2002). Head nods are the most frequent form of these ges-
tures, but hand and body gestures can also serve for flow regulation. Unsurprisingly, flow
regulation gesture frequently coincides with flow regulation signals in other channels.

3.4 Self-Adaptors
Self-adaptors are movements that serve to change the self, such as scratching an arm; as
such they are typically not intended to serve a communicative function – their purpose is to
adjust something about the self. Certain reading as to the internal state of a speaker, based
on their use of self-adapters, have been proposed for communication. Self-adaptors can
take on many forms and are distinctly idiosyncratic. The meanings assigned to them by
conversational participants and bystanders vary considerably. For example, flicking hair
out of the face, while a practical movement, is often interpreted as a flirtatious behaviour.

3.5 Passive Communication
Finally, another consideration to be taken into account is passive communication – com-
munication that occurs without a specific action on the part of the communicator, and
usually takes place at the co-action level of communication, and at a greater distance than
conversational communication. The communicator expresses information about them-
selves simply by their physical appearance, demeanour and observed behaviour. These
factors can be considered by the user (or indeed by other non-player characters) before ini-
tiating a more direct method of communication. For example, a large aggressive character
might be approached with more caution than a small timid looking character. Similarly,
witnessing a character commit some violent act would instil more caution in the user than
a character who has been doing something less impactful. Passive communication is often
unintentional at the time of communication itself, but can be premeditated, for example
wearing a certain type of clothing may convey a specific message.
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4 Modelling Synthetic Agents

4.1 Behavioural Models
The objective of behavioural models is to isolate a particular behaviour or group of be-
haviours of the subject and create a simple mechanism to specifically simulate behaviour
or behaviours. The goal is not to produce a full representation of the subject, restricting
the simulation to the specific actions the chosen behaviours require.

Reynolds (1987) paper neatly outlines this philosophy and how such a system might
be implemented. Reynold’s aim was to simulate the flocking behaviour of birds (or the
herding of animals or shoaling of fish which are visually similar behaviours). In order to
accomplish this he took the approach of defining the behaviour itself as a series of rules
that each participating ‘boid’ would follow. He did not for example attempt to simulate
the sensory system of a bird or fish, or attempt to create a functioning ‘brain’ that reasons
deliberatively.

Reynolds took the notion of a particle system (Reeves, 1983) and its physical rules
(for example representing gravity) and augmented them with ’social rules’, such as ’try to
fly in the same direction as near neighbours’ or ’try to fly towards the centre of the flock’.

Following the rule-based behaviour, the boids did eventually exhibit realistic be-
haviour, but it was not simply a result of defining a set of rules and allowing the boids
to follow them. The interaction of each rule was a difficult factor to consider, especially
if rules contradicted each other. Taking the average of rules was not enough, Reynold’s
gives the example: “Consider flying over a grid-work of city streets between the skyscrap-
ers; while ‘fly north’ or ‘fly east’ might be good ideas, it would be a bad idea to combine
them as ‘fly north-east’.” Instead, a rule hierarchy was created and weights attached to
each rule. Each rule that was triggered had its weight added to a rule accumulator, and its
effect (on acceleration) was added to another accumulator. If either accumulator reached
a maximum value, the rest of the rules were ignored for that pass.

Behavioural modelling can produce a simple and elegant solution to portray a specific
phenomenon, and its simplicity allows many synthetic characters to be simulated at once.
However as it is focused on a specific behaviour, the synthetic characters are restricted,
and do not fully encapsulate all the behaviours that may be expected from a rich synthetic
character.

4.2 Cognitive Models
While behavioural modelling can produce realistic, if restricted, behaviour, cognitive
modelling takes a more holistic approach to simulating a synthetic character. Funge et al.
(1999) characterizes that a cognitive model is “What a synthetic character knows, how
information is acquired and how the synthetic character uses it” – a model of memory
(knowledge), senses (acquiring information) and ultimately the decision making process
(how to use the information).

Funge describes a ‘cognitive layer’ controlling the behaviour of a synthetic charac-
ter (and ultimately behaviour goes on to control physical which in turn determines ki-
netic forces which finally specifies geometric changes). The cognitive layer would make
choices and decisions based on its memory and sensory input to choose which behaviour
to exhibit. The modelling of such a process readily incorporates learning. The cog-
nitive model can be trained through experience to make decisions that are not initially
programmed into the character. This allows the modelling of expandable and adaptive
synthetic characters that potentially have a rich set of behaviours that cover many situa-
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tions. The computational cost of reasoning with such cognitive models is substantial. If
there are many sensory inputs that need to be considered, or a large knowledge base to
process, a character may require a complex and time consuming deliberative process. This
overhead can limit the number of concurrent characters acting in a virtual environment.

When specifically considering modelling a human-like synthetic agent, the concept
of a cognitive model can be extended beyond a deliberating ’brain’ to incorporate mod-
els for human senses, memory and other human cognitive functions (Hartmann et al.,
2002; Peters et al., 2006). The purpose of adding these elements is to recreate realistic
socially enabled synthetic characters by emulating the internal processes that occur in
humans. The agents produced are specifically embodied, multi-modal (in that they in-
corporate visual gesturing as well as verbal communication) conversational agents. They
have sophisticated sensory inputs, for example vision is based on processing of actual
renders of the virtual environment from the viewpoint of the character, with image pro-
cessing techniques used to obtain areas that require the characters attention (Peters and
O’Sullivan, 2002). Synthetic agents use this technique to perceive other characters’ gaze
during communication, pick up gestures and even read facial expressions.

Sensory, long term and short term memory are also simulated. The layering of mem-
ory allows data to be prioritised (by having it in short term memory), allows repeated
data to not be re-stored (by referring to long term memory) and allow sensory data to be
attended to (if in sensory memory) or ignored (if short term memory is full).

The synthetic agents also have a complex decision making process, or ’theory of
mind’. This is where sensory and memory data is evaluated to determine what to attend
to and which behaviours to exhibit. The communication between characters is handled by
’reading’ visual and vocal cues and transmitting the same when indicating turn taking etc.
The decision making process uses the sensory data to pick up cues and decide what to do
next. To introduce individualism into the synthetic characters, reactions and animations
are varied, which leads to different sensory data in the communication flow and hence
different resulting reactions. The result is richer more interactive conversational synthetic
characters that talk, gesture, gaze and respond realistically during conversation. However
the processing overhead means that the system is currently limited to small groups of
characters, and conversations with more than two characters look awkward and lethargic.

4.3 Conversational Non-Verbal Behaviour Synthesis

Conversational non-verbal behaviour in synthetic characters can be generated by anal-
ysis of the data stream being communicated (usually text based). Cassell et al. (2001)
introduced a system that allowed animators to generate realistic non-verbal behaviours to
accompany verbal communication by performing linguistic and contextual analysis of the
text to be vocalised. The Input text is separated and tagged by the system, so that different
animation fragments can be played to represent the non-verbal behaviour associated with
pertinent sections of the text. As well as creating textual input, animators are required
to create scripts that define the set of eye, face, head and hand behaviours and associate
them with phrases.

Olivier et al. (2006) implements a similar system which utilises natural language pro-
cessing to analyse text typed by a user conversing with an Embodied Conversational
Agent (ECA). This requires the synthetic character to perform the non-verbal behaviours
in real-time and in synchrony with the utterances.
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4.4 Crowd Modelling
When modelling the behaviour of larger groups of synthetic characters such as crowds,
a wide range of methods are used. However most have their basis in either behavioural
modelling, with the characters obeying a set of rules, or cognitive modelling where each
character is individually modelled and crowd behaviour is an emergent property, or more
usually a hybrid between the two systems, where some group behaviour is governed by
rules, but individuals have a decision making process as well. Often a behavioural model
is seen as a ‘top down’ approach, where overall crowd behaviour is designed from the
outset, and a cognitive model is seen as a ‘bottom up’ approach, where group behaviour
is emergent from the individuals behaviour.

Rymill and Dodgson (2005) take a bottom up approach, where individual characters
are modelled based on theories from psychology. Observed human behaviour is used
to control collisions and character flow through an environment, incorporating collision
avoidance (including avoiding oncoming collisions, overtaking and avoiding glancing col-
lisions while travelling in similar directions). Collision avoidance techniques that do not
require a character to change their path, such as the ’step and slide’ observed in real hu-
man behaviour (Wolff, 1973) are also incorporated. Although individuals were modelled
without an overall behavioural model, the observed results were very similar to those
found in real crowd movements. For example individuals formed lanes through bottle-
necks, and after collision avoidance, characters tend to return to original path rather than
creating a whole new path similarly to how real humans behaved in the studies conducted
by Daamen and Hoogendoorn (2003); Hoogendoorn and Daamen (2005).

Shao and Terzopoulos (2006) also take an individual approach to modelling crowds.
Synthetic characters use a simple cognitive model: they have a series of attributes that are
satisfied by different actions in the environment, for example ‘hunger’ might be satiated
by finding a food source in the environment, at which point a preset animation would take
place to represent eating, and the hunger attribute would be reset. These attributes decay
over time and so need to be topped up by locating the appropriate object or individual, and
having different decay rates allowed individuals to behave slightly differently. Sensory
inputs allow collision avoidance with objects and other individuals. The model was used
to populate recreated archaeological sites with realistically behaving crowds.

Musse and Thalmann (2001) created a control hierarchy for modelling crowd be-
haviour, a hybrid of behavioural and cognitive modelling. The hierarchy incorporated an
overall crowd control, smaller subgroups and individuals. The overall group control was
scripted depending on the situation, (examples include evacuation or reaction to user stim-
ulus), but individuals had control over their own actions within the scripted event. Certain
individuals were designated as leaders of subgroups and their actions would influence the
overall goals and actions of other members of the group. This method produced good
performance, with large sizes of crowds being possible, and the behaviour was suitably
adaptable that it produced a realistic reaction to user stimulus.
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5 Facilitating Interaction
The discussion of non-verbal behaviour above concentrates on the different forms of non-
verbal behaviour in an attempt to establish requirements for next generation virtual char-
acters. Mechanisms for the synthesis of such behaviours are inevitably beyond the scope
of this analysis but there have been a number of recent attempts to synthesise spontaneous
gesture (Kopp and Wachsmuth, 2004), (Olivier, 2004), (Cassell et al., 2001) and gaze be-
haviour. However, whilst we can imagine a situation whereby non-player characters have
sophisticated cognitive models and the ability to both synthesise and interpret non-verbal
behaviour, there is no mechanism for the player to communicate non-verbally with either
the non-player characters or other players.

Present-day technology allows collection of full data on all aspects of human physical
behaviour that may be a channel for non-verbal behaviour. This includes body position,
body movement, hand shape, eye gaze direction, pupil dilation, facial expression, vocal
behaviour, voice, and a variety of other biometrics. Unfortunately, such data can only be
collected accurately using specialised (expensive) invasive equipment. With that commer-
cial consideration, in addition to joystick (or controller), keyboard and mouse inputs it is
only reasonable to expect relatively basic additional input devices for computer games in
the near future. These devices include webcams and microphones, but also less standard
input methods, such as dance mats, light guns, and low point motion capture devices, such
as the Gametrack 3D motion tracker.

Within current commercial and technological constraints, three alternatives for the
control of player character non-verbal behaviour generation can be identified:

1. Simulation – non-verbal behaviour of human players is simulated as for non-player
characters, and is independent of the actual non-verbal behaviour of the human
player.

2. Augmentation – as for simulation, but specific controls are given to allow a player
to explicitly alter the simulation, such as a slider to indicate how happy the player
is, or a button to increase the level of interest in an interaction.

3. Tracking and mapping – the human player is tracked using equipment such as we-
bcams and the coarse features that can be identified are either mapped to explicit
controls (as in the case of augmentation) or directly to the character animation.

The challenge for augmentation is to design an interface that is intuitive, non-obtrusive,
and useful all at the same time. While the challenges in player non-verbal behaviour
data collection are daunting, the challenges of understanding or recognising behaviours
or meaning from that data are even more so. Gesture recognition, for example, is in its
infancy and mostly addresses the use of gesture as an explicit interaction technique and
little research has been conducted into the automated recognition or understanding of
spontaneous gesture.
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6 Conclusion
Synthetic characters in virtual environments, such as computer games, are currently un-
der utilised as a vechicle for providing believable and immersive experiences. Human-
like characters require behavioural fidelity across all task and behavioural contexts, and
not only at key points in competition and narrative progression. Behavioural fidelity de-
mands that synthetic characters express themselves to players and non-player characters
alike, utilising aspects of non-verbal communication identified in the social psychology
literature. Synthetic characters should use appropriate gesture behaviours to augment
their verbal communication. Non-verbal behaviour helps aid the flow of conversation,
highlights key points during communication and complements and supplements verbal
communication through iconic and metaphoric gestures. Gaze is also an important non-
verbal communication behaviour that synthetic characters should emulate. Like gesture,
gaze regulates flow during communication, also indicating the state of the communicator,
reflecting cognitive activity, expressing emotions or even showing the nature of a relation-
ship between two individuals. At greater distances, gesture is also used to communicate
intent.

Synthetic characters should behave appropriately depending on their task context. As
well as an augmentation to conversation, non-verbal communication occurs between char-
acters when they are competing against each other, when they are cooperating to accom-
plish some task and when coacting in the same shared social space. They should also
display human like proxemic behaviour, taking into account their closeness, and arrange-
ment in regard to, other characters in the shared space. There are physical limitations
to communication over different distances or in certain environments, conversations are
difficult at large distances, or in a loud place for example. As well as obeying the physical
rules for communication, synthetic characters should behave in a socially correct manner
– the interaction distance between characters depends on their familiarity and amiability.
Proxemic Behaviour is based on the idea of territory, that is ownership of space. Synthetic
characters should behave appropriately towards primary, secondary and public territories.
The dynamic nature of public territories in particular require characters to obey different
social rules depending on if the ’ownership’ of space.

Modelling synthetic characters has been approached using several techniques, from
behavioural rule-based systems for controlling large numbers of characters, to simulations
of aspects of cognition, such as perception and memory. Models have not yet concentrated
on the simulation of human-like communication. Modelling the verbal and non-verbal
communication behaviours has its own complexities, and in particular requires the ability
to perceive and reason about character-character interactions as a third party. Interacting
with synthetic characters should also embody the notion of communication through verbal
and non-verbal behaviours. Technology is sufficient to allow human users to interact with
sufficiently enabled synthetic characters – gesture, spatial position, gaze direction and a
variety of other biometrics can all be utilised a inputs to existing interaction technologies
– requiring that the synthetic character would be able to recognise these interactions as
non-verbal signals.
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Abstract

In this paper a decision making system for autonomous and social agents who
live in a virtual world is presented. This world was built using a text based multi-user
game: a MUD (Multi User Domain). In this world the agents can interact with one
other, allowing social interaction, as well as interaction with the other objects present
in the world. In this paper, the usefulness of using this kind of text based multi-
user games as test beds for designing decision making systems of artificial agents, is
proved.

The proposed decision making system is composed of several subsystems: a mo-
tivational system, a drives system and an evaluation and behaviour selection system.
The selection of behaviours is learned by the agent using reinforcement learning al-
gorithms. The dominant motivation is considered as the inner state of the agent. In
order to simplify the learning process, the states related to the objects are considered
as independent from one another. The state of the agent is a combination between
his inner state and his state in relation with the rest of agents and objects. This sys-
tem uses happiness and sadness, defined as positive and negative variations of the
wellbeing of the agent, as the reinforcement function.
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Using MUDs as an experimental platform for testing a decision making system

1 Introduction

The final goal of the work presented in this paper is to design a decision making
system for an autonomous and social agent with noa priori knowledge. This means that
the agent is the one who decides its own actions, and it interacts with other agents. One
important feature of the agent is that, using reinforcement learning, it learns the right
behaviours to execute through its own experience. This decision making system could
be implemented on virtual agents as well as on real robots. In fact, this research was
originally oriented to the design of a decision making system for autonomous robots.
However, before implementation of this system in a real robot, we used MUDs as an
experimental platform for testing this decision making system.

The agent lives in a virtual world where objects, necessary for survival, and other
agents exist. This agent must learn a policy of behaviour to survive, maintaining all his
needs inside acceptable ranges. The policies establish a normative about what to do in
each situation. This means that the agent must learn the proper relation between states
and actions. In this system the agent knows the properties of every object, i.e. the agent
knows which actions can be executed with each object. What the agent does not know is
which action is appropriate in each situation. In order to carry out this learning process,
the agent uses reinforcement learning algorithms. In order to create this virtual world a
text based game, available on the net and called CoffeMud, gave us the perfect tool to
carry out our objective.

Emotions, in general, are used for showing the emotional expression of the agents, as
a way of communication among users and for making the agent more believable. Nev-
ertheless, emotions have a fundamental role in human behaviour and social interaction.
They also influence cognitive processes, particularly problem solving and decision mak-
ing (Damasio, 1994). Emotions can also act as control and learning mechanisms (Fong
et al., 2002). In this work, emotions are used to attempt to imitate their natural function
in learning processes and decision making.

The remainder of the paper is organized as follows. In section 2 the concept of auton-
omy, and its meaning from several points of view, is introduced. This autonomy implies
the introduction of new concepts: motivations and drives. Both concepts are explained
in this section. Next, in section 3 the decision making system proposed in this work is
presented, later the state of the agent is defined, as well as the reinforcement function
used in the learning process. Section 4 presents the experimental procedure used in this
work. First, the environment, the virtual world where the agents live, is presented and
the experimental settings of the agent are described. Finally in this section, the indicators
of performance of the agent are introduced. In section 5 and section 6 the experimen-
tal results, when the agent lives alone in the world and when he shares the environment
with others, are presented and discussed. Finally, the main conclusions of this paper are
summarized in section 7.

2 Autonomy

In order for agents to be truly autonomous, not only must they be capable of intelligent
action, but they must also be self-sustained (Arkin, 1988). In other words, autonomy
implies a decision making process and this requires some knowledge about the current
state of the agent and environment, including his objectives (Bellman, 2003).

