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Abstract

This work presents an agent based behavioural model that simulates decision making ability of
individual characters of primary social groups in crowd simulations. The proposed approach includes a
decision function which is used by each character in order to select the most appropriate goal from a
list of predefined goals. This decision function selects a goal for an agent by evaluating attractions to
goals, distance to goals, decisions of fellow companions in the agent’s group, and attractions towards
such companions. The behavioural realism of this model was evaluated through a series of
experiments that compared parameters of real world scenarios with their simulated counterparts. The
level of realism at which the model simulates characters is suitable for crowd simulations in
entertainment related applications such as video games and movies. Further, the profiling of the
algorithm shows that the approach is capable of being deployed in real-time applications such as video
games.
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1. INTRODUCTION

Crowd simulation systems bring realism to applications such as movies and games [1, 2]
while it is also used for solving serious problems such as floor planning [3]. Realism of a
crowd simulation depends on several factors such as visual realism of characters and
behavioural characteristics. Much research is conducted in order to improve visual realism
and immersion of crowd behaviours within simulated environments [4, 5] and for formally
specifying real world crowd behaviours [6, 7]. While realistic behavioural models are used in
serious applications such as urban planning [3], simplified behavioural models are used in
simulations such as games and movies [1, 2].

Groups of humans such as friends and colleagues are frequently found within real world
crowds. They are referred to as Social groups in the domain of sociology. Social groups are
categorised into two types as primary groups and secondary groups by the Cooley's
classification [8]. Each person of a primary group interacts with all other persons in the
group directly. Family, friends and colleagues are some examples for primary groups. Each
person in a secondary group doesn't need to interact with all other persons but, all members
share a specialty or interested in a common thing. Asians, Teachers and Americans are some
examples for secondary groups. Despite their strong relationship with each other, members of
a primary group may have different interests and different goals [9]. Moreover, strength of
relationship among companions may differ even within the same primary group [10]. Despite
these differences and similarities among members of a primary group, behaviour of a person
is greatly affected by his/her primary group companions [8]. Therefore, consideration of
primary social groups is of great importance to crowd simulations.

Much research has been done on simulating groups and their collaborative behaviours in
virtual crowds. Nevertheless, most of those researches are based on groups of crowd
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characters that have the same goals [11]. Therefore, a lack of research in simulating groups of
characters with different goals was observed.

This research was focused on simulating behaviours of groups of characters who have
different goals. Although social groups could be of diverse types, the research focuses only on
primary groups due to their aforementioned importance. The primary application of the
research is real-time simulations such as computer games. The scope was kept within the
tactical level of decision making [12] of virtual characters. Therefore, pre-known groups of
characters with pre-known goals were only considered. Interactions between characters of
separate groups were not considered.

Scalar values could be used for modelling dynamic interpersonal relationship strengths, as
used by Beécheiraz & Thalmann [13] for simulating non-verbal communication of humans.
They proposed of using a normalised value of fixed range from zero to one, in which zero and
one represent hostile attitude and friendly attitude respectively. Therefore, the strength of
attraction towards an individual could be modelled as a scalar value which depicts the level of
attraction according to the value.

Action points and interest points were introduced for modelling path nodes and goal
locations by Musse et al. [11, 14, 15]. These points allow agents to walk and interact with the
environment. While interest points help in path planning and collision avoidance, action
points store further information such as preferred orientation at the location and information
about the actions that are to be taken at the goal location. The mentioned series of research
were conducted on simulating groups of characters who have only common goals (i.e. a
shared goal list). Therefore, all characters in a group always walk together as a flock. Further,
these characters were modelled as rule based agents.

Later research on crowd simulations started using utility based agents [4] and decision
networks [16] for achieving more realistic results. The characters were able to generate goals
according to the mental state and use utility based decision making to decide upon selection of
goals. Moreover, decision networks allowed modelling how behaviours of one agent affect
another agent. However, communication between agents was not utilized for any decision
making.

Cellular automata had been used on simulating group motions of characters by Dadova
[17]. The method involved in counting the number of activated neighbouring cells of a
character for determining its next move. This method was found to be hard to use due to
difficulties in adjusting a cellular automata.

