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Abstract. This paper presents MAKKSim, a pedestrian dynamics sim-
ulator based on a computational discrete model in which pedestrians are
represented as utility-based agents. The computational model and the
system architecture are discussed, focusing on the development of the
tool and on its application in a real-word case study, for the comparison
and the evaluation of different strategies of crowd management and of
different structural changes on the geometry of the environment.
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1 Introduction

The Multi-Agent Systems approach to the modelling and simulation of complex
systems has been applied in very different contexts, ranging from the study of
social systems [9], to biological systems (see, e.g., [17]), and it is considered as
one of the most successful perspectives of agent-based computing [13], even if
it is still relatively young, compared, for instance, to analytical equation-based
modelling. Models for the simulation of pedestrian dynamics and crowds have
already been successfully applied to several scenarios and case studies, off-the-
shelf simulators can be found on the market and they are commonly employed
by end-user and consultancy companies1. Most of these models employ an agent-
based approach, even if the notion of agent does not always relate to the one
currently adopted in the autonomous agents and multi-agent systems research
area: in fact, several models represent individuals, not aggregate quantities, but
they interpret pedestrians as particles subject to attractive or repulsive forces.
Despite the substantial amount of results this area is still quite lively: one of the
least studied and understood aspects of crowds of pedestrians is represented by
the implications of the presence of groups [6]. Even if recent works, especially
in the agents technology area [3], represent a promising line of research, current
results still need a more thorough validation and an analysis of the feasibility of
their application to concrete case studies. The aim of this work is to introduce

1 see http://www.evacmod.net/?q=node/5 for a significant although not necessarily
comprehensive list of simulation platforms.
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Fig. 1. The application scenario of MAKKSim: evaluation of designs and crowd man-
agement solutions by means of statistical data from simulations

MAKKSim, an innovative pedestrian and crowd simulation system considering
groups as a central element of the represented scenario. MAKKSim represents an
evolutionary step in the direction of an extension of robust currently employed
pedestrian models towards more sophisticated behavioural models. In particular,
this paper presents a version of the model including an adaptive mechanism for
the preservation of group cohesion that represent a significant improvement over
the previous versions [2].

The work is organised as follows: first of all, the agent-based model will be de-
scribed, introducing the elements for the definition of environment, pedestrians
and mechanism of movement. Then, the analysis of MAKKSim from an architec-
tural point of view will be described (Sect. 3). The application of the platform
to a real-word case study will be discussed with reference to the comparison
and the evaluation of different crowd management strategies and alternative ge-
ometries of the environment for the scenario (Sec. 4). Conclusions and future
developments will end the paper.

2 Agent-Based Computational Model

The agent-based computational model underlying MAKKSim will now be briefly
introduced, focusing on the definition of environment, pedestrians and movement
mechanism. A more thorough formal definition can be found in [18].

2.1 Environment

The environment is modelled in a discrete way by representing it as a grid of
squared cells with 40 cm side (according to the average area occupied by a
pedestrian [20]). Cells have a state indicating the fact that they are vacant,
occupied by an obstacle or by a pedestrian.



MAKKSim: A MAS for Designer’s Decision Support 27

A simulation scenario encompasses both the structure of the environment and
all the information required for the realisation of a specific simulation, such as the
demands (pedestrians generation profile, origin-destination matrices) and spatial
constraints (e.g. crowd management policies). The information related to the
scenario of the simulation are represented by means of spatial markers, special
sets of cells that describe relevant elements in the environment. In particular,
three kinds of spatial markers are defined: (i) start areas, that indicate the
generation point of agents2 in the scenario, all at once or according to a user
defined frequency; (ii) destination areas, that define the possible targets of the
pedestrians in the environment; (iii) obstacles, that identify all the non-walkable
areas as walls and zones where pedestrians can not enter.

Space annotation allows the definition of virtual grids containing information
about agents’ positions and movements in the environment. In our model, we
adopt the floor field approach [4], that is based on the generation of a set of
superimposed grids (similar to the grid of the environment) starting from the
information derived from spatial markers. Floor field values are spread on the
grid as a gradient used to support pedestrians in the navigation of the environ-
ment: path fields show the shortest path towards a given destination, density
fields highlight instead crowded points of the environment, and so on. Some of
the floor fields are static (creating at the beginning and not changing during the
simulation ) or dynamic (changing during the simulation). Three floor fields are
considered in the model: (i) path field assigned to each destination area, that
indicates for every cell the distance from the destination, acting as a potential
field that drive pedestrians towards it (static); (ii) obstacles field, that indicates
for every cell the distance from an obstacle or a wall (static);(iii) density field,
that indicates for each cell the pedestrian density in the surroundings at the
current time-step (dynamic).