According to Cañamero, autonomous agents are natural or artificial systems in con-
stant interaction with dynamic and unpredictable environments, with limited resources.
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In general, these agents are sociable and they must satisfy a set of possible conflictive
goals in order to survive (Cañamero, 2003).

From this same point of view, Gadanho defines an autonomous agent as an agent with
goals and motivations. This agent has also some way to evaluate behaviours in terms of
environment and his own motivations. The motivations are desires or preferences that
can lead to the generation and adoption of objectives. The objectives are situations that
must be reached. These final objectives of the autonomous agent, or motivations, must be
oriented to maintaining the internal equilibrium of the agent (Gadanho, 1999).

In games, the autonomy of the agents that the user can find while playing is an es-
sential issue for giving them a life-like appearance. For this reason the decision making
system presented in this paper is designed for giving the agent the ability to select his
own actions. In this work it will be considered that an autonomous agent is the one that
is self-motivated, and decides which behaviours to select in order to maintain the internal
equilibrium of the agent.

2.1 Homeostasis, drives and motivations

Homeostasis means maintaining a stable internal state (Berridge, 2004). This internal
state can be parameterized by several variables, which must be around an ideal level.
When the value of these variables differs from the ideal one, an error signal occurs: drive.
These drives constitute urges to action based on bodily needs related to self-sufficiency
and survival (Cañamero, 1997).

One of the oldest theories about drives was proposed by Hull in 1943. Hull suggested
that privation induces an aversion state in the organism, which was termed drive. Accord-
ing to his theory, drive increases the general excitation level of an animal. Drives were
considered as properties of deficit states which motivate behaviour (Hull, 1943).

The word motivation derives from the Latin wordmotus and indicates the dynamic
root of behaviour, which means those internal, rather than external factors, that urge the
organism to action (Santa-Cruz et al., 1989).

There are several motivational theories that attempt to explain the human and animal
behaviour. Nevertheless, there is not a unique classification of those theories. In this
section some of those theories will be presented.

2.1.1 Homeostatic theories of motivation

According to these theories, human behaviour is oriented to the maintenance of the
internal equilibrium. Among several homeostatic theories, one of them will be selected:
The drive reduction theory.

The drive reduction theory

Many drive theories of motivation between 1930 and 1970 posited that drive reduction
is the chief mechanism of reward. If motivation is due to drive, then, the reduction of
deficit signals should satisfy this drive and essentially could be the goal of the entire
motivation (Berridge, 2004).

Hull proposes the idea that motivation is determined by two factors. The first factor
is drive. The second one is the incentive, that is the presence of an external stimuli that
predicts the future reduction of the need. For example, the presentation of food constitutes
an incentive for an hungry animal (Hull, 1943).
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2.1.2 Incentive motivation theory

Incentive motivation concepts rose as drive concepts decrease, beginning in the 1960s.
Several studies with animals suggested that motivation is more compatible with incentive
concepts of taste reward than with earlier drive reduction concepts. It was proposed that
individuals were motivated by incentive expectancies, not by drives or drive reduction
(Berridge, 2004).

Nevertheless, clearly, a physiological drive state is important for motivation, even if
drive is not equivalent to motivation. One does not seek out food when one is thirsty.
Physiological deficits such as hunger or thirst depletion signals do modulate motivation
for rewards such as food. To incorporate physiological drive/deficit states into incen-
tive motivation, Toates suggested that physiological depletion states could enhance the
incentive value of their goal stimuli. This was essentially a multiplicative interaction
between physiological deficit and external stimulus, which determined the stimulus’ in-
centive value (Toates, 1986).

3 Decision making system

In this section the decision making system proposed in this work is presented. This
system has been developed based on motivation, drive, emotion and learning concepts.
These concepts are essential for research in human and animal behaviour.

The objective of this work is to obtain a completely autonomous agent and therefore,
an agent with the capacity of making his own decisions. This decision making process has
to be learnt through his own experience: his successes and failures. During his experience,
using reinforcement learning algorithms, the agent learns the right policy of behaviour in
order to survive.
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Figure 1: The proposed decision making system

The proposed decision making system is composed of several subsystems: a moti-
vational system, a drives system and an evaluation and behaviour selection system, see
Figure 1. The reinforcement function is happiness or sadness that, as it will be shown
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later, are related to the variation of the wellbeing of the agent. How this system works is
described next.

When the drives are satisfied their value is zero and as needs increase, the values of the
drives increase in each simulation step, with each of them following a certain dynamics.
These values are introduced, together with the external stimuli values, in the motivational
system. In this system the intensity of the motivations related to each drive are calculated.
The motivation with the highest intensity is the dominant motivation. This dominant
motivation determines the inner state of the agent. This inner state and the external state
define the state of the agent.

The evaluation and behaviour selection system chooses the behaviours according to a
certain selection policy. The evaluation of behaviours, when the agent is in a certain state,
is done using reinforcement learning algorithms, more specifically Q-leaning. Therefore,
the agent learns which action to select in a particular state. The reinforcement used to
evaluate the result of the execution of an action are the emotions happiness and sadness.
These emotions are defined based on the variation of the wellbeing experimented by the
agent: ∆Wb. Wellbeing is a function of the needs of the agent. Therefore, this rein-
forcement measures the effect of the selected action on the needs of the agent. As will
be described later in this paper, the positive and negative variations of wellbeing are di-
rectly related to happiness and sadness respectively. The agent will use these emotions to
evaluate his own actions and to learn which of them are most suitable for each state.

3.1 Wellbeing

The wellbeing of the agent is defined as the degree of needs satisfaction. Therefore,
when all the drives of the agent are satisfied, their values are zero and the wellbeing is
maximum.

As is shown in equation (1), the wellbeing of the agent is a function of its drives values,
Di, and some personality factors,αi. These personality factors weigh the importance of
each drive in the wellbeing of the agent.

Wb = Wbideal −
∑

i

αi · Di (1)

Wbideal is the ideal value of the wellbeing of the agent. As the values of the drives of
the agent increase as time goes on, or due to the effect of any other action, the wellbeing
of the agent decreases. Depending on the values of the personality factors, the increase of
the drives can affect, to a certain extent, in the wellbeing of the agent. Every time that a
drive reduction exists, there is an increase in the wellbeing.

The wellbeing of the agent is calculated at every simulation step, as well as its varia-
tion (△Wb). This wellbeing variation is calculated as the current value of the wellbeing
minus the value in the previous step, as it is shown in the next equation:

∆Wbk+1 = Wbk+1 − Wbk (2)

The biggest positive variation of the wellbeing will be produced when the drive related
to the dominant motivation is satisfied.

3.2 Reinforcement learning

The agent that uses reinforcement learning tries to learns, through interaction with
the environment, how to behave in order to fulfil a certain goal. The agent and the en-
vironment are continuously interacting, the agent selecting actions and the environment
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responding to those actions and presenting new situations to the agent. The environment
and the proper agent also give rise to rewards that the agent tries to maximize over time.
This type of learning allows the agent to adapt to the environment through the develop-
ment of a policy. This policy determines the most suitable action in each state in order
to maximize the reinforcement. The goal of the agent is to maximize the total amount of
reward he receives over the long run (Sutton and Barto, 1998).

Reinforcement learning has been successfully implemented in several virtual agents
and robots (Isbell et al., 2001), (Martinson et al., 2002), (Bakker et al., 2003), (Ribeiro
et al., 2002), (Bonarini et al., 2006), (Thomaz and Breazeal, 2006).

3.3 Q-learning

The goal of reinforcement learning is to learn a mapping from states and actions to a
measure of the long term value of taking that action in that state, known as the optimal
value function (Smart and Kaelbling, 2002). The Q-learning optimal value function is
defined as:

Q∗(s, a) = E
[

R(s, a) + γ max
a′

Q∗(s′, a′)
]

(3)

This represents the expected value of the rewards received by the agent for taking
actiona from states, leading to the new states′, and then acting optimally from there.
The parameterγ (0 < γ < 1) is known as the discount factor, and is a measure of
how much attention the agent pays to possible rewards that the agent might get in the
future. In other words, it defines how much expected future rewards affect decisions now
(Humphrys, 1997).

TheQ-function is frequently stored in a table, indexed by state and action. Starting
with arbitrary values, one can iteratively approximate the optimal Q-function based on the
observations of the world. Every table entryQ(s, a) is then updated according to (Smart
and Kaelbling, 2002):

Q(s, a) = (1 − α) · Q(s, a) + α · (r + γV (s′)) (4)

Where:

V (s′) = max
a∈A

(Q(s′, a)) (5)

is the value of the states′ and is the best reward the agent expect from states′. A is the set
of actions,a is every action,s′ is the new state,r is the reinforcement,γ is the discount
factor andα is the learning rate.

In other words, theQ value is the expected rewards for executing actiona in states
and then following the optimal policy from there. The goal of the Q-learning algorithm is
to estimate theQ values.

The learning rateα (0 < α < 1) controls how much weight is given to the reward just
experienced, as opposed to the oldQ estimate (Humphrys, 1997).

3.4 Behaviour selection

At the beginning of each experiment the initial values of allQ values are equal to zero.
The agent, through his experience in the world, will explore all the possible actions and
will update those values. Random exploration takes too long to focus on the best actions,
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so instead a method will be used that interleaves exploration and exploitation of the best
learnt policy.

The specific control policy used is a standard one already implemented, obtaining
good results, in (Watkins, 1989). The agent tries out actions probabilistically based on
their Q values using a Boltzmann distribution. Given a states, it tries out actiona with
probability:

Ps(a) =
e

Q(s,a)
T

∑

b∈A

e
Q(s,b)

T

(6)

TemperatureT controls the amount of exploration, i.e. the probability of executing
actions other than the one with the highestQ value. IfT is high, or ifQ values are all the
same, this will pick a random action. IfT is low and theQ values are different, it will
tend to pick the action with the highestQ value.

In order to select the value ofT that, as has been shown, will determine the random-
ness in the action selection, several experiments were carried out. Those experiments
showed that thisT value is dependent on theQ values. Therefore, in this work it is pro-
posed that, in order to maintain a fixed randomness,T must be defined as a function of
the average value of theQ values:

T = δ ∗ average value of Q (7)

In the experiments the parameterδ must be tuned in order to determine the explo-
ration/exploitation level. As is shown in (7), a high value ofδ will favor the exploration
of all the possible actions. On the contrary, a low value ofδ will favor the exploitation of
the most suitable actions.

3.5 State of the agent

As has been stated for the decision making process, it is necessary to know the state
of the agent. In this system the state is the agent is the combination of his inner state,
Sinner , and his external state,Sexternal.

S = Sinner × Sexternal (8)

Next, both states, inner and external, will be defined.

3.5.1 Inner state

The inner state depends on the motivations that are related to the needs of the agent
i.e. the drives. In this system other factors, that may affect the human inner state such as
psychological factors, will not be considered.

Motivational states represent tendencies to behave in particular ways as a consequence
of internal (drives) and external (incentive stimuli) factors (Ávila García and Cañamero,
2004). In other words, the motivational state is a tendency to correct the error, the drive,
through the execution of behaviours.

In order to model the motivations of the agent we used the Lorentz’s hydraulic model
of motivation as an inspiration (Lorenz and Leyhausen, 1973). Lorenz’s hydraulic model
is essentially a metaphor that suggests that motivational drive grows internally and oper-
ates a bit like pressure from a fluid reservoir which grows until it bursts through an outlet.

http://www.aisb.org.uk

27



Using MUDs as an experimental platform for testing a decision making system

Motivational stimuli in the external world (food, water, sexual and social stimuli, etc.) act
to open an outflow valve, releasing drive to be expressed in behavior. In Lorenz’s model,
internal drive strength interacts with external stimulus strength. If drive is low, then, a
strong stimulus is needed to trigger motivated behaviour. If the drive is high, then a mild
stimulus is sufficient (Berridge, 2004).

Have been also introduced activation levels (Ld) for motivations. Therefore the in-
tensity of the motivations, whose related drive is higher than this level is calculated, fol-
lowing the idea of the Lorenz’s hydraulic model, as the sum of the intensity of the related
drive (Di) and the related external stimuli (wi). In other case, the intensity of the related
motivation is zero, as is reflected in the following equation:

If Di < Ld thenMi = 0
If Di ≥ Ld thenMi = Di + wi

(9)

The external or incentive stimuli are the different objects that the player can find in
the virtual world. These incentive stimuli are the same used by Cañamero (Cañamero,
1997). Therefore, certain behaviours, consummatory ones, can only be executed when
these stimuli are present. According to (9), the intensity of a motivation can be high due
to two reasons:

1. The value of the correspondent drive is high.

2. The related motivational stimulus is present.

This model can explain the fact that due to the availability of food in front of us, we
sometimes eat although we are not hungry.

In this decision making system, as is proposed in (Balkenius, 1993) and (Balkenius,
1995), once all the intensities of the motivations are calculated, these compete one an-
other. The motivation with the highest intensity is the dominant motivation and it is the
one that determines the inner state, as shown in equation (10). It can happen that none
of the drives of the agent has a value higher than that limit. In that case, there is not any
dominant motivation and it can be considered that the agent has no needs, he is “OK”.

Sinner =

{

argmaxi Mi → If maxi Mi 6= 0
OK → In other case

(10)

3.5.2 External state

The external state is the state of the agent in relation to all the objects, passive and
active, that the agent can interact with:

Sexternal = Sobj1 × Sobj2 ... (11)

Since this definition implies a huge number of states, in this system is considered that
the states related to the objects are independent from one another. This means that the
agent, in each moment, considers that his state in relation to the food is independent from
his state in relation to water, medicine, etc. This simplification reduces the number of
states that must be considered during the learning process of the agent.

Without this simplification the number of states in relation to all the objects would be
huge. For example, if there were10 objects present in the world and it was assumed that
for each object there exist3 logical variables: having the object, being next to the object
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and knowing where the object is, we would have23 = 8 states related to every object. If
the external state of the agent is his relation to all the objects,810 = 1.073.741.824 states
will exist, as was previously stated, a huge number of states. Nevertheless, using the
simplification, it is considered that the external state is the state of the agent in relation to
each object separately, therefore for the10 objects present in the world we would obtain
10 × 8 = 80 states, which is a great reduction in the number of states.

3.6 Modification of Q-learning

The simplification made on the states in relation to the objects causes, for example,
the agent to learn, when he is hungry, what to do with the food (s ǫ Shunger × Sfood)
without considering his relation to the rest of objects. Therefore the total state of the
agent in relation to each object is defined as follows:

s ǫ Sinner × Sobji
(12)

This definition implies that the value of the actions executed in relation to a certain
object are independent of his relation with the rest of objects present in his environment.
This is not really true, if for example, the agent is beside the object water and executes
the action “go for food”, and at the end of this action the agent is next to food. Therefore,
the agent is no longer beside the object water, so his state in relation to water has changed
although the action executed was related to food.

Therefore, in order to take into account these “collateral effects”, a modification of
the Q-learning algorithm is proposed:

Qobji(s, a) = (1 − α) · Qobji(s, a) + α ·
(

r + γ · V obji(s′)
)

(13)

Where:

V obji(s′) = max
a∈Aobji

(

Qobji(s′, a)
)

+
∑

m

∆Qobjm
max (14)

is the value of the objecti in the new state considering the possible effects of the executed
action with the objecti, on the rest of objects. For this reason, the sum of the variations
of the values of every other object is added to the value of the objecti in the new state,
previously defined in equation (5).

These increments are calculated as follows:

∆Qobjm
max = max

a∈Aobjm

(

Qobjm (s′, a)
)

− max
a∈Aobjm

(

Qobjm (s, a)
)

(15)

Each of these increments measures, for every object, the difference between the best
the agent can do in the new state, and the best the agent could do in the previous state.

3.7 Reinforcement function: Happiness and sadness

Considering the definition of emotion given by Ortony (Ortony et al., 1988), it is
considered that the emotion occurs due to an appraised reaction (positive or negative) to
events. According to this point of view, in (Ortony, 2003), Ortony proposes that happiness
occurs because something good happened to the agent. On the contrary, sadness appears
when something bad happened. In our system, this can be translated into the fact that
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happiness and sadness are related to the positive and negative variations of the wellbeing
of the agent:

if ∆Wb > Lh ⇒ Happiness
if ∆Wb < Ls ⇒ Sadness

(16)

Where∆Wb is the variation of the wellbeing, defined in equation (2), andLh ≥ 0
andLs ≤ 0 are the minimum variations of the wellbeing of the agent that cause happiness
or sadness.

Rolls (Rolls, 2003) proposes that emotions are states elicited by reinforcements (re-
wards or punishments), so our actions are oriented to obtaining rewards and to avoiding
punishments. Following this point of view, in this proposed decision making system,
happiness and sadness will be used as the positive and negative reinforcement function
respectively, during the learning process.

The use of happiness and sadness, as the reinforcement function in the learning pro-
cess, is also related to the drive reduction theory. This relationship is based on the def-
initions of happiness and sadness as the positive and negative variations of wellbeing,
respectively. The positive variations, according to (1) and (2), are related to the reduction
of drives, while the negative variations are related to their increase.

4 Experimental procedure

As has been already said, the final goal of this work is the design of a decision making
system for autonomous and social agents. This system has been tested using a virtual
agent who lives in a virtual world where some objects and other agents exist.

4.1 Description of the virtual environment

Bellman in (Bellman, 2003) proposes the use of virtual worlds as test beds for ex-
periments with artificial agents. One of the most important things that is needed is an
environment in which one can explore very difficult mappings between goals, agent ca-
pabilities, agent behaviours, and interaction with the environment, and consequences or
results in that environment. Using virtual worlds this can be reached, but the disadvan-
tages of course, are that these worlds are not nearly as rich as real worlds.

Virtual worlds rose from three mayor lines of development and experience: (1) Role-
playing, multi-used Internet games called MUVEs ( multi-user virtual environments); (2)
Virtual reality environment and advanced distributed simulation, especially those used in
military training exercises; and (3) Distributed computing environments, including Inter-
net.