Multi agent communication has been used for distribution of knowledge for simulating
evacuation behaviours by Pelechano et al. [18, 19]. While each agent was assigned a specific
role (trained personnel, leader or follower), and the communication between characters of
different roles helps all characters to evacuate the danger zone.

The related works described above were related to the problem of simulating groups of
characters although none of them has specifically addressed the problem of having different
goals for each character. However, the techniques used in those work are adapted to this
research as needed.

In summary, this research attempts to address the lack of adequate research on simulating
groups of characters with different goals. As a result, it contributes an agent based approach
which could simulate decisions of groups of characters with approximate realism and
adequate computational efficiency. Moreover, it introduces a novel function for deciding the
next goal from a set of remaining goals of a crowd character.
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2. METHOD

Primary groups are considerably small compared to secondary groups [8, 10], and pedestrians
tend to walk in groups of six or less, for most of (more than 80 % of) the time [6]. Therefore,
a microscopic approach is most preferred for simulating such groups [18].

The problem addressed by the research requires representing different attributes and
individual goals for different characters. Further, it is required that the characters
communicate with each other in-order to model their strong connections with each other as
primary social groups. Cellular Automata and Agent based modelling are the two major
categories of microscopic approach. While cellular automata allow local interaction with the
environment, it doesn’t allow character entities to communicate from a distance [18].
Nevertheless, agent based approaches not only allow characters to have different attributes
and individual goals, but also it allows characters to communicate using various methods
[18]. Further, agent based approaches could be easily executed in parallel for achieving
greater performance. Therefore, agent based modelling is selected as the optimal approach for
the solution.

Communication among agents could be done wusing message passing
(unicast/multicast/broadcast) or a blackboard system. Message passing requires the agents to
be listening at the receiving end while a message is being sent, in-order to receive the
message. Therefore, message passing is a synchronized communication approach which
requires both parties to be ready at the same time for communication, thus adds
synchronization overhead to the communication procedures. On the contrary, blackboard
systems utilize shared memory for communication among agents. This allows asynchronous
communication by letting agents to read any required data from the blackboard only when
they need. Therefore, due to the communication overhead of message passing, blackboard
systems are more efficient than message passing. Considering the entire above, blackboard
approach is selected as the optimal communication method for this solution since,
computational efficiency matters for real-time crowd simulations.

Each group of agent characters (i.e. primary group) is assigned a blackboard. Each agent
is able to read or write-to the blackboard. The relationship between a pair of characters is
considered asymmetric. The strength of attraction towards a character is modelled as a
numerical value. Therefore, each character in a group maintains a set of numerical values
which represents attractions towards other characters in the group. An example is shown in
Fig. 1, which shows how a group of three characters is formed.

Figure 1: Group of three characters.

Further, it is allowed for each character to have any number of different goals. A goal is a
location of interest for the character such as an observable artefact in a museum. For each
goal, a utility is considered. Utility of a goal is a numerical value which represents the
motivation of the character towards achieving the goal.
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2.1 Functional flow of agents

Each agent keeps executing the main loop, which is illustrated in Fig. 2. Execution of
this main loop is started immediately at the beginning of the simulation and continues until
the loop is exited. At the beginning the agent checks whether there is any goal to be achieved.
If there is at least one such goal, then control flows to decide step. At this step, the agent
selects a goal from the remaining goals set and names it as the current goal. Then in the
next step, the agent broadcasts the selected current goal to the blackboard of its group. After
that in the next two steps, the agent moves towards its current goal and once reached interacts
with the goal as needed. (E.g. take an item from a stall.) Once the current goal is interacted
with, it is marked as achieved. Then the agent comes to the beginning of the loop and
continues executing the loop until it goes to exit step.

Figure 2: Process flow.
2.2 Decision function

Most important part of the described main loop is the decide step. Realism of this model
largely depends on this step.