Chessboard metric with
√
2 variation over corners [11] is used to produce the

spreading of the information in the path and obstacle fields; differently, for the
density field, when a pedestrian p moves in a cell c, it is modified adding 1 to
the cell in which he/she moves, and subtracting 1 from the cell he/she just left.
For the neighbour cells, the value v decreases with the inverse of the square of
the distance d between the cell and p (v = 1

d2 ).

2.2 Time and Update Mechanism

In our model, time is also discrete, divided into steps of intervals equal to 1/3
seconds. These configurations, along with the adoption of a Moore neighbour-
hood with radius equal to 1, generates a linear pedestrian speed of 1.2 ms−1,
in line with the data from the literature representing observations of crowd in
normal conditions [20].

Regarding the update mechanism, three different strategies are usually used
in this context [10]: sequential, shuffled sequential and parallel update. The first

2 Different types of agents with different features can be generated by the same start
area.
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strategy is based on a sequential update according to a static list of priority,
that reflects the generation order of the agents; on the contrary, the parallel
update calculates the choice of movement of all the pedestrians at the same
time. We currently adopt the shuffled sequential strategy, in which a dynamic
list of priority among agents is randomly generated every step and then used to
sequentially update agents positions.

2.3 Pedestrians and Movement

As we previously said, pedestrians are defined as utility-based agents:

Ped : 〈Id, Group, State〉; State : 〈position, oldDir, Dest〉
with their own numerical identifier, their group (if any) and their internal state,
that defines the current position of the agent, the previous movement and the
final destination, associated to the relative path field.

Agent life-cycle is divided in four steps: perception, utility calculation, action
choice and movement. The perception step provides to the agent all the infor-
mation (i.e., values extracted from floor fields) he/she needs for choosing his/her
destination cell. This choice is based on an utility value assigned to every possible
movement according to the following function:

U(c) =
κgG(c) + κobOb(c) + κsS(c) + κcC(c) + κiI(c) + κdD(c) + κovOv(c)

d

Function U(c) takes into account all the behavioural elements relevant for pedes-
trian movement, combining information derived by local floor fields: goal attrac-
tion (i), geometric (ii) and social repulsion (iii) are the first factors considered in
modelling pedestrian behaviour. In addiction, we introduce two different compo-
nents to model social relationships between pedestrians: simple group (iv), that
indicates a family, friends, or any other group characterised by a strong cohesion;
structured group (v), generally a large one (e.g. group of team supporters), that
shows a slight cohesion and a natural fragmentation into subgroups, in which
the cohesion gets stronger. Moreover, two factors represent preferences with re-
spect to movement, helping the model to reproduce realistic simulation both

Fig. 2. High-level perspective of MAKKSim architecture
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(a) (b)

Fig. 3. The class diagram of MAKKSim, from the perspective of Agents (a) and Spaces
(b) packages. Note that in (b) links from external packages have been omitted.

in qualitative and quantitative perspective: (vi) adds a bonus to the utility of
the cell next to the agent according to his/her previous direction, while (vii)
describes the overlapping mechanism, a method used to allow our model the
possibility to treat high density situations, allowing two pedestrians occupying
temporarily the same cell at the same step. The model includes an adaptive
mechanism, modulating the constants that regulate the relative importance of
the behavioural components, in particular to preserve the cohesion of simple
groups whenever their dispersion grows above a given threshold. More details
about this mechanism can be found in [18].

After the utility evaluation for all the cells in the neighbourhood, the choice of
action is stochastic, with the probability to move in each cell c as (N is the nor-
malisation factor): P (c) = N · eU(c). The set of possible actions is defined as the
list of the eight possible movements in the Moore neighbourhood, plus the action
to keep the position (indicated as X): A = {NW,N,NE,W,X,E, SW, S, SE}.

3 System Architecture

Figure 2 shows the high-level architecture of our platform. Users interact with
the software through the simulation layer, which represents the 3D model of
the environment, built using Blender3, and the information of the simulation
scenario, set by MAKKSim graphic interface. The logical layer contains the
Python code of the simulator, structured in 5 packages: the GUI package (i),
the Agents (ii) and Spaces packages (iii), that constitute the implementation of
the computational model previously described, the Scenario Manager (iv), which
connects the packages to run the simulation and the Statistics Manager (v), for
statistics purposes. The last layer is the low level layer, that contains both the

3 Blender is a free and open-source 3D computer graphics software,
http://www.blender.org

http://www.blender.org
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(a)

(b)

Fig. 4. The class diagram of MAKKSim, from the perspective of ScenarioManager (a)
and Stats (b) packages

Python virtual machine, which runs the code, and the Blender 3D engine, that
supports an easy-to-read visualisation of the results of the simulations.