The use of these virtual worlds as experimental platforms is being extended among
the robotic and artificial intelligence community. For example, in (Isbell et al., 2001)
the research on reinforcement learning of an artificial agent that lives in a multi-user
environment called LambdaMOO, is presented. This environment is one of the oldest text-
based multi-user role playing games, and it is formed by interconnected rooms, with users
and objects that can move from one room to another. The social interaction mechanisms
are designed to reinforce the illusion that the user is present in the virtual space. Another
example of the use of computer games as experimental platforms is the work presented in
(Thomaz and Breazeal, 2006). In this work the players interactively train a virtual robot
to do a task. As in LabdaMOO, it is an external player who gives the reinforcement to the
agent during the learning process.
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4.2 The virtual world: Coffeemud

MUD stands for "Multi-User Dungeon", originally developed in 1979, and refers to a
text-based multi-user game based on the fantasy adventure genre such as Dungeons and
Dragons. The choice of this text-based game instead of using a modern with 3D graphics
one arises from the need to simulate a robot with sensors and actuators living in a real
world. We wanted a virtual world with a very easy way to send and acquire information.
Using this text based game, for our virtual agent, acquiring information is equivalent to
reading a text and acting (move, take, etc) is equivalent to sending a text. For our purpose,
a MUD offered the perfect way to create a virtual environment containing all the necessary
objects (food, water, medicine) to interact with.

Among quite a lot of different MUD codebases, the java-based CoffeeMud (Zimmer-
man, 2007) has been chosen due to its available documentations and clear explanations.

In a typical MUD, a person would connect to a MUD Server using a Telnet client, and
play. Since we want our agents to play, we have created several programs, in C language,
that connect to our mud server through the Telnet interface, simulating different players.
These agents will behave according to the proposed decision making system.

In order to set up our experiments, we decided to create the areaPassage. Passagewas
designed in a way similar to the System and Automation Engineering Department plant
of the Carlos III University. This means that is formed by a long corridor with rooms
situated on both sides since one of the future applications is implementing this decision
making system in our robot which will be moving around that scenario.

4.3 Agents at the Passage area

This area is formed by 20 rooms, 8 of them forming a corridor and the rest of the rooms
are offices distributed at both sides of the corridor. In this area, as has been previously
stated, the player can find different objects. These objects can be passive, which are not
capable of executing actions, or active, which can execute actions.

The objects that are present in this world are the following:

• Food (passive)

• Water (passive)

• Medicine (passive)

• World (passive)

• Another Agent (active)

Except for the agents, which are moving around autonomously, the rest of the ob-
jects are distributed in rooms in such a way that there is a room with food, another with
medicine and another with water. The amount of objects present in those rooms are huge,
and therefore, it is considered that the agent has unlimited resources. The agent at the
beginning of the game does not know where to find those objects. Throughout his time
life, the agent finds the objects and remembers their position so if the agent needs some
object, he will know where to find it.

There are no doors in this area and the way the agent moves in the world is giving
commands of direction: north, south, east and west. With one movement command, the
agent passes from one room to another. The commands used for interacting with the pas-
sive and active objects will be described later. It is worthy of mention that there are two
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movement behaviours: "explore" and "go to" which use two kinds of mathematical algo-
rithms. In the case of the “explore” behaviour is the DFS (Depth First Search) algorithm,
which gives a route to explore all the rooms of the area. For going to a certain room,
the Dijkstra algorithm solves the shortest path problem between the current and the final
rooms.

4.4 Graphic interface

Figure 2: The graphic interface

Figure 3: The agent’s sub-window
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Due to the nature of a MUD, as we have stated, the interaction between a player and
the game is text based. Although it is quite easy to detect all the objects in the area, it is
quite difficult to have a global view of the game since one can only "see" the room where
one is placed. Furthermore, when there are several players connected at the same time,
the only way to watch the player’s evolution is by using a graphic interface developed by
the authors for this purpose, see Figure 2.

Using this interface all the player’s actions can be followed, as well as their drives and
motivations values. Moreover, all the items that the player is carrying are showed on the
little sub-windows developed for each player as can be observed in Figure 3.

4.5 Agent’s description

4.5.1 Drives

The considered drives and motivations are the following:

• Hunger

• Thirst

• Weakness

• Loneliness

These drives have been selected taking into account the needs the agents in the virtual
world. A typical player who lives in CoffeMud needs to eat and drink in order to survive.
The Weakness and Loneliness drives have been added to make the working frame more
complete. Since our final goal is to develop a decision making system for an autonomous
and social agent, the need for social interaction is included as one of the agent’s needs.

The values of the Hunger and Thirst drives increment a certain amount at every step
simulation. These drives do not grow at the same rate. Physiological studies determine
that in most human beings the necessity of water, thirst, appears before the need for food,
hunger. In (Gautier and Boeree, 2005) it is presented how Maslow discovered that certain
needs prevail over others. For example, if one is hungry and thirsty, one will tend to
relieve thirst before hunger. After all, one can survive several days without food, but one
can only live a couple of days without water. As a conclusion, thirst is a stronger need
that hunger.

Some drives, or needs of the agent, after being satisfied do not start to increase their
values immediately, but after a certain time, which we term “satisfaction time”. This
happens in the same way that when after eating, one is not hungry again until some hours
later.

In this system, some of the drives of the agent follow this pattern, previously de-
scribed. Thus, some drives have these satisfaction times whose values depend on the
urgency of each of them. These drives are Hunger, Thirst and Loneliness. The Weak-
ness drive follows a different pattern, as will be described later. In the next equation, the
satisfaction times corresponding to these drives are shown:

Tthirst = 50 steps
Thunger = 100 steps
Tloneliness = 150 steps

(17)

According to these values, the Thirst drive is the most urgent one, since it takes less
time to increase its value again. In general, one is thirsty more frequently than one is
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hungry. The social need, the Loneliness drive, takes much more time in increasing its
value again since it is not a very urgent need. Once the satisfaction time passes the drives
grow as follows:

Dk+1

thirst = Dk
thirst + 0.1

Dk+1

hunger = Dk
hunger + 0.08

Dk+1

loneliness = Dk
loneliness + 0.06

(18)

As is shown, the growing rate of the Thirst drive is higher than that of the Hunger
drive, and this drive in turn increases its value faster than the Loneliness drive.

The variation of the Weakness drive depends on the movement of the agent. Therefore,
if the agent is still this drive does not suffer any variation, but if the agent moves the value
of the drive increases at every step, as is shown next:

Dk+1

weakness = Dk
weakness + 0.05 (19)

Moreover, while the agent is interacting with another agent some drives can be af-
fected by the actions executed by the other agent. In fact, when the agent is robbed:

Dk+1

loneliness = Dk
loneliness + 1 (20)

and, when the agent is kicked:

Dk+1

loneliness = Dk
loneliness + 1

Dk+1

weakness = Dk
weakness + 3

(21)

4.5.2 Motivations of the agent

According to the equation (9), motivations are defined as the sum of the value of
the drives and the external stimuli. These external or motivational stimuli,wi, are the
different objects that the agent can find in the world during the game, so:

If the stimuli is present thenwi 6= 0
If the stimuli is not present thenwi = 0

(22)

Table 1 shows the motivations, drives and their related motivational stimuli.

Table 1: Motivations, Drives and motivational stimuli

Motivation/Drive Motivational stimuli

Hunger Food
Thirst Water

Weakness Medicine
Loneliness Another agent

Equation (9) shows the application of the activation levelsLd in order to calculate the
value of the intensity of motivations. In the experiments:
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Ld = 2 (23)

4.5.3 Wellbeing

In relation to the wellbeing of the agent, as has been shown, said wellbeing is a func-
tion of the drives. Therefore, adapting equation (1) to the agent’s design:

Wb = Wbideal − (α1Dhunger + α2Dthirst + α3Dweakness + α4Dloneliness) (24)

Where:Wbideal = 100.
The personality factors,αi, weigh the importance of each drive on the wellbeing of

the agent. In the experiments all the drives will have the same importance, therefore, all
the personality factors are equal to one other:

αi = 1 (25)

By varying these personality factors we could design different kinds of agents. For
example, if we increase the value ofα4, the personality factor related to the Loneliness
drive, the lack of social interaction will imply a big decrease of the wellbeing of the agent
(sadness). Therefore, since the reinforcement function is related to the variation of the
wellbeing (emotions), this agent will be very sociable.

4.5.4 State of the agent

According to section 3.5.1, in this scenario the inner state of the agent is defined as
follows:

Sinner = {Hungry, Thirsty, Weak, Alone, OK} (26)

In relation to the external state, the state related to every passive object, except for the
object world, are the combination of three binary variables:

Sobj = Being_in_posession_of × Being_next_to × Knowing_where_to_find
(27)

In relation to the object world, at the moment, the state of the agent in relation to the
world is unique, the agent is always in the world:

Sworld = Being_at (Always T rue) (28)

Finally, in relation to another agent:

Sagent = Being_next_to (29)

Every variable is evaluated as= {true, false}.
Therefore, according to the definition of the state given by the equation (3.6), the agent

could be, for example, in the following state in relation to food: “ hungry, not having food,
not being next to food and knowing where to find food”.
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4.5.5 Actions of the agent

The sets of actions that the agent can execute, depending on his state in relation to the
objects, are the following:

Afood = {Eat, Get, Go to} (30)

Awater = {Drink water, Get, Go to} (31)

Amedicine = {Drink medicine, Get, Go to} (32)

Aanother agent =























Steal food/water/medicine
Give food/water/medicine
Greet
T o do nothing
Kick

(33)

Aworld = {Keep still, Explore} (34)

Among all these behaviours there are some of which cause an increase or decrease of
some drives, as is shown in table 2, leading to a variation of the wellbeing of the agent:

Table 2: Effects of the actions over drives

Action Drive Effect

Eat Hunger Reduce to zero (drive satisfaction)
Drink water Thirst Reduce to zero (drive satisfaction)

Drink medicine Weakness Reduce to zero (drive satisfaction)
To be greeted Loneliness Reduce to zero (drive satisfaction)
To be stolen Loneliness Increase certain amount
To be given Loneliness Reduce to zero (drive satisfaction)
To be kicked Loneliness Increase certain amount
To be kicked Weakness Increase certain amount

Explore/ go to Weakness Increase certain amount

The “do nothing” action has no effect on the drives of the agent.

4.6 Indicators of performance of the agent

Other authors, (Ávila García and Cañamero, 2002), defined some viability indicators
to compare the performance of several agents (robots) that use different decision making
architectures. Taking those indicators as a reference, in this work two different indicators
are defined for the analysis of the obtained results. For this reason it has to be taken
into account that during the experiments carried out, the agents do not die. The agents
have a fixed time life. The performance of the agent is determined by the analysis of the
wellbeing of the agent, since this information gives an accurate idea as to how well the
experiment went.
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First, an important concept needs to be introduced: Security Zone. The Security Zone
is defined as an interval of wellbeing values, in such a way that it can be considered that
if the wellbeing of the agent is inside this interval, then the agent is “doing good”. The
interval of the Security Zone is defined asSZ = [100, 92]

In order to analyze the performance of the agent for every experiment, two indicators
have been defined:

1. The average value of wellbeing: This indicator gives a general idea about the per-
formance of the agent, but it does not gives a clear idea about quality of life. This
average value of wellbeing can be high due to a good general performance, as well
as due to very good and very bad moments.

2. Percentage of permanence inside the Security Zone: This indicator gives a more
obvious idea about the quality of life of the agent during the experiment. What is
important for the experiment is not only that the agent has a good average value of
wellbeing, but also that the agent has a good life.

5 Experimental results: Solitary Agent

In this section, the behaviour of an agent living on his own in the previously described
world, is presented. Moreover, we have decided to do the learning parameters adjustment
in this environment. These parameters are the following:

• The parameterδ that defines the relation between exploration and exploitation of
the actions.

• The learning rateα which controls how much weight is given to the reward just
experienced.

• The discounted factorγ that defines how much expected future rewards affect de-
cisions now.

In order to learn a good policy of behaviour all the available actions in every state have
to be executed. Therefore, the agent decides which action is the most suitable for every
state. In each experience, the agent updates theQ value of every state-action pair. Finally,
the most suitable actions for every state will have a highQ value. In order to guarantee
that all the actions are explored, the parameterδ must be high. This parameter has already
been introduced in section 3.4 and determines the randomness when selecting an action.
When its value is high, all the actions have the same probability of being selected, with
no preference among them. Since all the possible actions are executed, it causes some
of them not to be the most suitable ones. As a consequence, the wellbeing of the agent
decreases.

On the other hand, the learning rateα was introduced in equation (4), where the updat-
ing of theQ values of the reinforcement learning was defined. The effect of this parameter
is to give more or less importance to the learnt values than to the new experiences. A high
value of this parameter causes very sudden changes in the learntQ values. On the other
hand, a very low value of this parameter causes the learning process to be slow. This is
because the agent is very conservative and he gives little importance to the new experi-
ences. The best option would be an intermediate value of this learning rate. Based on
several experiments it was proved that an intermediate value guarantees a good relation
between the variability of theQ values and the importance of the new experiences.
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There is another parameter related to the Q-learning process (13), which defines how
much expected future rewards affect present decisions. This is the parameterγ, called the
discount factor. As was explained in section 3.3, a high value of this parameter gives more
importance to future rewards. A low value, on the contrary, gives much more importance
to current reward. The updating of theQ value, for every state-action pair, is formed by
two contributions: the reward received in that moment (r) and the importance of the best
that can happen from the new state (γ· V obji(s′)).

The experiments showed that in order to get the agent to learn a proper sequence of
actions, the discount factorγ must be high. In Figure 4 theQ values of the actions related
to the food when Hunger is the dominant motivation, and the value of the discount factor
γ is high, are shown.
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Figure 4:Q values of the actions related to food when the agent is hungry, withγ = 0.8

When the agent is hungry, next to food, has food and then eats, theQ value is high due
to the received reward (see the graph on the bottom right corner of Figure 4). The next
time the agent is beside food and gets the food, theQ value of this action is updated as
has been previously explained. The new state is “to have food”, and the best thing that the
agent can do is to eat it, therefore the value of this new state is high. As a consequence,
although the agent did not receive an immediate reward for getting the food, the fact that
the value of the new state is multiplied by a high value ofγ will cause theQ value of “get
food” to be high (see the graph on the top right corner of Figure 4). The same will happen
when the agent executes the action “go for food” and the new state will be “ to be next to
food” since its value, as has just been shown, is high. As a conclusion, when the agent
uses a high value ofγ, he learns the sequence of behaviours that leads him to satisfy the
Hunger drive correctly.

Each experiment consists of two phases: thelearning phase and thesteady phase.
During the learning phase, the agent starts with all the initialQ values equal to zero. The
agent, through his experience in the world, learns and updates hisQ values. Once the
learning phase has finished, the steady phase starts. In this last phase the agent “lives”
according to the learntQ values.
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During the learning phase the values of the parametersδ, that determines the explo-
ration level, and the learning rateα decrease gradually. In the steady phase, the agent
exploits the learnt policy of behaviour and stops learning. Therefore, in this steady phase
the actions executed are the ones whoseQ values are the highest and this implies thatδ is
very low. Since the agent stops learning, the learning rate is equal to zeroα = 0.

In Figure 5, the wellbeing of the agent along both phases is shown. As can be ob-
served, during the learning phase the wellbeing of the agent increases gradually, being
higher than95 at the end of this phase. In the steady phase wellbeing maintains its high
value, in fact the average value is98.51 and the percentage of permanence in the Security
Zone is100%. Therefore, it can be considered that the agent learned a good policy of
behaviour.
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Figure 5: Wellbeing of the agent during the learning and steady phases

In the table 3, the most suitable values of all the parameters involved in the agent’s
design are shown:

Table 3: Parameters of the agent

Learning Phase Steady Phase

δ 1.8 → 0.1 0.1

α 0.3 → 0 0

γ 0.8 0.8
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6 Experimental results: Accompanied Agent

In the case that the agent lives with another agents, the Loneliness drive appears in
order to cause social interaction. In the experiments the agent has to live with different
kinds of opponents who have fixed policies of behaviour: one of them is a good one,
another a bad one and finally, the neutral one. Depending on the kinds of opponents that
are living with the agent, different types of worlds are described: the good world, the bad
world, the neutral world and the mixed world.

When social interaction exists, the rewards received by the agent depend not only on
his own actions but on the action executed by the other agent. Therefore, several multi-
agent reinforcement learning algorithms were tested in every world, such as the Friend
or Foe algorithm. This algorithm was developed for general-sum games (Littman, 2001).
Nevertheless, it was proved that those algorithms do not give any significant advantages
in comparison with the Q-learning algorithm. This is because the multi-agent learning
algorithms are developed based on game theory, and this implies that both agents are
adaptable, which means that both of them are learning. This is not the case for the pro-
posed environments where the opponents have fixed policies of behaviour and therefore,
it seems to make sense that the best results are obtained when the agent uses the new
Q-learning algorithm proposed in this work.
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Figure 6: The wellbeing of the agent in every world when using the new Q-learning

In Figure 6, the wellbeing of the agent during the learning and the steady phase when
the agent uses during the social interaction the new Q-learning algorithm, is shown for
every different world. As can be seen, when the agent lives in a good world, i.e. all his
opponents are good, wellbeing is almost near the ideal value during half of the learning
phase and during the entire steady phase. In fact, the values of the indicators of perfor-
mance of the agent, during the steady phase, in this world are very high as is shown in
table 4.

On the contrary, when the agent shares the environment with three bad opponents,
this is a bad world, then as is shown, the wellbeing of the agent is quite negative at the
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end of the steady phase. Therefore, in this world the indicators of the performance of the
agent are not calculated. The wellbeing is so negative because the opponents kick him
or to steal objects and therefore, the agent will not be able to satisfy his Loneliness drive
that, as a consequence, increases its value indefinitely. This means that the agent learns
to avoid the social interaction in a bad world, since most of those interactions have very
negative results.