At this step, the agent calculates a value called Total Utility for each remaining goal. Total
Utility of a goal is dependent on three values: utility of the goal, sum of attractions towards
companions who have it as the current goal, and distance towards the goal. Total Utility of a
goal g for character i (denoted as 7;(g)) is calculated as given by the equation below:

T,(9) = Ke-U(o) + Ki. ) 44(c) = Kb.Dy(g) ®
CEHy

For a character i, the utility of a goal g, the attraction towards another character ¢, and the
distance from the character to a goal g are given by functions Uj(g), 4i(c) and Dj(g)
respectively. The set of companions who has g as the current goal is denoted by Hg.
Multipliers denoted by K , K} , and K} are constants which are attributes of each agent. A
goal which gives the maximum Total Utility is selected as the current goal. The set Hy is

found by reading the blackboard.
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3. IMPLEMENTATION

A prototype of the system was implemented for evaluating the model. Unreal Development
Kit® (UDK) was used for implementing the prototype.

Figure 3: Configuration of Character Properties.

Figure 4: Simulated Environment with Blackboard on top left.

A screenshot of simulation engine with character properties window is shown in Fig.
3, where the character is configured. A screenshot of a running simulation is shown in Fig. 4.

A-star algorithm was used for path finding. Euclidean distance was used as the heuristic
function for A-star algorithm. Distance calculations in decide step was also done by path
finding with the A-star algorithm and calculating distance along the found path. Distances to
remaining goals were normalized before calculating Total Utility values of goals at each
decide step. The algorithm used for implementing the decide step is shown in Fig. 5.
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1 CurrentGoal « < //nothing

2 G < @]/ emptyset

3 NormOfDists « 0

4  For eachremaining Goal g Do:

5 dist « CalculateDistanceTo(g)

6 NormOfDists « NormOfDists + dist*

7 G « G U {< g dist >}

8 NormOfDists « VNormOfDists

9 MaxUtility « —co

10 For each < goal,distance > pair in G Do:

11 distance « distance + NormOfDists

12 utility « GetUtiliity(g)

13 attraction < 0

14 For each Companion C Do:

15 If Current Goal of C is goal Then:

16 attraction « attraction
+GetAttraction(C)

17 TotalUtility « K; x utility + K4 X attraction
—Kp X distance

18 If MaxUtility < TotalUtility Then:

19 MaxUtility < TotalUtility

20 CurrentGoal < goal

21  return CurrentGoal

Figure 5: Decision algorithm.

An array of character vs. goal pairs was used for implementing the blackboard of each
group. Navigation component was written by adapting the navigation model suggested by
Chraibi et al. [20].

4. EVALUATION

The prototype was used for evaluating the realism and efficiency of the proposed model.
4.1 Behavioural realism

Behavioural realism of the model was evaluated by comparing decisions of subjects (real
world characters) with their simulated counterparts. The Museum of Colombo was used as
the venue for conducting the experiments. Three rooms were selected from the museum and
modelled in the prototype simulator. A total of forty-one volunteered human subjects were
taken for the experiment. Twenty three groups of characters were created using these
subjects. Each group consists of four characters. The ages of subjects were between 18 to 25
years where all of them were Sri Lankans. Only three subjects out of the forty-one subjects
were female.

At each trial of the experiment, a group was taken into a selected room in the museum and
they were allowed to observe the artefacts of the museum briefly enough to get an idea about
the room. A map of the room was also given to each of them. Then the group of subjects
were taken outside and were asked to list down the artefacts which they would like to observe
in their data sheets. Observing these artefacts was to be their goals when they enter the room
to observe them. Further, they were asked to rate each artefact with a numerical value
(ranging from 0 to 10) to indicate the utility of each goal. They were also asked to write the
attraction towards each companion in the group using a numerical value similarly. After
collecting these data, they were allowed to enter the room through the same door as a group
and observe the artefacts which they marked. While they are observing the artefacts, a
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separate group of observers was used to observe each one of them and write down the order
which they visited their goals.

Data collected from the subjects (goals, utilities and attractions) were used to model each
subject as a virtual character (i.e. an agent) and simulate the same scenario in the simulator.
For each character, the multiplier values K}, K}, and K} were determined experimentally.
The order which virtual characters visited their goals was recorded. This ends one trial. These
trials were done with all 23 groups, one at a time.