A more detailed explanation of the main software packages will be now pre-
sented, by means of the UML-like class diagram showed in Figure 3 and 4.

Agents Package. The package Agents represents the portion of the software
that implements the pedestrians. In order to allow the possibility to define het-
erogeneous types of pedestrians, the basic schema of an agent has been im-
plemented starting from the interface Vehicle, in which there are four abstract
methods that exactly represent the agent life-cycle: perceive, evaluate, choose
and update. With this methodology, to develop a new kind of pedestrian, it is
just necessary to create a new class that implements the vehicle interface - or
extends one of the already-defined pedestrian class - and override these methods.
For the representation of the element group class with the same name has been
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defined. In case of simple group, it will contain only a set of agents, otherwise it
will be composed of the list of sub-groups.

Spaces Package. To link the definition of pedestrians with the environment
of the simulation, every pedestrian instance has the references to the main ele-
ments of the package Spaces : SpatialGrids, which represents the container of the
spatial grids (including the floor fields); the relative Start marker of its genera-
tion. Considering the management of the environment and spatial markers, floor
fields are defined respectively by the classes PathGrid, ObstacleGrid and Densi-
tyGrid, while the grid of the discrete environment is implemented by Grid, and
DiscretePositions aggregates the positions of all pedestrians. The marker Start
has been implemented as a class due to its complexity: it defines the genera-
tion frequency of pedestrians and groups, the type of pedestrians, the stochastic
assignment of goal to agents and, finally, the reference to another start area to
indicate where the agents will be regenerated after the goal reaching (the latter is
useful to realise agents with multiple tasks or subjected to vertical movements).
The interaction between MAKKSim and the Blender engine is managed by the
class DefaultContainment that acts as a “mediator” between the continuous en-
vironment of Blender and the discrete one of MAKKSim, for the creation of the
spatial grids.

Scenario Manager. In order to perform simulations, the main elements of
the two previous packages are initialized and connected by the ScenarioMan-
ager, specifically by the object Scenario (Figure 4(a)). The latter is controlled
by Manager, which is the root class of the software and runs the simulations by
initialising and updating Scenario. Its initialisation requires the object Configu-
ration, created by the GUI class with the parameters of the simulation, defined
by the user. At each step the class Scenario is therefore updated, both with the
introduction of further agents in the simulation (according to the configured fre-
quencies) and the update of those that are already in the scenario. The elements
Meshes and Scripts implement integration points with Blender: the first one is
used to draw simple 3D model of the pedestrians, while the other one integrates
the Python code of MAKKSim in Blender.

Statistics Manager. Class Scenario initialises also the core of the package
Stats, named StatisticsManager, that supports the definition of statistics. We
chose to implement this one as a Singleton, in reference to the well-known soft-
ware architecture design patterns [8], due to the fact that it is an object which
must be reachable from all agents of the simulation (and the Singleton reference
can be obtained, instead of saved in each of them4) and, moreover, it is strictly
required that only one instance of it is created.

Therefore the StatisticsManager works as the mediator between the agents
and the statistics management objects, for the realisation of the statistical data.
Classes into StatisticsManager control have been implemented to perform, for
every step, different kind of analysis:

4 It is the reason why in the Figure 3 and 4 the links to StatisticsManager are dashed.
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• SpaceUtilizationStat saves the absolute values of cell utilisation during all the
simulation, using a special discrete grid in which 1 is added in every occupied
cell. It allows to analyse the average trajectories of pedestrians;
• SpaceMovementsStat and SpaceBlocksStat, similar to the previous one, focusing
on the pedestrian real movements and on block situations, respectively, by adding
1 in the corresponding cells;
• CumulativeMeanDensityStat calculates the grid of cumulative mean density
(CMD) of pedestrians5. This grid is obtained as follows: agents store the value
of the density field in its position in the grid and at the end of the simulation
the mean value is then calculated. Note that, with this method, CMD values of
empty cells gets no variation, therefore the grid does not vary on time;
• PedsNumberStat saves the number of agents in the simulation;
• PedsActionsStat stores every action performed by the agents during all the
simulation, to analyse their trajectories;
• PedsTravellingTimeStat stores the number of steps required by agents to reach
their goal;
• GroupsAreaStat stores the values of pedestrian groups dispersion during the
simulation. Group dispersion is a fuzzy concept and different methods can be
defined to calculate it [1]. Our method identifies the dispersion of a group as the
area of the convex hull generated using the position of its members.