In the case that the agent lives in a neutral or mixed world, the results obtained seem
to be similar to one other. In these worlds the results of social interaction can be positive
or negative and therefore, when the agent tries to satisfy his Loneliness drives sometimes
he is able to do so but not always. This is the reason why in Figure 6 the wellbeing of the
agent in these worlds has so many dips along both phases. In spite of the existence of all
those drops, the indicators, as can be observed in table 4, are quite acceptable.

Table 4: Indicators of performance

World Average Value % of permanence inside SZ

Good 99.2 100

Neutral 90.68 58.7

Mixed 91.81 71

Bad NO NO

7 Conclusions

As was shown in the introduction, the final objective of this work is to design a de-
cision making system, using unsupervised learning, for an autonomous and social agent.
In order to carry out this objective, this decision making system was implemented in a
virtual agent who lives in a MUD called CoffeeMud.

The agent lives in the “Passage” area where he can find different environments. In
this paper the performance of the agent living in different kinds of environment has been
presented. Looking at these results, we tested the developed decision making system for
the agent. The experiments can be separated in two main parts: First, the agent living
alone in “Passage”, this means with no any other agent, and secondly, the agent living
accompanied by another agents with different personalities.

In the first set of experiments it has been proved that, in order to learn a good policy,
the agent has to first explore all possible actions. In relation to the learning rate, it was
proved that the agent learns correctly with an intermediate-low value. In order to take
advantage of the knowledge acquired, we decided to separate the life of the agent into
two phases: the learning phase and the steady phase.

During the learning phase the exploration level and the learning rate decrease gradu-
ally. This implies that the agent, at the beginning of this phase, explores all the actions
and learns from his experience. As the agent lives, he starts to exploit the actions that
led to good results, as well as to give less importance to new experiences, i.e. the agent
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begins to be more conservative. During the steady phase the agent stops learning and lives
according to the policy learned. Moreover, it has also been proved that, in order to learn
a correct policy, the discounted factor must be high. It is necessary, when evaluating an
action taken in a certain state, to consider future rewards.

As a conclusion, when the agent lives alone in the MUD he is able to learn an appro-
priate policy of behaviour by himself. The agent uses a modification of the Q-learning
algorithm to learn the correct function between states and actions. Using the variation
of the wellbeing of the agent, happiness and sadness, as the reinforcement function, the
agent learns to survive by maintaining all his drives in acceptable ranges. Therefore, emo-
tions are used not for external communication of the agent but for controlling the learning
process.

When the agent lives with other agents he uses the values of the parameters previ-
ously tuned. In relation to the need for social interaction, a new drive was implemented:
Loneliness. This drive was implemented so that the agent satisfied it by interacting with
another agent; therefore, the agent needs to interact with others in order to survive.

It has been proved that the agent is also able to learn appropriate policies of behaviour
when he shares his environment with other agents. The best learning algorithm to deal
with the social interaction is the new algorithm based on Q-learning. Using this algorithm,
the agent was able to survive in a complex world maintaining his drives with low values.

As the main conclusion of this paper, we proved the usefulness of using a MUD
for developing and testing a decision making system. This text based game gave us the
possibility of creating simple as well as complex environments in a very direct way. As the
experimental results showed, the proposed decision making produce very natural results
giving the agent a life-like appearance, which is very useful for the design of games.
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Abstract
This paper presents a system for generating non-verbal communication behaviour

suitable for characters in interactive narrative. It handles interactions of groups of
different characters, each with different relationships to eachother. It is possible to
customise the behaviour of individual character using a system of character profiles.
This allows characters to have a strong individuality and personality. These same pro-
files also allow the characters’ behaviour to be altered in different contexts, allowing
for suitably changing behaviour as the story unfolds.

1 Introduction
When we look at the behaviour of a group of people having a conversation in a public
place we see a fascinating variety of behaviour, a complex interplay of eye gaze, lively
gesturing and a variety of postures. We can often tell a lot about the group merely by
watching them without hearing the conversation. It is normally simple to tell who is
talking from their gestures and from how much others look at them. It is also often
interesting to guess relationships between people from their relative postures. Posture
can also give us a clue to the emotional tone of the conversation, for example how
straight some one stands can show how confindent they feel. This is particularly true
of multiparty interactions in which different people have different personalities and
mannerisms, as well as different relationships to eachother.

Diversity of characters is vital to creating stories, the interplay and conflicts be-
tween contrasting personalities is one of the most important elements composing nar-
rative. The differences between characters must be clearly visible in their behaviour,
and non-verbal behaviour is one of the most important expressions of personality. As
such, it must be possible to customise characters, giving each their own specific man-
nerisms and behaviour. However, characters should not always act in the same way. A
key element of narrative is that as the story unfolds the characters’ situation changes
and in particular the emotional tone of the story alters. This means that the behaviour
of the characters should be able to change to express their new situations. This can
happen in many ways. For example, characters should behave differently depending
on who they are interacting with, and the relationship between them. Characters can
also take on different goals, and different behaviour is appropriate in different places
and situtations. One of the key elements of narrative is interpersonal relationship. As
well as their own personalities, mannerisms and goals, characters should have unique
relationships to other characters. These relationships should be easy to understand
from their behaviour.
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Individuality and Contextual Variation

This paper presents work that aims at improving the capacity of multi-user narra-
tive worlds for expressive behaviour, and in particular to capture those aspects specific
to multi-party conversations (rather than individual emotional expression, or two per-
son conversation). This paper concentrates on two aspects of expressive behaviour
that are particularly relevant to multi-party conversations: relationships between par-
ticipants and the regulation of flow of conversation. The behavioural displays of re-
lationships and attitude between members of multi-party groups is far more com-
plex than in pairs. Pairs only contain one relationship, between the two participants,
whereas in a group each member relates simultaneously to every other and their body
language simultaneously reflects their attitude to several individuals and to the group
as a whole. Body language also becomes very important in regulating the flow of con-
versation, the more people involved the more complex turn-taking becomes. These
two features are likely to add to the aesthetic appeal of virtual worlds and make them
more enjoyable, but they also serve important functions in improving the quality of
conversation over the internet. One problem that is often noted with internet commu-
nication is the lack of affective communication, messages will often be misunderstood
as there is no information about the emotional tone of the conversation. A message
might seem hostile when read on an instant messaging system, whereas in face-to-face
conversation the accompanying body language would make it clear that it is meant in
a friendly way. Supplying animated characters with expressive body language should
help solve this problem. The flow of conversation can also be problematic in instant
messaging and similar systems, the latency of typing messages often means that mes-
sages are received out of order resulting in confusion or at least a rather irritating
style of conversation. Replicating some of the non-verbal cues that help people man-
age face to face conversations in virtual worlds will help solve some of these problems
and thus will significantly aid communication in virtual worlds. The work presented
here has been implemented in the context of dealing with this problem by augmenting
textual chat interfaces with animated characters endowed with appropriate non-verbal
behaviour. Section 5.1.1 discusses this in more detail.

The work presented here aims at extending existing research on non-verbal com-
munication and social interaction for autonomous characters and avatars in order to
apply it to social interaction in groups rather than pairs. Work aimed solely at simulat-
ing social interaction between pairs of people will not capture some of the key com-
plexities of group interaction. One key features of group interaction that we focus on
here is that it features multiple social relationships. Each person in an interaction has
a relationship with each other person, which must be taken into account, as well as
their relationship to the group as a whole. It is therefore critical to simulate how these
multiple relationships affect the behaviour of a character. This paper presents meth-
ods for handling these multiple relationships in a behavioural model for non-verbal
communication. With each character having a set of unique profiles that specify both
their individual personality and their relationships to others. Attention and gaze also
become critical in group social interactions. When interacting with a group we must
divide our attention between the members of that group. How we do this depends on
many factors including the flow of conversation and our relationships with the others.
In this work we therefore take social attention and gaze as central to the simulation of
social interaction.

This paper presents a system for generating expressive behaviour for small groups
of animated characters. We focus on displaying attitudes of characters to each other
and on flow of conversation. To display these features we use the modalities of gaze,
attention, postures and, to a degree, gestures. We have developed a framework, called
Demeanour, for the generation of non-verbal communication in avatars . It is able
to generate non-verbal behaviour in real-time based on a user definable behaviour
model (currently we are working with psychologically-based models as described
in section 3). Avatars react appropriately to each other’s body language, making it
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unnecessary for the user to explicitly react to the actions of others. The aspects of the
Demeanour framework that deal with interactions between characters are described in
more detail in Gillies and Ballin (2004). After discussing related work, two sections
will describe some of the psychological models behind our work and the behaviour
generating architecture we use. We then describe how the architecture can handle
interactions between different characters. Finally we discuss our system of profiles
that can represent the individuality of characters and their relationships.

2 Related Work
Our work builds on a body of research on autonomous characters for virtual environ-
ments, for example, Blumberg and Galyean (1995); Badler et al. (1993); Tu and Ter-
zopoulos (1994); Perlin and Goldberg (1996), and Rickel and Johnson (1999). There
have been a number of general models of non-verbal communication. These include,
Guye-Vuilléme et al. (1999), who have demonstrated avatars with a wide range of
controllable expressive behaviour, however, they do not consider how the behaviour
of one character should interact with that of another. APML (Affective Presentation
Markup Language) is an XML based language for defining the expressive behaviour
of characters which is associated with many projects on expressive characters e.g.
DeCarolis et al. (2004) and Bevacqua et al. (2004), but it again does not take into
account interaction between characters, merely behaviour of one character. Cassell
et al.’s various systems particularly their virtual real estate agent, Rea (Cassell et al.
(1999)), but they deal only with interaction between pairs of characters, or between
one real person and one character. Our work aims to extend such work to groups
of character. Jan and Traum (2005) simulate turn taking in multi-party conversation,
however, they do not consider relationships between people in a group and have a
more limited simulation of non-verbal communication and attention.

Work on simulating eye gaze for social situations includes Garau et al. (2001)
and Colburn et al. (2000) simulate the patterns of eye gaze between pairs of charac-
ters based on frequencies of mutual gaze. Vilhjálmsson and Cassell (1998) use eye
gaze to help regulate the flow of conversation including turn taking behaviour. Rickel
and Johnson (1999), in their character based virtual reality tutoring system, use gaze
primarily as a method of indicating to the user an area of interest in the environ-
ment. Thórisson (1998) simulates eye gaze in the context of more general work on
multi-modal communicative behaviour during conversation. ?) simulates the role of
attention in the potential initiation of social interaction. Our gaze model uses many
aspects of the work of these authors, however it aims at extending them to multi-
party conversation. There has been less work on eye groups in groups of more than
two, though Vertegaal et al. (2000) have produced a simple model for a single agent
interacting with multiple human users.

Among research on posture, Cassell et al. (2001a) have investigated shifts of pos-
tures and their relationship to speech, but not the meaning of the postures themselves.
As such their work is complimentary to ours. Coulson (2002) uses an OCC model of
emotion to generate postures. Bécheiraz and Thalmann (1996) use a one-dimensional
model of attitude, analogous to our affiliation, to animate the postures of characters
in pairs of interacting characters.

The generation of gestures has been studied by a number of researchers. For ex-
ample, Cassell et al. (1999) have produced a character capable of extensive non-verbal
behaviour including sophisticated gestures. Chi et al. (2000) present a way of gener-
ating expressive movements, similar to gestures using Laban notation. Gestures are
closely related to speech and should be closely synchronised with it. Cassell et al.
(2001b) present a system that parse text and suggests appropriate gestures to accom-
pany it. Much of this work relates to a a detailed analysis of verbal communication,
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which is very closely linked to gesture. Such analysis is out of the scope of work,
however, so we use a much simplified model of gesture relative to these authors.

Maya et al. (2004) have investigated how to create variation between animated
characters. They use XML based profiles which are merged with an XML based
specification of the affective content of a particular piece of speech, using an XSLT
based system, to produce a final piece of behaviour. However, they do not provide
any user friendly system for customising characters, nor does their system work in
real time. The use of profiles and context dependence has also been used in other
types of agent technology, for example, Soltysiak and Crabtree (1998).

3 Expressive behaviour
As described in the introduction we focus on two aspects of expressive behaviour.
The first (described in more detail in Gillies and Ballin (2003)) is the way in which
non-verbal behaviour expresses relationships between people, or more exactly the at-
titude of one person to another. The second is how non-verbal behaviour interacts
with the flow of conversation. Before we give an overview of the models we use to
generate this behaviour, it is important to briefly describe the methodology we employ
to design our models. Following authors such as Cassell et al. (1999) or Bécheiraz
and Thalmann (1996), we use a psychologically based methodology, our behaviour
generation systems are based on theories developed in social psychology and related
disciplines. The advantage of this method is that it gives a principled foundation for
our algorithms. However, psychological theories can be incomplete and, more im-
portantly, by their nature they tend to focus on general explanation of the behaviour
and can miss out specific details that are vital in implementing an animation algo-
rithm. We therefore complement our study of psychology with personal observation
of human behaviour.

We have based our model of interpersonal attitude on the work of Argyle (1975)
and Mehrabian (1972). Though there is an enormous variety in the way in which peo-
ple can relate to each other Argyle identifies two fundamental dimensions that can ac-
count for a majority of non-verbal behaviour. One dimension is affiliation, the degree
to which one person likes or dislikes another. The other is dominance/submissiveness,
which represent some sort of power or status relationship between individuals. Atti-
tude and its expression can depend both on the general disposition of the person and
their relationship to the other person, for example status depends on whether they are
generally confident and whether they feel superior to the person they are with. This
issue is complicated in multiparty interactions, as the attitude to the different mem-
ber of the groups can be different and the resulting behaviour is a combination of the
individual attitudes and the attitude to the group as a whole.

Non-verbal behaviour also interacts closely with the flow of conversation. Non-
verbal behaviour is used extensively to regulate conversation dealing with aspects
such as turn-taking (determining who should speak at a given time). Gaze is a par-
ticularly important modality in this respect, Argyle and Cook (1976) have done ex-
tensive studies with pairs of individuals to understand levels of eye gaze, and mutual
gaze, in conversations. They have produced some useful results concerning the level
to which individuals will look at the other while speaking (on average 35%) and lis-
tening (75%).We have used these results to influence our model of gaze and mutual
gaze in group settings. Expressive behaviour is also related to other aspects of con-
versation, for example, gestures only ever occur during speech (whether talking or
listening). Non-verbal communication also provides a back channel, feedback to the
speaker from the listener, which can encourage the speaker or show disagreement, the
most common back channel gesture in western culture is the head nod (and the head
shake for disagreement).
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Figure 1: An overview of the Demeanour framework

Expressive behaviour is displayed in a number of ways, or modalities. In our char-
acters we use postures (which is closely related to attitude), gaze, and more generally
social attention, (which is connected both to attitude and flow of conversation) and,
to a more limited degree, gesture (which is related to flow of conversation). Section
5 describes how these various modalities relate to attitude and flow of conversation,
and how the behaviour is generated.

4 The Demeanour Architecture
Demeanour is a framework for the generation of non-verbal communication in avatars
(figure 1 shows an overview of the system). It is able to generate non-verbal behaviour
in real-time based on a user definable behaviour model (currently we are working
with psychologically based models). Avatars react appropriately to each other’s body
language, making it unnecessary for the user to explicitly react to the actions of others.
Non-verbal communication expresses itself in a number of ways, or modalities we are
currently interested in three: posture, gesture and social attention. The Demeanour
framework is described in more detail in Gillies and Ballin (2004).

The structure of Demeanour is shown in figure 1. In demeanour each character has
a behavioural controller that uses a number of factors to generate behaviour, inputs
from other characters, internal parameters that control characters’ “personality” and
internal attitudes to other characters (how a character feels about another character).
Inputs are read directly from values in the behavioural controllers of other characters.
Parameters are stored internally in a character and attitudes are similar to parameters,
but can have different values for different characters (as described below). These
factors are used to generate behaviour of a number of modalities (in this case, posture,
gesture and gaze). Demeanour uses a number of compound operators to generate the
behaviour, these operators are used combine inputs, parameters and attitudes in a
number of ways. As they can also act on the output of other operators, they can
achieve a multi-stage mapping. The output values of certain operators are then used
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Figure 2: An example inputs, parameters, attitudes and operators for affiliation

as input to the animation modules that control posture, gesture and gaze, as described
below.

5 Multi-character interaction
In interactions between multiple characters the relationships between these characters
becomes critical. Importantly, a character can no longer be considered to have a
single affective state, but a different attitude to each member of the group, with the
resulting behaviour being a combination of all these attitudes. Body language can
reflect an attitude to the group as a whole or may be focused on one or two members.
This section describes how the Demeanour framework handles interactions between
groups of multiple characters. First, we discuss features of the Demeanour framework
itself that enable the interaction of multiple characters will be discussed. Section 5.1
discusses a modality that is critical for regulating multi-party conversations, eye gaze
and, more generally, head and body orientation. In section 5.2 we see how other
modalities, posture and gesture, are affected by group interactions.

Additional features have been added to the Demeanour framework to deal with in-
teraction of more than two characters. The behavioural controllers of different charac-
ters are joined with the outputs of operators from one controller providing the values
of the inputs to others. The controller must be able to generate different behaviour
with respect to different characters in a conversation; to achieve this each operator
in the controller may be evaluated independently for each character, each of which
results in a different value. To be exact, each operator has a number of different types
of value:

• A default value is used for parameters, which are the same for all characters,
for example internal personality factors. This value is also used in attitudes and
inputs when there is no value specified for a particular character.

• A value for each of the other characters in the conversation.
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Figure 3: Querying the value of an operator for a particular character

• The average value of all the characters.

• There are a number of roles that are specified for characters, for example the
current focus of attention (see section 5.1 for details). A role always stands for
a character but that character varies. If a terms is evaluated for a role the result
is the same as evaluating it for the character currently occupying that role.