At the end of each trial, two orders were retrieved: real order and virtual order. These
orders (i.e. sequences) are permutations of each other. Real order is the order which real
character visited his goals. Virtual order is the order which virtual character visited the same
goals. The two orders will be similar only if the proposed approach is realistic. Levenshtein
distance and Median displacement were taken as measures for calculating degree of
similarity. Definition of median displacement is given below:

Median displacement: Measured by calculating the absolute displacement of each
element in a pair of sequences and taking the median value of those values. (For each
element, find the two indexes at which the element occurs in both sequences and
calculate the difference. Afterwards, calculate the median of those difference values.)

Both measures (Levenshtein distance and Median displacement) become zero when the
compared orders are the same and increase when the compared orders are different. The
number of mismatching goals in a pair of orders is depicted by Levenshtein distance. Median
displacement shows the distance between occurrences of the same goal, in a pair of orders.

Since there were no similar models to compare with, the approach was compared with a
model which had a randomizing decision function (i.e. a model which selects a random
goal from the remaining set of goals as the current goal.). Simulating a subject using this
randomizing model yields a random order of same length as the output. Therefore, the output
of simulating a subject could be retrieved from a random sequence generator. The similarity
between random order and real order was measured using two measures described above.

To make the randomization fairer, a set of random sequences were generated for each
subject and the median values of measurements were calculated as the measurements for
similarity between random order and real order of the subject. Virtual orders and random
orders are compared with their real order to calculate the measurement pairs (i.e.
measurements for random-vs.-real and virtual-vs.-real orders) for each subject. A total of 92
measurement pairs were retrieved from the twenty-three groups, since each group had four
characters.

The quartiles of the distributions of Levenshtein distances and median displacements are
given in Table I. These distributions show that the median ((Q,) Levenshtein distances of
virtual-vs.-real orders are lower than the random-vs.-real orders. Same is true for the
distributions of median displacements. Further it is evident that the inter quartile range (Qs-
0)) of distributions of virtual-vs.-real orders are less than or equal to their random-vs.-real
counterparts. This suggests that the proposed model gives more realistic results than the
random algorithm. However, these distributions were further analysed for drawing better
conclusions.

Goodness of fit tests attested that distributions of both Levenshtein distances and median
displacements are not normal. Therefore, a Wilcoxon signed rank test was performed for both
Levenshtein distances and Median displacements as a hypothesis test. The tested alternative
hypotheses were that distance/displacement between real and virtual orders are less than
distance/displacement between real and random orders. The results of the tests rejected the
null hypothesis at 0.01 level of significance, for both Levenshtein distance and Median
displacement. Therefore, the data provides sufficient evidence to conclude that, the virtual
orders given by the proposed solution are more similar to real orders than the random orders.
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Table I: Virtual-vs.-Real order and Random-vs.-Real order measurements.

N =92 Min Q1 Q2 Qs Max Q:-Q:
Levenshtein Virtual-vs.-Real 0 5 8 11 19 6
distances Random-vs.-Real 1 7 10 14.25 23 7.25
Median Virtual-vs.-Real 0 1 2 3 5 2
displacement | Random-vs.-Real 1 3 3.5 75 2

The simulated and the real order of goals of a group are illustrated in Fig. 6, in which
paths of the four persons of the group are shown in four distinctive lines. Calculated values
for the same group are shown in the Table II.

Figure 6: Paths with the order of goals for Simulated and Real World Human Groups.

Table II: Calculated measurements of the group illustrated in Fig. 6.

. Median . Levenshtein
Median . Levenshtein .
. displacement for . distance for
Person Index displacement for . distance for .
randomised randomised
proposed model proposed model
model model
0 0.5 3.5 5 10
1 0 5 2 16.5
2 1 5 7
3 0 4 4 13
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4.2 Computational efficiency

Efficiency was measured against varying number of groups, number of characters per group,
and number of goals per character. Performance (i.e. efficiency) is measured by using the
update rate of the simulation. Update rate is the rate at which the virtual world evolves (It is
not the same as drawing frame rate of the simulation). Update rate of a trial was measured by
calculating the median of a series of 300 recorded update rate values (each update rate value
is recorded once per 3 updates).

The machine used for the experiment had a dual core processor of type Intel® Pentium®,
2 x2.9 GHz and 4GB of RAM. It was equipped with an NVIDIA® GeForce 8400 GS (512
MB) graphics unit with a 64-bit version of Windows" 7 operating system.