Figure 3 shows how terms are evaluated for a particular character. A behaviour
generating module (for example, the posture or eye gaze modules) will request to
evaluate an operator for a given character. A compound operator evaluate each of the
values it depends on for the character and then combines them as usual. Parameters
have the same value for all characters and so can simply be evaluated. The value of
an input corresponds to the value of a term in other characters’ controllers. The value
chosen is therefore the value from the controller of the character we are interested
in. Attitudes can have different values for different characters. An example might
be a parameter that represents liking towards another character. To give a concrete
example, in figure 3 we can imagine evaluating the operator “affiliation” for character
“Bill”. This depends on ”other close”, ”other distant” and ”desired affiliation”, so
each of these are also evaluated for Bill. The first two are inputs terms and so they
query Bill’s controller for the appropriate value. Desired affiliation is a compound
compound which depends on ”other liking” and ”friendliness”. Other liking is an
attitude so Bill’s specific value is used. On the other hand friendliness is a parameters
that is character-independent so the default value is used.

5.1 Eye gaze and social attention
Gaze plays a vital role in group conversations. Gaze primarily determines which
member of a group is a person’s focus of attention, which in turn has important impli-
cations for group interaction. Firstly, it helps regulate conversation (Argyle and Cook
(1976)), listeners tend to look at talkers more and looking at another person can “cede
the floor” to them. Gaze also indicates attitude, higher levels of gaze are connected to
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affiliation, in group situations liked members will tend to be looked at more. Finally,
much expressive behaviour is aimed at the focus of attention and so the focus often
determines the nature of the behaviour.

Based on our own observations, we extend our model of eye gaze to a more gen-
eral model of what we call “social attention”. The eyes are not in fact the sole deter-
minants of attention, in our observations we noticed how people can use, for example
the torso, to indicate focus and interest while in fact they are looking elsewhere. Two
examples can easily be interpreted in terms of attitude. Someone listening to a com-
panion with their head fully oriented towards the talker but whose eyes are wandering,
clearly is not entirely interested. Similarly someone looking at a talking companion
but whose body is orientated in the opposite direction towards someone else, is likely
to be showing a strong preference between their companions. We therefore generalise
our eye gaze model to allow for multiple foci of attention, for the eyes, head and torso
(or body). The character maintains these three foci of attention, which may often be
the same object. The three foci are determined in largely the same way with some
variations. The eyes are considered to be the primary focus as they, of course, actu-
ally determine what is seen. The other two foci change relative to the eyes. We will
therefore start our discussion with the model of the eyes.

Our eye gaze model is a generalisation of that described in Gillies et al. (2004).
Each character may either look at another character or a location in the world (when
they are looking “away” from other characters). The locations generally have no so-
cial implication (beyond the implication of not looking at any character), with one ex-
ception. We found, in our observations one particularly interesting behaviour. There
was a tendency, when people were not orienting themselves towards a particular indi-
vidual, to orient towards the average location of members of the group. This tendency
was particularly true of the orientation of the torso, which tended to move less. This
appears to be a way of maintaining a connection with the group as a whole while
momentarily attending to particular individuals. We therefore include an “average”
location which is calculated (perhaps slightly excessively deterministically) as the
mean position of the other characters. Each character and location, is represented as
a potential focus of attention, which that character may look at. These foci are stored
in a list for future gaze behaviour.

Each character will look at the various potential foci for a different proportion of
time. The actual pattern of gaze is determined by two values for each focus: the gaze
target and stare target. The gaze target is the maximum proportion of time that the
character can look at a given focus, calculated over a finite time window, while the
stare target is the maximum length of time that the character can look uninterruptedly
at the target. If either of these values has been exceeded, the character must change
its current focus of attention and therefore look somewhere else. The natural anima-
tion therefore originates in a balance between a tendency to look combined with a
(socially-induced) tendency not to stare excessively. The values of these two param-
eters depend on a number of social factors, which are described in the next section.
When a character does shift its gaze, it will choose a new focus, the probability of
choosing each potential focus is proportional to the different between its gaze target
and the real proportion of time it has been looked at in recent time window. When a
character is looked at it adopts the role of “focus of attention” (see above), which is
used by the posture module.

The above discussion described how the eyes are animated. The head tends to be
less mobile than the eyes and the torso even less so. However, when they do move
they tend to follow the eye gaze. Therefore the main parameter that controls the head
and body are the probabilities that each will follow the eyes. The head and body also
have independent gaze and stare targets for each potential focus, to ensure that they do
not point at certain objects excessively. If either is exceeded a head or body movement
will be forced. A behaviour we have noted in our observations is that people often
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Figure 4: The section of behavioural controller dealing with eye gaze.

orient their torso towards the average position in the group. We therefore give a high
gaze and stare target for the body towards the “average” focus. Finally a focus might
be at too high an angle to look at without turning the head or body, in this case the
head and body are forced to move overriding the above factors.

5.1.1 Calculating social attention parameters

As described above, the social attention model is regulated by a number of outputs
from the behavioural controller, most important of which are to the stare and gaze
targets for a particular character or location, with either eyes, head or body, and also
the probability of the head or body following the eyes. Each focus of attention, and
therefore each character has a different value for each of these. The values for each
character are calculated by evaluating each output for that character, as described
above. They are varied by the two types of expressive behaviour we are dealing with,
conversation and attitude.

Social attention is highly influenced by the flow of conversation, for example,
Argyle and Cook (1976) have shown that people will look at the other 75% of the
time while listening but only 35% while speaking. Gaze is also very important for
taking turns in conversation; for example, when a new talker is about to start speaking
they will tend to look away while conversational partners will look more.

We can therefore define a number of speech conditions with different gaze targets
based on Argyles’ proportions. We firstly determine whether each character is talking
or about to start. As our system is based on a textual interface where messages are
sent instantaneously we must define what it means to be talking at a given time. We
define an avatar to be speaking, if their user has sent a message, until another person
sends a message or after a short time interval has elapsed. We define a person to
be about to talk, if they have started to type a message but not yet sent it. Each
avatar’s behavioural controller can therefore have available information as to whether
the character itself (which we call “self”) is talking or about to, or whether other
characters (called “other”) are. The gaze targets for each character are evaluated
independently as described at the start of section 5, so for any given calculation we
only need to know whether the self character and one other character are talking. This
information gives us 5 conditions (the later conditions in this list take precedence over
the earlier ones):

• neither character is talking, in which case gaze and other orientation is low (no
data is available on this condition so we use a default of 10%).

• the self character is listening to the other character, in which case gaze is high
(75% by default from Argyle and Cook’s studies (Argyle and Cook (1976)))

• the self character is talking, in which case gaze is moderate (35% from the same
study)
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• the other character is about to start talking (we set this value to be exaggeratedly
high at 90% for the reasons described below).

• the self character is about to start talking (again a low value of 10%)

Thus each of the conditions has a base value for its proportion of gaze (and pro-
portional values for their stare length and other parameters). This aims to create a
realistic variation of gaze during conversation. As well as adding realism, this use
of social attention aims to provide some of the social cues that are lacking in tradi-
tional instant-messaging systems but that are vital to helping regulate conversation.
One particular problem is that users will all tend to type simultaneously and, due to
the time it takes to type, they are likely to be reacting to comments made when they
started typing which have been superseded when the message is sent. In particular
the fourth condition (increased gaze and orienting towards a character that is about to
speak) promises to be a strong cue to who is composing a message and so is likely
to encourage people to “cede the floor” to them, allowing them to speak before mak-
ing another comment (as yet we will need to do more tests to know if this will be
effective).

This base value is also affected by the affiliation attitude between the avatar that is
looking and the one that is being looked at. A close attitude increases the gaze target
(up to a maximum of 100%) and distant behaviour reduces it (to a minimum of 0%).
This scaling is achieved by combining the base attention values with the values of
“close” and “distant” as shown in figure 4. The exact formula used to determine the
actual eye gaze is:

g = gcond − gcond
distant

dmax
+ (1− gcond)

close

cmax

where g is the proportion of time spent gazing at the target on average. gcond is the
gaze proportion due to the condition (talking, listening or neither). distant and close
are the values for the close and distant attitudes and dmax and cmax are the values at
which the gaze proportion is either 0 or 1. The output of the operators shown in figure
4 is the “gaze” values which is passed to the eye gaze module to actually generate
gaze behviour using the calculated proportions.

Stare targets for eyes, head and body are calculated with the same formula as gaze
targets, only the base values vary. In our model the probabilities of head or body fol-
lowing the eyes are also calculated in the same way. We have noticed when observing
conversations, that turning to some one with head and body is a more emphatic way
of displaying attention. People are more likely to turn there head to a speaker, but
glance with the eyes at other people and locations, and we might surmise that high
affiliation would increase the probability of turning the head towards a person and not
another. We therefore assume that the same factors that tend to increase gaze will
also increase the probability of turning the head or body. The only difference is that
the body has a high probability of pointing to the average location of the people in
the group, as we have observed that this is a common behaviour, keeping the torso
pointed to the group as a whole and moving head or eyes to look at different people.

5.1.2 Orienting motion

As described in section 5.1 the output of the social attention controller is a number of
foci of attention for the character. These can be other characters or locations in the
world. The purpose of the attention animation system is to turn the appropriate body
part (eyes, head, body), towards the focus. Orienting one part of the body towards a
focus is highly dependent on the orientation of other body parts and on the posture
of the character. For example, the orientation of the torso alters the position of the
head and therefore the rotation required to orient it to a particular focus. We therefore
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cannot determine the exact orientation of a body part until the moment it is required.
However, it would be desirable to know the motion of the character in advance, in
order to ensure smooth movement by interpolating between the previous focus and
the next. Rather than storing future orientations of the eyes, head and torso we store
the foci themselves as positions in the world, and interpolate these in world space. We
therefore have a smooth sequence of positions in world space. At each frame the eyes,
head and torso are oriented towards these locations based on their actual position at
that frame.

5.2 Posture and gesture
The posture of a character reflects their attitude to other characters: for example high
affiliation is associated with close postures such as leaning forward or other close in-
teraction such as a direct orientation whereas low affiliation or dislike is shown by
more distant postures, including postures that present some sort of barrier to interac-
tion, such as crossed arms. The values for attitudes are generated by Demeanour as
described above and then used to generate postures by interpolating over a set of base
postures as described below.

In multi-party interaction it is possible to have different attitudes to different mem-
bers of a group. It is therefore important to evaluate the attitudes with reference to
a particular character. In Demeanour, different postures are associated with different
foci of attention, for example, postures of the torso, such as leaning forward, are as-
sociated with the body focus whereas the “head cock” posture is associated with the
head focus. When postures are generated, the appropriate attitudes are evaluated with
respect to the associated focus. If that focus is not a character, the attitude is evalu-
ated as the average of all the characters in the group. Gesture values are calculated
similarly but their values are set to zero if the character is not talking (or not listening
in the case of back-channel gestures such as head nods).

The same basic engine is used for animating postures and gestures. They are both
based on a series of basic postures or gestures (henceforth called basic motions) that
are combined to generate new motions. The only difference between the two is that
gestures vary over time, while postures are essentially static. The basic motions are
combined by a weighted sum, where the weight of each basic motion determines its
contribution to the motion of the character. The weights are generated based on the
values of the attitudes. Each motion has an associated attitude value. The weights of
each motion are generated at random, but from a distribution whose mean is propor-
tional to the value of the associated attitude.

6 Profiles
Demeanour provides a system of character profiles for off-line customization by end-
users or world designers. They provided the main mechanism for defining the indi-
vidual charactersistics of characters and their relationships. By world designers we
mean expert content creators with some programming skills or at least the ability to
handle technologies such as XML used when defining character behaviour and ad-
jectives for profile creation (see below). Interfaces for end users are aimed at typical
computer game players, not experts but familiar with instant messaging and 3D navi-
gation. Player characters are controlled mostly through a text chat interface, through
which players can enter text to be spoke and emoticons which control the character’s
behaviour (as well as choosing profiles). The user interface is shown in figure 5.

A profile is a set of data that determines the unique behaviour of a character,
i.e. how it differs from other characters. In Demeanour a character’s behaviour is
generated by a parameterised behavioural controller (the structure of the controllers
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Figure 5: The user interface used for real time control of characters

is discussed in more detail in Gillies and Ballin (2004)). This controller can be the
same for each character but changing the values of the parameters allows for different
behaviour. Customization is possible by altering the values of the parameters e.g the
weighting for how the closeness behaviour of other character affects a character’s
affiliation. A profile can set this weighting to a positive value to achieve reciprocating
behaviour, negative for compensation and a low or zero value for indifference to the
other’s status.

Thus a profile consists of a number of values for parameters of the behavioural
controller. These values are stored in an XML-based format separate from the con-
troller definition. When a profile is loaded into a behavioural controller the values in
the profile are used to set the parameters of the controller (profile values are matched
to parameters by name). Profiles are used as a means of customising a character, and
a means of providing contextual variation. This means there will be a number of pro-
files loaded in a controller at any given time. They are stored in a stack as shown in
figure 6. The base of the stack is always the main profile that contains the context in-
dependent customisations of a character. Above this, a number of context dependent
profiles are loaded as described in section 6.2. When a new context profile is loaded
it is added above all the previously loaded profiles in the stack. Profiles higher up
the stack will override profiles lower in the stack, so recently loaded profiles override
older ones and user input overrides other profiles. However, this process can be con-
trolled by giving priorities to values within a profile. Values can have two priorities,
required and optional. Required values always override values lower down the stack
but optional values only override other optional values, and so are only loaded if no
profile has a required value for that parameter.
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Figure 6: The profiles stack containing a number of loaded contextual profiles

6.1 Profiles for customisation
The primary function of character profiles is the customisation of characters. End
users should be able to customise the behaviour of their character and designers of
virtual worlds should be able to provide variety in the autonomous agents in their
world. Each character has a main profile, at the base of the profile stack, containing
values for the parameters of the behavioural controller that determines the unique be-
haviour of that character. This is the main customisation system for a given character.

To be an effective customisation method, easy to use tools must be provided for
designing profiles. The most direct method is for the user to choose values to param-
eters whether by hand editing files or via a user interface. However, parameters are
often closely linked to the internal workings of the behavioural controller and not nec-
essarily intuitive to end-users, so this method should generally be confined to world
designers and advanced users.

We propose the use of “adjectives”. These are names in natural language that de-
scribe a particular character trait or group of traits that is understandable to end-users.
These adjectives are mapped onto actual settings of the internal parameters, each ad-
jective affecting a number of parameters. For example, ‘extrovert’ might combine
dominance with high affiliation while ‘easily intimidated’ might indicate compensa-
tion behaviour to dominance (i.e. responding submissively to dominant behaviour).
Each adjective is a fixed set of parameter values and therefore is itself a self contained
profile. The adjectives themselves are chosen by world designers. They can be de-
signed at the same time as the behaviour network, through direct profile authoring
tools as above. An end-user designs their profile as a combination of the adjectives.
They are presented with series of sliders each labelled with an adjective name, the
values of the sliders represent the proportions of the various adjectives. The values
contained in the adjectives are multiplied by the slider values and summed to obtain
the final profile. This provides a customization tool that is easy to use, abstracts from
the internal workings of the controller, and is itself easily customizable by world
designers. Figure 5 shows an example of the user interface for choosing adjective
weights.

6.2 Profiles and context
As described in the introduction the variability of human behaviour is not solely be-
tween individuals but within individuals. People behave very differently in different
contexts and it is important to also model this sort of variability. The importance of
this type of adaptation is brought out in work by MacNamee et al. (2002) and Maya
et al. (2004). Goffman (1972) provides a fascinating description of how people’s be-
haviour varies in different contexts. This is particularly true for characters in narrative
where the character’s behaviour must reflect the unfolding story.
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In order to handle this sort of variability Demeanour uses a system of sub-profiles
for specific context. A sub-profile is a small set of parameter values that are loaded in
a given context to alter the behaviour of the main profile. These are loaded above the
main profile in the stack as shown in figure 6, with more recently loaded sub-profiles
overriding older ones.

The variation of a person’s behaviour in different contexts can depend on a number
of different factors and so these contexts themselves can have different meanings, for
example, a relationship with a colleague may define a context for interaction with that
colleague but the context would also depend on whether they are at work or in a social
context. We divide contextual sub-profiles into three types depending on when they
are loaded and to some degree who designs them. The system could be augmented to
add a number of other types.

Person sub-profiles define a relationship to a particular individual and thus repre-
sent the attitude to that person. They are loaded when an interaction starts with that
individual. These are the primary means of specifying relationships between charac-
ters as described below.

Role sub-profiles represent the behaviour when the character is performing a par-
ticular role. These roles are often related to work, for example, a waiter behaves very
differently when actually serving customers than when not working or when interact-
ing with other staff in the restaurant kitchen (Goffman (1972)). A practical example,
might be eliminating all low affiliation behaviour when a waiter is at work to ensure
politeness. Role sub-profiles can be loaded by the end-user or automatically loaded
in a given situation. Role profiles can be created by world designers to give a user
character specific behaviour in a role that the user might not have forseen or they can
be created by an end user.

Situation sub-profiles are specific to a particular environment or narrative context,
for example, flirting behaviour might be disabled in an office environment but re-
enabled in an office party context. They are loaded automatically when the character
enters a situation and applied to all characters in that situation.

6.3 Profiles and relationships
The profile system makes it possible for users to specify relationships between char-
acters. A Person profile contains the attitudes of one character to another. Unlike
other profiles which set default values for parameters and attitudes, Person profiles
set the attitudes for a specific character. Each person profile is associated with an-
other character and is loaded when an interaction with that character begins. At this
point the attitude values for that character are instantiated with the values from the
profile. Using the multi-party interaction mechanisms described in the first part of
this paper it is possible to load multiple person profiles, for the different characters
in an interaction. Each of these profiles result in independent attitudes for their char-
acters, thus supporting the multi-party conversations we have described and enabling
end users to specify diverse relationships between characters.

7 Conclusion and Results
We have described the Demeanour framework’s methods for multi-party interaction
with diverse relationships between multiple virtual characters. The system of profiles
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allows end users to customize the individual behaviour of characters and the rela-
tionships between characters. Figure 7 shows results of an animated conversation
generated by our system.
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Abstract

This article describes a novel technique for representing plots of stories in com-
puter games and for unfolding stories according to these plots. The technique is based
on Petri Nets. Its main advantages are that 1) it copes well with branching stories,
which 2) can evolve in parallel in 3) large virtual worlds. While the issue of branch-
ing stories has been already studied in literature, the latter two issues have not been
sufficiently addressed yet. The technique has been evaluated on a prototype imple-
mentation, and subsequently used in two serious games Europe 2045 and Karo. Eu-
rope 2045 is an on-line multi-player strategy game aimed at education of high-school
students in economics, politics, and media studies, which is presently evaluated at
high-schools in the Czech Republic. Karo is a storytelling simulation that is intended
to engage students in decision making concerning social relations, and work on it still
continues. While Europe 2045 simulates Europe in a coarse-grained way, Karo fea-
tures a detailed virtual world inhabited by virtual humans. Besides presenting the Petri
Nets modifications used in the prototype and in both of the games, the article details
several scenarios from the games, and on a general level, it discusses the strengths
and weaknesses of implementation of Petri Nets in virtual storytelling applications.
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Petri Nets for Representing Story Plots in Serious Games

1 Introduction
The idea of using computer games to support training and learning objectives is more
than 30 years old (de Freitas, 2006). Recent work has explored the potentialities of com-
mercial strategy games and simulations in formal education and their alleged advantages
over classical e-learning and edutainment tools, e.g. Egenfeldt-Nielsen (2005). Indeed,
many of such games have been experimentally integrated to formal curricula in the last
four years. Perhaps the most prominent case studies have been conducted with The Sims
2, Civilization III, and Europe Universalis II (Egenfeldt-Nielsen et al., 2006; Sandford et
al., 2007; Squire, 2004), but other attempts exist as well. The results from these pilots
are promising, but also ambiguous in some aspects, e.g. Squire (2004). Hence, so called
“serious” or “educational” games are starting to achieve increasing amount of attention.
These games are, contrary to commercial games, intentionally developed as educational
tools, which makes their integration into formal education easier. For example, a role-
playing game prototype Global Conflicts: Palestine has been recently evaluated in a Den-
mark high-school with positive outcome (Egenfeldt-Nielsen et al., 2006). Another studies
are being conducted, including FearNot!, an anti-bullying educational game (Aylett et al.,
2005), and Revolution, a multi-player educational role-playing game concerning Ameri-
can War of Independence (Revolution RPG, 2007; Francis, unpublished).

As a part of European funded project “Integration of IT Tools into Education of Hu-
manities” we have developed an educational game Europe 2045 (Brom et al., 2007b), and
are developing a game Karo. Europe 2045 is likely the first on-line multi-player strategy
game worldwide aimed at education of high-school students in economics, politics, and
media studies. Its core constitutes a social-economic simulation, i.e. it models Europe in
a coarse-grained way. Karo is a storytelling simulation that is intended to engage students
in decision making concerning social relations. Contrary to Europe 2045, Karo features a
virtual world inhabited by virtual humans, that is autonomous agents (Wooldridge, 2002)
imitating behaviour of humans embedded into the environment. We emphasise that Eu-
rope 2045 is a fully developed game, which is presently being evaluated by high-school
students, while programming work on Karo still continues.

Importantly, narrative aspects are strong in the both games. The reason for that should
be clear: storytelling has played an important role in humanities education since the ad-
vent of formal schooling (de Freitas, 2006). Stories help to build a learning context,
students can better understand the problematic through them, stories increase their in-
volvement, and consequently their motivation.

Specifying plots of stories and controlling the course of a game in accordance with
these plots is a well known problem (e.g., Aylett, 2000; Louchart and Aylett, 2003). It was
indeed one of the most challenging goals we faced during the development. Essentially,
both games had to be designed in order to meet the following requirements:

a) The story plots to be branching.

b) The episodes to be triggered by various initial conditions depending on the time
and state of the word (including virtual humans in the case of Karo).

c) The virtual world to be very large.

d) The episodes to can happen in parallel. Europe 2045 features more than 20 coun-
tries, which could be played simultaneously, each having defined different episodes.
A prototype scenario developed recently for Karo features about 10 different vir-
tual humans, which are simulated all the time, being located in different parts of the
virtual world.
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e) The technique for specification of the plots to be intuitive enough for a high school
teacher or another user (typically an undergraduate university student of humani-
ties) to be able to design new scenarios for the game.

In our previous work, we investigated Petri Nets as a plot specification technique
(Brom and Abonyi, 2006). We found this technique extremely user-friendly and very
fitting for large virtual words and stories evolving in parallel, contrary to other approaches
described in literature (which have, it must be acknowledged, other advantages for other
kinds of virtual worlds). More or less, advantages of Petri Nets match the requirements
mentioned above. Hence, we have adopted Petri Nets for these games.

This article is a report on this work. The overall goal is to introduce Petri Nets as
a new technique for representing plots in storytelling applications, and to discuss their
applicability. In the whole text, the different perspectives of a designer, who use Petri Nets
as a specification tool, and a programmer, who use it as an architectural underpinning of
the story manager, are emphasised.

We start with introducing Petri Nets in general in Section 2. Section 3 analyses various
methods for representing plots and controlling stories, contrasting them with Petri Nets.
Section 4 provides a formal account of a Petri Nets modification we developed formerly
in Brom et al. (2006). This section is aimed at explaining in depth a particular refinement
of Petri Nets that can be used for storytelling purposes. An example of a prototyped story
is given as well.

Section 5 introduces Europe 2045 and Petri Nets modification used in there, which
differ a bit from the formal model described in Section 4. This part of this article is based
on our work reported in Brom et al. (2007b). In Section 6, Karo is overviewed and its
Petri Nets modification sketched. Since Karo should be regarded rather as a prototype at
present moment, we will visit it relatively briefly here. Nevertheless, the results we gained
so far allow us to conclude that Petri Nets can be scaled for applications featuring virtual
humans. Section 7 discusses the strengths and weaknesses of our method and concludes.

2 Petri Nets

This section gives a brief description of Petri Nets in general. Petri Nets is a specifica-
tion technique frequently used in software engineering. A basic variant of it consists of
containers (or places, represented by a circle: ), tokens (“the pellets”: ), actions (or
transitions, ), and transition function ( ). The containers contain the tokens. If a
sufficient number of tokens is contained in specific containers, an action is triggered. Af-
ter firing an action, the tokens that helped to fire this action are removed, and some new
tokens are generated (see Fig. 1a). Which tokens fire which action and which action gen-
erates tokens to which containers is specified by the transition function (and depicted by
arrows). At one instant, several containers can contain tokens, which allows for concur-
rent triggering of actions. Obviously, a conflict between two applications of the transition
function may appear (see Fig. 1b). Such a conflict can be solved in various ways. For
example, we can choose one of the actions non-deterministically.

This basic kind of Petri Nets can be extended by introducing different types of con-
tainers, tokens, and transition functions. For example, tokens can have a state: such
modification is typically called coloured Petri Nets (the colour meaning the state). For
more thorough introduction to Petri Nets, we recommend the reader to consult Petri Nets
World (2007).
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Figure 1: Petri Nets examples. a) The action generates one token if there is one token in
the upper container and two in the lower container. b) The two actions are in conflict.

2.1 Petri Nets and a Story Manager

In this article, we discuss a particular kind of storytelling applications, that having plots
of stories specified in advance by a designer. Actually, one may also be interested in au-
tomatic generation of stories based only on some pre-specified constraints, see e.g. Reidl
and Young (2006), or in emergence of stories from interaction of autonomous human-like
agents, as discussed in Aylett (2000), but this is not our case for our stories must pre-
cisely fit into the formal curricula (Brom et al. (2007b); note, however, that they still are
branching and can evolve in parallel).

For explanatory reasons, let us view the architecture of the kind of applications we are
discussing as being three-layered. The individual layers stand for a GUI, a simulator of
the physical world, which presents the setting for the story (and possibly is inhabited by
virtual humans), and a story manager (see Fig. 2). Each of the layers is more or less an
autonomous component. The purpose of the GUI and the simulator are obvious. The story
manager holds the representations of definite plot scenarios and a state of the story being
unfolded. The state of the story can be changed based on the plots, and on the state of the
simulated world. Conversely, state of the world can be changed based on its previous state
and the state of the story. Importantly, not all changes of the state of the world are caused
by the story manager! For example, in an application featuring virtual humans, the virtual
humans can be controlled by the simulator most of the time (or they can be autonomous
to some extent), and the story manager can only alter their high-level goals from time
to time, i.e. only influence the virtual world, which is driven by the simulator primarily.
Note, that also a user interaction changes the world (by definition of interaction). Hence,
we can describe the interaction among the user, the world and the story manager by the
following functions:

story next : W × S → S (1)
world next : S ×W × I →W (2)

Here, S is a set of possible states of the story,W is a set of possible states of the world,
and I is a set of possible interactions of the user. The results of the function story next
is “computed” by the story manager, while those of the world next by the simulator.

This notion of a separate storytelling component is actually not new. Various authors
employ it, prescribing it various roles based on the intended features of the final appli-
cation - see e.g. Magerko (2006). Following this architectural metaphor, Petri Nets are
exploited in two ways. First, they present the mechanism for representing story plots, i.e.
the function story next, a specification tool for the purposes of a designer. Second, in
run-time, they also represent the state of the story being unfolded, i.e. s ∈ S. This means,
that they are also the technical underpinnings of the story manager.
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Figure 2: Architecture of a “typical” storytelling application that features a virtual world
simulator and a story manager, which works with pre-specified plots of stories. Note that
by virtual world, we mean both a world inhabited by virtual humans, which is the case of
Karo, and that not inhabited by them, which is the case of Europe 2045.

3 Analyse of Plots Representational Techniques
The issue of generating/controlling stories in games and storytelling applications is notori-
ously known. Most techniques come from games and experimental simulations featuring
human-like actors. This is also a case of Karo, but not Europe 2045. In this game, the
story events are more abstract; they deal with whole populations, with a country economy
etc. However, formally, the problem is very similar in both cases. Also the architectures
of both application matches the schema at Fig. 2. In this section, we analyse several plot
representational techniques, contrasting them with Petri Nets. We remind that our aim is
evolving a story based on pre-specified plots with several requirements detailed in Sec. 1.

3.1 Rule Based Systems

A story manager viewed in an abstract manner as a component computing the function
story next (1) is actually a reactive component that responds to some events by triggering
new events that change the state of the virtual world. Once we have this metaphor, we
can easily come up with an idea of computing this by if-then rules matching a state of the
story and of the world and executing an action in the world. Because of the requirement
on large worlds (c), also large story plots, we argue that using just a list of such if then
rules as a method for specifying plots is not a good idea. The reason is that for large
plots hundreds of rules are needed. A designer that has to write down the rules needs a
methodology, i.e. constraints that would guide him or her in the space of possible sets of
rules that can be written down (see req. e)). A pure rule based system does not posses any
such methodology.

Fortunately, there are several techniques that are a sort of rule based system, which
present such a methodology. One of them is Petri Nets. Another one, which will be
discussed here because it is already used in storytelling, is deterministic finite-state ma-
chines.

3.2 Finite State Machines

A well known branch of techniques for specifying plots are deterministic finite-state ma-
chines (dFSMs) (e.g., Sheldon, 2004; Silva, 2003). The formal specification of a dFSM
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Figure 3: Story plots as dFSMs. The linear plot is on the left, the branching on the right.

constrains a manner of specifying the if-then rules, i.e. it presents the desired method-
ology. Each state of a dFSM represents a story episode, and a transition is a trigger that
detects the end of the episode and starts a next one. Natural advantage of dFSMs is that
they are formal, and yet graphical (Fig. 3), which makes them easily intelligible.

However, a classical dFSMs was not suitable for our purposes, since they cannot cope
with the issues of parallelism (req. d)). On the other hand, non-deterministic FSMs can
cope with it, but they are not easily comprehensible (e)).

Sometimes, so-called branching graphs or branching trees are used in storytelling,
e.g. Sheldon (2004); Gordon (2004). We view them, more or less, as a sort of dFSMs,
with similar advantages and disadvantages. Literally, they are not dFSMs, but describing
subtle differences would be unnecessary for the purposes of this article.

3.3 Beat approach

Both for Europe 2045 and Karo, our aim was to author plots and to keep an unfolding
story as close to one of “optimal stories” as possible. This objective is similar to this of
Mateas (2002). However, his beat approach fits better to the domains of small worlds
featuring virtual humans. We could not find out how to scale his solution to cope with the
parallelism issue, and the large world issue (reqs c, d)).

3.4 HTN planning

In the field of emergent narrative and narrative generation, a planning formalism is fre-
quently used, hierarchical task network planning being the most prominent (Aylett et al.,
2005; Cavazza, 2002; Reidl and Stern, 2006). This technique can cope well with the re-
quirements a), b), c), and d). Actually, it goes far beyond a pure reactive rule based story
evolving in that a planner can perform a look-ahead search. However, HTN planning is
not too friendly for a non-AI expert (req. e)).

To tackle e), one could introduce a “presentation layer” for a formal planning system
to disguise the underlying representation and develop an authoring interface; however,
this is time-consuming activity. In fact, Petri Nets (and dFSMs as well) naturally feature
this presentation layer: as said above, they are a sort of rule based system, and it is this
underlying rule based system, that they innately present in a graphical form.

Since we were interested in pre-specified plots but neither in a pure emergent narra-
tive, nor in automatic story construction, and because of the unintelligibility disadvantage
of the HTN planning, we decided not to use this approach. This does not mean, however,
that for other domains, planning may not be the best option.
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3.5 Petri Nets

Petri Nets have natural comprehensibility advantage of the dFSMs. They are formal, and
yet allow for graphical depiction, which mirrors all of their (or most of their, depending
on the complexity of a particular Petri Nets variant) formal features. Hence, they fit
well as a specification interface between a game designer and a programmer. Indeed,
we were able to use them both in Europe 2045 and Karo. First, they were employed in
an informal manner as a specification tool for the designer, i.e. a tool for specifying the
function story next (1). Second, a rigorous counterpart of this informal specification
tool presented the architectural underpinnings of the story manager developed by our
programmer, i.e. a mechanism for computing the results of this function.

For the story manager, it is important to hold the state of the story, i.e. s ∈ S. How
s and S are represented by Petri Nets? Let us contrast it with the representation of s
and S in a dFSM. For a dFSM, S is a set of its states, and s is the state the machine is
currently in. This actually holds for a Petri Net as well. However, a state of a Petri Net,
i.e. s, is represented by which tokens are in which containers, and hence S is a set of all
possible combinations of allocations of tokens to containers. This is much more flexible
representation, and finally allows us to cope with the parallelism issue.

Petri Nets have been already employed in storytelling. Natkin (2003) used them to
a retrospective analysis of a computer game story. They were also used for prototyping
purposes (Brom and Abonyi, 2006), and for plot monitoring in a simple game (Delmas et
al., 2007). However, to our knowledge, none of these work implemented a story manager
for a real full-fledged game.

4 Petri Nets for Representation of Story Plots

As said in Section 2, Petri Nets are a whole class of specification techniques; many mod-
ifications exist. Not surprisingly, we have found that for purposes of each particular sto-
rytelling application, it is beneficial to develop a particular modification that fits best for
what the application demands. For the explanatory reasons, we proceed now as follows.
We first describe in detail a particular refinement of Petri Nets, based on so-called timed
coloured Petri Nets. In fact, we used this refinement for prototyping purposes formerly,
which allowed us to conclude that Petri Nets are a fruitful technique in the storytelling
domain (Brom and Abonyi, 2006). In Section 5, we describe Europe 2045, and overview
the Petri Nets modification it uses. Note that although our technique was intentionally
designed for storytelling applications featuring virtual humans, neither the prototype, nor
Europe 2045 actually exploit them. However, in Section 6, we introduce Karo, where the
method is really used for controlling a story employing virtual humans.

To set the terminology, we say that a PNA-model is the type of Petri Nets formalised
in this section, and a PNA-plot is a specification of an individual plot by means of the
PNA-model. Sections 5 and 6 then introduce PNB-model and PNC-model respectively.

Every PNA-plot can be loaded from an xml-file by an application called TEST we
developed, which features an abstract story manager for running and verifying PNA-plots.
TEST works as follows: After a PNA-plot is loaded and the simulation started, events
start to occur according to the PNA-plot in an abstract manner. That means that the TEST
computes the story next function (1), but there is no simulator of a virtual world to
compute the world next function (2). The result of this function is to be determined
manually by a user through a check-box like interface in TEST; this mimics the changes
that would be imposed on the world by the simulator or a user interacting with the world
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in case of a full-fledged application.

4.1 Story example
For explanatory reasons, we first introduce a dummy story, whose plot was formalised as
a PNA-plot and evaluated in TEST. The story is a simple fantasy narrative set in a village
in an evening. It is a rather small story, just an episode from a larger tale. There are the
following actors and groups of actors:

• MAGICIAN: a user-actor. She needs a puppet (for whatever reason).

• GUARDS: four bum-bailiffs. One of them is a friend of the magician; he has given
her a note that there will be a puppet theatre coming this evening.

• PUPPET THEATRE: four artists. One of them is a twin of a guy who used to steal
in the village several years ago, was arrested but managed to escape.

• ROBBERS: a band having pilfered in the village for a few weeks.

• VILLAGERS: citizens of the village. Some of them will mistakenly recognise the
twin as his robber-brother.

Two things are going to happen in parallel. First, the robbers are going to pilfer this
evening and the guards will try to capture them. Second, the troupe is going to perform a
piece in a pub, and in the course of the play, some villagers will mistake the twin as his
robber-brother and a brawl will flare up in the pub. Consequently, a fire might start, that
would destroy the theatre and all the puppets.

Story can evolve in several ways. All events occur in a probabilistic manner: it is not
sure whether or not the guards capture the robbers, or even notice them; whether or not
somebody mistakes the twin; and whether or not the fire breaks out.