Update rate was measured against varying number of goals per character as shown in Fig.
7. According to the graph, the number of goals per character doesn't affect the performance
by any significant amount.

Figure 7: Update rate against Number of goals per character.

Figure 8: Update rate against Number of groups.
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Update rate variation was measured against varying number of groups as illustrated
in a scatter plot with regression lines in Fig. 8. The difference of update rates of control and
experimental data is also drawn in the same graph. There is a slight grow in this difference as
the number of groups is increased. Therefore, it could be concluded that the number of
groups which use the behavioural model has an effect on the update rate compared to the
effect caused by graphics and other necessary functions. Thus it could be concluded that the
performance decreases when the number of groups is increased.

Update rate was measured against varying number of characters per group as shown in
Fig. 9. Number of characters per group doesn't seem to be affecting the update rate according
to the data since, both control and experimental graphs are giving approximately the same
values Therefore it could be stated that, increasing number of persons per a group doesn't
drop the performance of simulation.

Figure 9: Update rate against Number of characters per group.
4.3 Discussion

Values for multipliers K}, K}, and K} of each character are hard to be determined, while the
rest of inputs such as goals, walking speed, and acceleration are obtainable by observation and
measurement. Therefore, values for these multipliers were experimentally estimated.
However, perfectly accurate input values are required in-order to simulate a given scenario
accurately. Therefore, the expected outcome of the evaluation is an approximately similar
simulation of the real world scenario.

Conclusion of hypothesis tests on evaluation of behavioural realism confirms that the
proposed model is more realistic than a randomizing algorithm. Some of the values in Table I
could be reinterpreted to provide further explanations as follows.

The median value of median displacement is 2 for virtual-vs.-real orders. Thus implies
that whenever a real world scenario is modelled, if a goal pursued by a real person as his n™
goal will be pursued by the respective simulated character as its m™ goal, then the difference
between n and m will be 2 in most cases. Therefore, it is evident that the virtual order of goals
resembles the real order of goals with slight alternations, although it doesn’t perfectly match.
The median value of Levenshtein distance is 8 for virtual-vs.-real orders, meaning that the
number of mismatching decisions made by the simulated character is 8 at most of the time.
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Even though there are considerably many mismatching decisions, as they are such, in most
cases these mismatches are just slight alternations. Therefore, it could be concluded that even
though it is still far from perfection, the proposed model simulates the given input scenarios
with moderate similarity.

Further analysis on the gathered data suggests that some people are more driven by their
interest while some are more attached to their companions. Further there are those who prefer
to walk short distances. All these types of persona could be easily created by adjusting the
Kk, Kk, and K5 multipliers. Therefore, the proposed model allows flexibility in defining
different behaviours for characters. However the values of those multipliers are considered to
be static in this model.

The evaluation of computational efficiency suggests that the computational cost of the
proposed model is considerably low and it is mostly dependent on the number of primary
groups in the simulation. Therefore the model could be easily used in real-time software.

5. CONCLUSION

As found in previous research, majority of pedestrians walk with companions. Therefore,
simulating social groups is important for crowd simulations. Among social groups, primary
social group is the category of groups that mostly affects the decisions of its member. In this
research we have addressed the problem of simulating primary social groups in crowd
simulations.

The proposed model could simulate groups of characters who have different personal
goals with moderate realism. It was also observed that different personalities could be created
by changing the multiplier values (K¢, K}, and Kj). Furthermore, it was found that these
values change not only from person to person, but also for the same person according to
different environmental conditions. It was found that number of characters per group and
number of goals per character doesn't affect the performance. Nevertheless, a decrease in
performance is noticed when number of groups is increased.

The simplicity of the proposed model allows flexibility for it to be used in applications
such as video games. Further, the computational efficiency of the model is suitable for
simulating large crowds.

Further investigation in more complex decision functions could be performed using
statistical and machine learning approaches. The proposed model could be adapted to
consider negative attractions towards companions and certain locations of the map, and
attractions towards characters that are not in the same group could also be considered.
Moreover, lot of work could be done on simulating dynamic attractions towards goals,
companions and other characters while decisions of a character could be used to alter these
attractions of other characters. Such a system would bring further complexity into the
simulation and would be curious to study.
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