The magician is allowed to influence the story in the following ways: She can buy a
puppet (before the theatre is reduced to ashes), or steal one in the course of the brawl. If
she helps the artists in the brawl, she will be given a puppet for free, provided that no fire
has broken out.

She can call the guards during the brawl using a spell. In this case, the guards interrupt
the chasing and rush to the pub. This reduces the probability of the fire breaking out
significantly, especially if guards have just caught the robbers. She can also put out the
fire immediately by casting a spell.

A part of the PNA-plot for this story is depicted in Figure 4. The most important
features of the portrayal are described in Section 4.2.

4.2 PNA-model
This section gives the formal description of the PNA-model and describes the most im-
portant features of the graphical representation of the PNA-plot depicted in Figure 4. An
algorithm for driving a story according to a PNA-plot is also presented.

Notice that PNA-plot’s portrayals are informative only; what is important is a back-
ground formal specification. Nevertheless, a designer works only with the graphical spec-
ification and informal textual descriptions; there is no need for him or her to know the
formal delicacies, which must be known, on the other hand, to the programmer. As al-
ready said, it is the programmer whose job is to convert designer’s plot specifications into
the code, and clarify ambiguities that may have appeared.
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Figure 4: The “pub-plot” in the initial state is depicted. Notice that a plot can be much
larger and several PNs can run in parallel. In particular, in our case, the “catching-plot”
is connected to the “pub-plot” on the left (indicated by “. . . ”). This part is not described
here for brevity.
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The PNA-model features following entities: containers (which are places – “the cir-
cles”: , , , ), tokens (which are “the pellets”: ), actions (which are transitions –
“the rectangles”: ) and triggers (more or less, they correspond to a transition function
– to “the arrows”: , ). The purpose of a trigger is to fire an action according to tokens’
location, or to add or to remove tokens from containers.

Tokens. Every token has a name, a colour, age, and a state. For every colour, there
is a set of corresponding states. Actually, a colour is like a type of the token, but for
conventional reasons, we keep the designation colour. Let us denote TALL a set of all
possible tokens, NALL a set of all possible names, BALL a set of all possible colours, and
Sb a set of all possible states for a colour b ∈ BALL.

Then, we say that colouring is a function: β : TALL → BALL – it gives a token’s
colour – and token–status is a function (defined for each colour): σb : TALL → NALL ×
Sb ×N – it gives a token’s name, state, and age; and nothing if the token in question does
not have the colour b. If an Sb is empty, we say that the token is stateless. A token can be
located in a container. The age stands for how long the token is located there. In Fig. 4
only the initial tokens are shown. After the start of the simulation tokens would begin to
appear or could be removed.

Containers. Every container has a name, a type and can be associated with a set of trig-
gers, which are actually if-then rules. Let us denote CALL a set of all possible containers,
YALL a set of all possible types and IALL a set of all possible triggers. Then, we say
that container–status is a function: γ : CALL → NALL × YALL × P(IALL) – it gives a
container’s name, its type, and triggers. A container can contain more than one token in
a given simulation time. We say that containing is a function κ : CALL → P(TALL) – it
provides all tokens located in a given container in a given instant.

A semantic meaning of a token in a container is a denotation either of a state of a
group of actors (i.e., an actor-token) or of a satisfied general precondition (i.e., a prec-
token). In a drawing, containers are denoted according to their triggers and tokens they
can contain as follows:

• : an actor-token & without any trigger,

• : an actor-token & with triggers,

• : a prec-token & without any trigger,

• : a prec-tokens & with triggers.

There are following main token types in the PNA-plot from Fig. 4; italic denotes the
initial state:

• “magician has” (colour m); Sm = {noPuppet ,bought, stolen, given}

• “magician where” (colour i); Si = {inPub, outPub}

• “guard” (colour g); Sg = {notCaught , caught}

• “theatre troupe” (colour t); St = {arriving, inPub,playing,defending,burnt, thankful}

• “villagers”, “robbers” (colour o); So = {}

• a prec-token: “has-called”, “has-recognised” (colour o)
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The meaning is obvious: for example, every “magician has” token represents that
the magician has stolen, or has bought, or has been given a puppet, or does not have it,
respectively. Similarly, the state of “magician where” stands for the magician in the pub
or out of the pub. Notice, that these tokens can be located only in PLAYER container.
Notice also, that a token is not a virtual human itself, it is just a representation of its state
for the purpose of the story management!

Triggers. The most important primitive of the PNA-model is a trigger. A trigger can be
associated with an action (an action trigger) or a container (a container trigger). Basi-
cally, a trigger is an if-p-then-c rule, where p is a precondition and c a consequence, which
is to be performed when p holds. There are four types of triggers (both action triggers and
container triggers).

• A token-generating trigger is a trigger that has a consequence of always adding
some tokens to some containers while not removing any token.

• A token-consuming trigger has a consequence of always removing at least one token
and possibly adding tokens to containers.

• An action-firing trigger neither generates nor removes any tokens, but fires an ac-
tion.

• A conflict-resolving trigger’s precondition tests whether two or more conflicting
actions are to be fired at the same time, and its consequence resolves the conflict.
What actually means a conflict between actions will be explained later.

Actions and triggers. Every action has a name, one action-firing, one token-generating
and a token-consuming trigger, a “ready to fire” flag, and an effect. Essentially, firing of an
action has two steps: first, the “ready to fire” flag is set, second, the action is really fired.
The purpose of this separation is that there may be a conflict between several actions, and
not all of them can fire.

The precondition of every token-generating trigger and every token-consuming trigger
tests whether or not the flag is set. Let us denote AALL a set of all possible actions. Then,
we say that action–status is a function α : AALL → NALL × {0, 1} × I3

ALL – it returns
an action’s name, whether or not its flag is set, and its triggers.

If an action-firing trigger holds, its consequence sets “ready to fire” flag. Then, the
other two triggers can be triggered. Notice the word “can”. In a given instant, more
actions can be ready to fire, but not all of them can be allowed to fire for there can be
a conflict between their token-consuming triggers: it is not possible to remove a token
that has been just removed by another trigger. We decided to solve this “conflict issue”
by introducing conflict-resolving triggers. A purpose of a conflict-resolving trigger is to
detect such a conflict, its consequence is to simply unset the flag of some actions. Finally,
when an action is really allowed to fire, its effect is performed, and its token-generating
and token-consuming triggers are triggered. See Algorithm 1 below for details.1

There is no graphical primitive corresponding to a trigger directly. However, a con-
tainer with a trigger is denoted as or , and an action trigger (action-firing, token-
generating, and token-consuming) is depicted as a set of arrows, each from a container to

1We remark that conflict resolving triggers present a relatively complicated element. We noticed that de-
signers of real scenarios for Europe 2045 and Karo typically specified plots avoiding the conflicts at the first
place; they almost never used these triggers. Hence, we regard the conflict resolving trigger rather as a mean for
having the model theoretically coherent than a way for really solving possible conflicts among actions.
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an action, or vice versa. For example, denotes both an action-firing trigger and
a token-consuming trigger at the same time, meaning “try to fire the action if there is at
least one token in the container” and “consume one token when the action is fired”. An
example of a token generating trigger is (it means “generate one token when the
action is fired”).

Details of a precondition or a consequence of a trigger are indicated schematically
next to an arrow, next to a container, or by a changed shape of the arrow. Precisely, a
precondition can:

• test κ: i.e., whether some containers contain ( ) or do not contain ( ) some to-
kens; test β and σβ : i.e., colouring (< col? >) and token-status (< state? >),

• test simulation time (HH hours),

• compare age (MM minutes) or simulation time (HH hours) to a random value
generated using a given probabilistic distribution ( ),

• test whether a user will alter the simulation somehow (will),

• test whether a trigger has fired n times (n×),

• test whether two or more actions are in a conflict (======).

A consequence of a token-generating trigger can generate a token of a specific colour
and a state. This is indicated as < state >, << X >> or < col > above the arrow.
<< X >> means that the generated token has the same state as the token that has been
just consumed (see, for example, GUARD IN PUB container).

Notice that not all conflicts are always solved in Step 4 – there might exist a conflict
not recognised by any trigger. In this case, the action to execute will be chosen randomly
from the set of the actions in the conflict (Step 6).

4.3 Examples
Now, consider several examples taken from Figure 4. First, focus on the container THE-
ATRE and the action Start parking (in the pub), which is redrawn at Figure 5a. There are
three triggers indicated in the drawing. The first one generates a token “theatre” with ar-
riving state into the container once at about 4 p.m. (Step 7, 8 of Algorithm 1). The second
one is an action-firing trigger. It sets “ready to fire” flag when the token in the container
is at least 30 minutes old (Step 1, 2). The third one is a token-consuming trigger, which
removes “theatre” token when the action fires (Step 5, 6).

The next example concerns with the episode of the theatrical performance (Fig. 5b).
The token-generating trigger of the Play starts action has generated four tokens; two “has-
recognised” into the RECOGNISED? container, one “villagers” into the VILLAGERS
WATCHING container, and one “theatre” with the state playing into the THEATRE con-
tainer. The action-firing trigger of the Struggle starts action tests whether or not there is
a token with the state playing in the container THEATRE, and a token in the container
VILLAGERS, and two tokens in the container RECOGNISED? with the appropriate age.
It is determined randomly for the both tokens, whether or not the token is old enough. If
the action is fired, the next trigger – the token-consuming one of Struggle starts – con-
sumes all four tokens. Notice that all durative episodes are represented in a similar way
using the age of the tokens.

Fig. 5c represents the stealing of a puppet. If the magician is in the pub (denoted as
WHERE:< in? >), and if she does not have a puppet (denoted as HAS:< noPuppet? >),
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Algorithm 1 Unfolding a story in TEST using a PNA-plot.
Input: a PNA-plot.
The algorithm is performed in every time step t.

1. Iaction,t ← all action-firing triggers that fire in time t

2. Perform a consequence for all i ∈ Iaction,t in a random order (i.e., mark the “ready
to fire” flag of the respective actions)

3. Iconflict,t ← all conflict-resolving triggers that fire in time t

4. Perform a consequence for all i ∈ Iconflict,t in a random order (it unsets the “ready
to fire” flag of some of the actions being in conflict; it may include asking a user
for selecting such actions)

5. Iremove,t ← all token-consuming triggers that fire in time t (they test for “ready to
fire”)

6. for each i ∈ Iremove,t (take i in a random order) do

• if all desired tokens can be still removed do:

– perform the consequence of i (it includes removing the tokens)
– if i is an action trigger do perform the effect of the action

• otherwise, if i is an action trigger do unset the “ready to fire” flag

7. Igenerate,t ← all token generating triggers that fire in time t

8. for each i ∈ Igenerate,t (take i in a random order) do

• perform the consequence of i

• if i is an action trigger do unset “ready to fire” flag

Figure 5: a) The theatre container example. b) The theatrical performance example. c)
The stealing of the puppet example. Notice that the container THEATRE is depicted
several times for convenience in 4.
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and if she wants to steal, and if the brawl has already flared up (the state of “theatre” is
defending), she can steal the puppet. Notice that the token “player wants to steal” is gen-
erated according to the choice of the user – this feature is achieved by checking a check
box in the application TEST. Notice also, that from the perspective of the high-level plot,
the action of stealing is instantaneous: it takes no time.

4.4 Summary
The purpose of this section was an explanatory one. We introduced in detail the PNA-
model, on which we evaluated fruitfulness of Petri Nets in storytelling in general. The
evaluation took place on the application TEST we developed that allowed for running
PNA-plots in an abstract manner, i.e. without any virtual world connected to it (Brom and
Abonyi, 2006).

Several things ought to be commented. First, notice that a story can really evolve
in parallel. For example, the skipped “catching plot” part at Fig. 4 is actually unfolded
at the same time as the “theatre in pub” part. Second, notice the level of abstraction of
the events generated from the PNA-plot in Fig. 4. Apparently, the PNA-plot presents a
high-level narrative structure; many low-level events are assumed to be generated by the
simulator of the virtual world, possibly based on the user interaction (see Fig. 2 again).
This gives substantial degree of freedom in possible ways of evolving the story, and this
also presents advantage from the design point of view, because splitting the design part
into specifying a high-level plot and low-level behaviour of virtual humans and objects
allows ones to concentrate their thinking on one problem, without being distracted by the
second one. Additionally, the simulator can use a different representation than the story
manager, not necessarily based on Petri Nets. For example, behaviour of virtual humans
can be represented by means of hierarchical if-then rules (Bryson, 2001; Brom, 2005), or
BDI (Bratman, 1987). The BDI is actually the case of Karo.

Third, there is no conflict-resolving trigger in the PNA-plot discussed: the reason for
this is that conflicts were intentionally avoided during the design of the plot. Forth, all
the properties that are only indicated in the portrayal, such as probabilistic distributions,
must be specified precisely in the xml-file corresponding to the plot. It is the job of the
programmer to create this xml-file, and not the designer’s. This precise xml represen-
tation is to be created from a Petri Nets drawing of a designer and based on his or her
supplementary text.

In the next two sections, we overview the modifications of Petri Nets used in Europe
2045 and Karo. In Section 7, a more general discussion follows.

5 Europe 2045
Europe 2045 is an on-line multiplayer game aimed at education of high-school students
in economics, politics, and media studies (Brom et al., 2007b). The developmental phase
is completed and the game is presently being evaluated. Seven preliminary studies have
been already carried out, each involving about 10 high-school or undergraduate university
students. A pilot evaluation has been conducted on two groups of 34 high-school students
(19 females, 15 males) in Prague, the Czech Republic, in January 2008. The game is
intended to be fully applied in spring 2008.

Europe 2045 contains economical and social model, which simulates population ag-
ing, migration, evolution of the market, transfers of industry and services, changes in
environment, moods of citizens, and a substantial number of other variables describing
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particular states and European Union as a whole (e.g. culture, infrastructure, education,
etc.). The game features three layers of game-play. Each student (1) represents one EU
member state in the game and is responsible for its governmental policies, economical
development, and social issues. Basically, the player governs its state by deciding on the
budget’s priorities. Additionally, in cooperation with other players, (2) he or she is en-
gaged in setting politics of the whole EU. Nevertheless, the essential feature of the game
is that (3) each player faces various simulated scenarios and crises addressing contem-
porary key issues of the unified Europe, including migration, international relations, and
energy independence.

The narrative structure of Europe 2045 serves for three purposes. First, it introduces
new topics and agenda for students’ discussions. Second, unfolding new events in accor-
dance with players’ previous decisions, it serves as a global feedback for the students and
as a method for sharpening the discussion. Both these kinds of events are global, i.e. they
are common for all the players and concern EU and international issues (e.g. conflict in
Darfur has intensified). The third class of events provides individual players with a feed-
back about the results of their previous actions concerning their own states; hence, these
events are local (e.g. citizens in France protest against university fees, or unemployment
in Czech Republic has reached 15%).

The game proceeds in rounds, one round is one game year. An atomic “beat” of
a scenario is called an affair. It is an event that takes place in one round and can be
triggered by players’ actions or results from the economical and social model or affairs
from previous rounds. An affair is communicated to the player via a textual description
in the game newspaper or via a short animation in TV, which is being displayed at the
beginning of every round (news item). In some cases, an affair also has an impact on
the economical and social model, i.e. it influences state of a country or the whole EU.
Typically, an affair can result in increasing the EU budget, increasing the level of pollution
in particular states, crippling agriculture production, etc.

Some affairs introduce issues that require decision to be taken by the players (e.g.
accepting another state’s proposal, sending humanitarian mission to the area of a conflict,
etc.). These decisions are intended to be taken during a discussion, typically in the class
under the teacher’s supervision, and voted through a ballot. One affair often triggers more
ballots, each constituting precisely formulated question (“Do you vote for sending Euro-
pean humanitarian mission to Darfur area?”) with three possible answers (yes/no/abstain).
The ballots chosen by the game designers aim to cover all the main possible solutions usu-
ally proposed by real politics in similar cases. When the answers can not be schematised
to the yes or no option, the ballot contains number (3-4) of more detailed solutions. The
decision chosen by the players influences the economical and social model and the affairs
to be triggered in the next round.

The game offers more different campaigns to be played, each of them focusing on
different problematic (e.g. energy independence, international relations, environment).
For each campaign, specific affairs and a scenario describing relations between them have
to be designed. New campaign also comprises distinctive animations for the TV, articles
for the newspaper, items for the in-game encyclopaedia, teachers manual, and handouts
for students.

The aim of this section is to describe how Petri Nets were modified for the storytelling
purposes in Europe 2045, i.e. to introduce the PNB-model. Also an example of a partic-
ular plot (i.e. a PNB-plot) concerning with “Darfur crisis” scenario will be introduced.
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Figure 6: Screenshots from Europe 2045. left) The interface, through which the player
governs its country. right) The balloting interface.

Figure 7: Architecture of Europe 2045. Notice, how it mimics the abstract architecture
from Fig. 2.

5.1 Technical background of Europe 2045
Technically, the game is a client-server application; the students play the game via the
Internet (Fig. 7). The server part comprises PHP scripts generating the game interface,
the story manager, which is written in PHP as well, and the social-economical simulation,
which is written in Java. Almost all parts of the interface are programmed in Flash (see
Fig. 6). The social-economical simulation features a simplified model of EU economy.
Basically, at the end of each round, this component computes the next state of each coun-
try (i.e. will the quality of infrastructure increase or decrease?), and carries out decisions
in which country to build new factories, mines etc. based on particular variables of the
countries (e.g. environmental tax, quality of environment, how well the infrastructure is
developed etc.). We remark that this simulation does not feature human-like agents.

5.2 PNB-model
The PNB-model is stemming from the PNA-model. It was designed to mirror the features
of stories of Europe 2045 described above. Particularly, the model must have seized the
round-based nature of the game, the affairs, the ballots, and the presentation of news
items. We now describe individual components of the model. Then, we describe how
they are integrated together and introduce the story manager algorithm.
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Actions. The model works with two types of actions: affairs ( ), and news items
( ). Both of them can be started between two rounds by a trigger, as described later.
When an affair is triggered, it can influence the game by its game impact (this is similar
to an effect of an action of the PNA-model). An impact can be for example: “migration to
EU decreases in this round by x”. The result of the impact is computed by the economic
simulator before the next round starts (see Algorithm 2). Contrary to affairs, news items
never have a game impact.

Both kinds of actions can communicate to the player several news items in the next
round, using either the game newspaper, or the game TV. Only an affair can invoke (im-
mediately) one or more ballots about a proposal related to the affair.

When the next round finishes, both affairs and news items can generate a new token to
a specific container (this was a job for token-generating triggers in the PNA-model; both
approaches are equivalent). Fig. 8a depicts an action, which generates one token. In Fig.
8b, there is depicted an affair “Darfur conflict” invoking a ballot about “sending an EU
mission to Darfur” proposal (which in case of agreement generates two tokens, each to a
particular container – see next).

Ballots. In a typical ballot ( ), each student has three possibilities: he or she can
agree, disagree or abstain, but more complicated cases are also allowed. To determine
how a result of a ballot influences the game (i.e. which game impact to apply), a what-
next function is defined for each ballot. Basically, for each return value of a what-next
function we define a game impact (this is again similar to an effect of an action of the
PNA-model). Additionally, every ballot can generate one or more tokens similarly to
actions based on on the result of the what-next function. More detailed description on
what-next function element can be found in Brom et al. (2007b).

Tokens. We employ state-less aging tokens, in contrast to the PNA-model. A token
starts to age after it is generated to a container, but not removed in the next round. The
age is given in the number of rounds the token stays in the container.

Triggers & Containers. Triggers are evaluated at the beginning of each round. The
PNB-model features three types of them. First, we have token-generating triggers. These
are associated with containers, but not with actions as in the case of the PNA-model. Ev-
ery time the condition of such a trigger holds, a new token is generated into the container.
In Europe 2045, we use only the form of “when the round x starts → generate one to-
ken”. In fact, these triggers start the game or schedule the episodes to particular rounds.
A container with a trigger is depicted as , while a container without a trigger as .

Second type of triggers is an action-starting trigger, that joins job of action-firing
and token-removing triggers of the PNA-model (this was regarded as more intuitive for
designers). As we already know, a conflict between two actions may occur (Fig. 8c).
Hence, this trigger only marks its action to be started, and the respective tokens to be
removed. A typical action-starting trigger has the following form: “if there are n tokens
in a particular container & f → mark the desired action”, where f is a function of game
state returning a boolean value (e.g. f can be “is EU budget in this round bigger then x
EUR?”).

To cope with conflicts, we define conflict resolving triggers that unmark one of the
marked actions in the same manner as in the PNA-model. In fact, they have not been used
in real scenarios, remaining a mechanism making the PNB-model theoretically coherent.
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Figure 8: a) A simple net. One token is needed in the upper container to start the news
item, which then generates a token to the bottom container. b) A token-generating trigger
generates a token to Container P3 in the first round (notice 1 next to P3). In fact, this starts
the scenario. Affair 4 invokes Ballot 7 immediately. Between round 1 and 2 and if the
what-next function of Ballot 7 returns “+” (which is in this case when the ballot proposal
has been agreed), two tokens are generated; one to P7a, one to P10. Additionally, a
token-generating trigger generates one token into P10 in the second round regardless of
the result of the ballot. c) If there is both one token in Container 3 and one token in 4, it
is not clear whether to start Action 1 or 2. A conflict resolving trigger must be invoked.
d) News item 1 is started when Condition C1 holds. Affair 2 is started when condition
C2 holds and there is at least one token in Container 4 older than 2 rounds. Note, that
in fact, the overall condition of trigger starting Affair 2 is “C2 & age of token in Cont4
> 2”. If there is a conflict between this trigger and the trigger starting News Item 1, the
conflict-resolving trigger is invoked as in the case (c).
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Figure 9: Overall description of PNB-model given in a UML-like class diagram. Based on
this schema, the story manager in Europe 2045 works. Relations of the “conflict resolving
trigger” are not depicted for clarity.

To sum up; in the PNB-model, we use tokens with aging, but without states (con-
trary to PNA-model), we use two types of actions (news items and affairs), and we can
couple an affair with one or more ballots. We use three types of triggers, which can
have relatively complicated conditions. Tokens can be generated by ballots, actions, and
token-generating trigger.

A game designer specifies the plots graphically at the first place. Additionally, most
entities of the model have a unique ID, which serves as a referencing mechanism to addi-
tional textual description (concerning e.g. conditions of triggers) as well as corresponding
animations and news articles.

During a game, a particular PNB-plot is evaluated between each two consecutive
rounds using Algorithm 2. Theoretically, some difficulties may be encountered in mark-
ing of tokens in Step 2 (for each trigger, we need to mark the tokens of appropriate age
that has not been already marked, which may require searching for an appropriate order-
ing of triggers). Additionally, ordering of actions in Step 4b may matter (the total impact
of “action A after action B” can differ from the total impact of “action B after action A”).
Though these issues are of theoretical interest, we have not tackled them rigorously for
they could be addressed easily in an ad hoc manner even for our largest scenarios (Fig.
10).

Fig. 9 overviews how all the components of the model are integrated together.

5.3 PNB-plot example: Darfur crisis
One of the largest and perhaps the most informative plots of Europe 2045 is Darfur sce-
nario (Fig. 10). For brevity, we will not describe here the whole plot, rather we will
illustrate how the building blocks of the PNB-model work on the plot.
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Algorithm 2 The algorithm of the story manager in Europe 2045.
Notice, that the steps 1-5 are concerned with a round k, while 7-10 with the round k + 1.

1. Evaluate all token-generating triggers and generate tokens based on the results.

2. Evaluate all action-starting triggers and mark the respective actions to be started
and the tokens to be removed.

3. For every token that is marked more than once: trigger the appropriate conflict-
resolving trigger and consequently unmark one or more actions.

4. If:

(a) there is no marked action, then end this scenario.

(b) Otherwise, prepare all the marked actions to be run: generate newspaper &
TV news based on the news items, consider the impact of the affairs, prepare
the ballots of the affairs.

5. Remove all marked tokens, increase the age of remaining tokens.

6. New round:

(a) Run new round. Display the news, and ballots, take the input from the user. . .

(b) End the round.

7. Calculate the results of the ballots & their what-next functions.

8. Generate new tokens based on the run actions and on the what-next functions of the
ballots.

9. Compute the game impacts of the ballots based in their what-next function.

10. Go to 1
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This scenario starts in the first round by an affair communicating via TV that the cri-
sis in Darfur has escalated and invoking four ballot proposals. Based on the results of
the ballots, the crises further develop. The important point is that it can evolve in several
branches at the same time. For example, if students agree both on a form of development
aid (Ballot 8) and a humanitarian aid (Ballot 5), both the affairs “Development aid be-
gins” (8a) as well as “Humanitarian aid begins” (5a) are triggered in the second round.
Additionally, either Affair 10a “Big migration increase”, or Affair 10b “Small migration
increase” is started. Which affair is started depends on conditions 7A and 7B.

Notice that all elements have their ID referring for further textual description. For
example, it is specified in this way that Condition 7A, i.e. the condition of the trigger
starting Action 10a “Big migration increase”, is “if there are less than 3 tokens in P10”,
while the trigger starting 10b wants “at least 3 tokens” (Condition 7B). Notice also, that
Container P10 has a token-generating trigger, which generates one token into P10 in the
second round. This means that even if all the proposals are disagreed, large increase in
migration to EU still occurs.

Similarly, it is specified textually that in the ballot “Lost reaction” (12), students have
three possibilities: to reinforce the mission, to pull out the mission or to ask NATO for
help. To which container a token will be generated depends on the result of the ballot
as specified by Conditions 12A, 12B, and 12C. It is also specified that Ballot 12 has no
game impact, but the affair “Mission failed” (20) has the game impact: “migration to EU
is increased by x”.

The scenario ends in the fourth round by a final series of affairs. However, notice, that
other scenarios can be unfolded in parallel. In the basic campaign of Europe 2045, there
are two additional scenarios of the size of “Darfur”, and several dozens of small scenarios
comprising from one to three actions. The whole campaign lasts 10 rounds (game years).

5.4 Summary
We extended the preliminary model described in Section 4 by presenting the PNB-model,
which was used as a plot specification technique in the full-fledged serious game Europe
2045. Presently, this game features one 10-round, fully developed campaign, which com-
prises about 70 game events (affairs, or news items). This allows us to conclude that in this
section, we demonstrated fruitfulness of Petri Nets in the domain of social-economical se-
rious games.

The plot of the mentioned campaign was actually coded directly in PHP. This helped
us to start quickly, but it also presents a limitation. To facilitate the development process,
we would benefit from a graphical authoring tool, especially because we aimed at creating
a second campaign and several undergraduate humanities students, who do not know PHP,
develop other campaigns as a part of their university course. Developing this tool presents
our future work.

6 Karo
Karo is a simulation featuring virtual humans intended as a serious game for civic. Par-
ticularly, it should help students to understand dynamic of social relationships. Presently,
it should be regarded as a research prototype, not a full-fledged application. Contrary
to Europe 2045, programming work on Karo still continues. Speaking in terms of the
three-layered metaphor introduced in Sec 2.1, the GUI, the simulator as well as the story
manager are finished. However, only one case-study scenario (i.e. the specification of the

http://www.aisb.org.uk

83



Petri Nets for Representing Story Plots in Serious Games

Figure 10: Darfur scenario. The elements of the plot are organised according rounds for
clarity. Container’s ids that are not referred from text above are not depicted. For clarity,
several actions are depicted twice (9a, 20).
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plot and its setting) is implemented. Moreover, this scenario has no educational aspect.
Nevertheless, it showed that Petri Nets can be really scaled as a storytelling technique for
a simulation employing virtual humans. After sketching technical background of Karo,
we describe the case-study scenario and review the differences between the PNA-model
(Sec. 4) and the Petri Nets modification used in Karo, the PNC-model.

6.1 Technical background of Karo
Technically, Karo is built upon Java framework IVE – intelligent virtual environment –
we developed formerly (Brom et al., 2006), which serves as a simulator of virtual worlds.
The IVE features grid worlds only; however, this has been regarded as sufficient for our
purpose. The action selection mechanism of virtual humans is based on BDI architecture
(Bratman, 1987), that is implemented using fuzzy if-then rules. The IVE was intention-
ally designed for simulations of large virtual environments inhabited by tens of virtual
humans. It uses level-of-detail technique for simplifying space and behaviour of objects
and virtual humans at the places unimportant at a given instant (Brom et al., 2007a).

6.2 Narrative in Karo
The narrative in Karo is partly emergent and parallel, very character-oriented and goes
into the detail. Our case-study story contains many actors; some of them being back-
ground characters completely driven by underlying world simulator and never directly
influencing the story (e.g. inhabitants of a village, who seem to have their own lives). On
the other hand, behaviour of main characters can be influenced by the story manager.

We decided to solve “interactive–narrative” tension by limiting the degree of inter-
activity available to a user. We allow the user to participate only by changing emotions,
moods, and relationships of the characters, and by modifying the environment slightly,
e.g. by moving objects. Nevertheless, these small influences can change the outcome of
the story radically. Our working hypothesis is that this approach has a strong educational
potential because it allows a student to perceive that small, seemingly similar actions can
have totally different outcome; however, this issue remains to be investigated.

The case study scenario is a dummy fantasy set taking place in a fictional medieval
town, and in the surrounding rural area. It features seven main characters, and several
background actors.

In the beginning, Anne Greyfox, a maiden, who is the daughter of a local baker,
Bryant, is visited by her friend, Nerys Robertson. After a short conversation Anne and
Nerys decide to go to the Lonely Tree, a romantic place outside the town. Possibly they
are warned about the place by Bryant, which may influence their caution later.

The girls go through the town, finally coming to the house of Aunt Dawson, a good-
hearted old woman. She asks them if they can take a lunch to her son Timmy, a city guard.
After they agree, Jonas, Nerys’ little brother, comes here. He is a spoiled child, fattish
and rude. He tells the girls that he is coming with them. Nerys, depending on her mood,
either ignores him or forbids him to follow them. He, however, heard where the girls are
going, so if he is not allowed to follow them, he decides to go to the Lonely Tree on his
own. He does not know that they are going to Timmy’s watch post first, which is quite a
detour, so he arrives to the Lonely Tree sooner.

Near the Lonely Tree, local villain and murderer, Rob The Robber, is hiding. When
the girls arrive, they see him and naturally he decides to kill them. In the end, the girls
are either alive, and Rob the Robber is dead, or other way round, and also Jonas is either
alive or dead, depending on how the user was influencing the story.
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6.3 PNC-model

The PNC-model is an extension of the PNA-model. Apart from minor modifications,
there are two significant extensions. First, triggers can now test state of the world using
a general pattern matching algorithm. This feature is actually similar to the function f
introduced into the PNB-model (see Sec. 5.2, Triggers & Containers). Hence, a designer
of a plot can specify a condition like “someone is near Jane” with the effect of “putting
token to container X”.

Second, because graphical representations of plots became quite large, larger than
the ones on Fig. 4 and 10, we introduced nesting of Petri Nets. This has been achieved
through adding opening and closing triggers, which based on the state of the world and on
the state of an open net can open or close a subnet. A subnet can also contain opening and
closing triggers, a method for having deep hierarchies. This mechanism not only simpli-
fies design, but also speeds up evaluation, because the closed subnets are not evaluated.
It also prevents a designer to do unintended mistakes by using entities that are not related
with the current part of the plot.

6.4 Summary

We extended the PNA-model described in Section 4 by presenting the PNC-model, which
was used for developing a case-study scenario in Karo game. The main innovation in the
PNC-model is hierarchical nesting of Petri Nets.

While this work is still in progress concerning its educational side and particularly the
claims that “small influences can change the outcome of the story radically” and that this
“has an educational potential”, the experience we gained so far allows as to state that Petri
Nets can be and in fact have been scaled for unfolding stories in an application featuring
virtual humans.

7 Discussion & Conclusion
In this article, we have described a method for specifying branching plots of scenarios
that can evolve in parallel, i.e. in several different places at the same time. The method
is specifically designed to cope with stories being unfolded in large virtual worlds. The
method exploits Petri Nets, which are a technique relatively novel in the field of story-
telling (but see Natkin (2003); Delmas et al. (2007)).

The article proceeded as follows: after discussing related work, we have presented a
formal model for representation of plots in Section 4, so called the PNA-model, and have
introduced an application that allows for prototyping of these plots and evolving stories
in an abstract manner, i.e. without any virtual world simulator. Then, in Section 5 and
6, we have extended this work by presenting the PNB-model and the PNC-model, which
have been used and are being used in serious games Europe 2045 and Karo respectively.
While the PNB-model have demonstrated the practical usefulness of Petri Nets as a plot
representational technique in the domain of serious games, the PNC-model have showed
their scalability for an application featuring virtual humans.

Apart from the ability to represent branching plots that can evolve in parallel, the
strength of Petri Nets is that they are formal and yet can be presented graphically. We
have found them as easily comprehensible by non-IT experts; not only the chief designer
of Europe 2045 does not have IT background, but the technique was also explained to
college students of humanities during a course (during about an hour and half) and they
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were subsequently able to use it to specify their own “toy” campaigns. (However, we
have not carried out a “control test” with another technique; the HTN planning might be
a good candidate.)

Since the Petri Nets have all these strengths at the same time, we favoured them over
deterministic finite state machines (Sheldon, 2004), beat-approach of Mateas (2002), and
HTN planning formalism (e.g., Cavazza, 2002).

The question remains, what are the limitations of the technique. At the beginning, it
must be acknowledged that Petri Nets fit well only for stories that are preset. We also think
that the beat approach is better for controlling stories featuring relatively small virtual
worlds inhabited by (a few) virtual humans – we regard this approach as more flexible in
this domain. Additionally, if one needs a story based on a preset plot, which however do
not evolve in parallel, a deterministic FSM would likely be sufficient.

It must be also stressed that Petri Nets is a branching technique: after all, the author
must specify all the branches in advance. The potential risk of combinatorial explosion
of branches must be avoided by manual “cutting” by the author. It is intriguing to think
whether this problem can be overcame, perhaps by generating parts of Petri Nets automat-
ically, hence empowering the technique with some ideas being exploited in the planning
domain (e.g., Reidl and Young, 2006). This is, however, a pie in the sky.
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Petri Nets World: Petri Nets World, a web collection 2007, [Online] Available at: http:
//www.informatik.uni-hamburg.de/TGI/PetriNets/

Reidl, M. O., Stern, A. 2006, ’Believable agents and Intelligent Story Adaptation for
Interactive Storytelling’ in Proceedings of TIDSE, LNCS 4326, Darmstadt, Germany,
Springer-Verlag, pp 1–12.

Riedl, M., and Young, R. M. 2006, ’From Linear Story Generation to Branching Story
Graphs’ in The IEEE Journal of Computer Graphics and Applications, May/June 2006,
pp 23–31.

Sandford, R., Ulicsak, M., Facer, K., Rudd, T. 2007, Teaching with Games. Using com-
mercial off-the-shelf computer games in formal education, Futurelab, Bristol, UK, [On-
line] Available at: www.futurelab.org.uk/download/pdfs/research/
TWG_report.pdf

Sheldon, L. 2004, Character Development and Storytelling, Chapters 7 and 14, Thomp-
son Course Technology.

Silva, A., Raimundo, G., Paiva, A. 2003, ’Tell Me That Bit Again... Bringing Interactivity
to a Virtual Storyteller’ in The Proceedings of Virtual Storytelling II, Springer-Verlag,
pp 146–155.

Squire, K. 2004, Replaying history: Learning World History through playing Civilization
III, PhD thesis, Indiana University.

Wooldridge, M. 2002, An Introduction to MultiAgent Systems, John Wiley & Sons.

http://www.aisb.org.uk

89


	Index
	BlankLeftPage
	AISBJ 2-0
	AISBJ 2-1
	AISBJ 2-2
	AISBJ 2-3
	AISBJ 2-4