Results of the analyses are saved both as comma separated values (CSV) files (for
further elaboration into a spreadsheet or plotting through tools like GNU-Plot)
and as portable network graphics (PNG) images, when possible and relevant,
for an immediate visual feedback.

4 Application Scenarios and First Results

Before describing and analysing the results, however, we will introduce some con-
siderations about the computational costs of the simulations, as well as about
model calibration and validation. Simulations have been performed using a work-
station with an Intel(R) Xeon(R) E5630 CPU (12 MB SmartCache, 2.53 GHz
clock), 6 GB Ram and Windows 7 Professional 64 bit as OS. Tests have shown up
the significant computational complexity of the agent behavioural model: simu-
lations performed in the Arafat Station scenario, that will be described later on,
include a population of 750 agents, divided into three equal structured groups,
and they required an average time of 14 seconds per simulation step6.

5 CMD is defined as the average local pedestrian density perceived from each person
in each of his/her positions (see [5] for a detailed explanation).

6 It is clear that computational time is a significant aspect with respect to the use of
simulation platforms, but, during the design of the tool, it was not our aim to deal
with real time simulations, that however cannot be achieved even with commercial
systems but only with prototype research tools [19] and in relatively simple situa-
tions, from the point of view of pedestrian behaviour complexity. Despite that, works
on optimization and parallelization of different tasks, like the statistics calculation,
can be developed in the future.
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(a) (b)

Fig. 5. Picture of the waiting boxes taken from the Arafat station (a) and the logical
representation of the simulation scenario (b)

Regarding model calibration and validation, a set of preliminary tests on
benchmark scenarios7 have been performed, with the aim of understanding the
platform capability to reproduce the aggregated macroscopic effects of the pedes-
trian dynamics [15]. By comparing the simulated data with the empirical evi-
dences, we have obtained ranges of values for all the parameters in U(c) function
(see Sec. 2.3), allowing to perform realistic pedestrian behaviours and simula-
tions; more details on these experimental scenarios can be found in [18]. We want
to emphasise that it is this aim of producing results that are comparable to real
data in a wide range of situations that calls for a relatively simple model: much
richer behavioural models are present in the literature (see, e.e., [16]), but they
are mostly aimed at producing visually realistic animations of environments.

The first real world application of MAKKSim was in the context of CRYS-
TALS8 project: several tests have been performed on the Arafat I station on the
Mashaer Metro line in Saudi Arabia to compare and analyse various solutions
of crowd management, in a situation that involves large amount of pedestri-
ans. In fact, the station is used during the Pilgrimage towards Mecca, moving a
large number of people from different holy sites in a strict period of time. This
scenario focuses on the entrance to the station (Figure 5). In 2010 the crowd
management procedure applied in the scenario was the follows: pilgrims were di-
vided into groups with 250 members, which were firstly directed in special zones
called waiting boxes. The access to the ramp from waiting boxes was therefore
allowed one group at a time, in order to maintain a comfortable pedestrian flow
and an acceptable density on the ramp and inside the station. With the use of
MAKKSim we have explored particular worst cases, in order to evaluate po-
tential changes in the crowd management procedure, or to the environmental
structure of the station.

7 These tests had the goal to evaluate, both in quantitative and qualitative way, the
model effectiveness to reproduce well-known crowd behaviours, by a set of simu-
lations performed in simple environments, like corridors or junctions, due to the
presence of sufficient empirical data available [12].

8 http://www.csai.disco.unimib.it/CSAI/CRYSTALS/

http://www.csai.disco.unimib.it/CSAI/CRYSTALS/
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(a) (b)

(c)

Fig. 6. CMDmaps of the simulations on Arafat I station, in the three different scenarios

With the aim to restrict simulation time, we simplify the scenario by focusing
on the inflow of 3 waiting boxes to the station and assuming that these ones
already host one group. Every waiting box overlaps with a start area, which
generates a block of 250 pilgrims subdivided in several groups, with the goal
to reach the station passing through the ramp (identified as simulated area in
Fig. 5 (b)). Starting from this configuration, three scenarios have been defined,
simulated and analysed: (i) the case in which two waiting boxes are activated
simultaneously, to verify if the parallelisation of the use of the ramp by two
groups is plausible, taking into account both the ingress time and the comfort
of the pilgrims; (ii) a similar situation in which an additional external group of
250 pilgrims, generated on the other side of the ramp, joins the groups from the
waiting boxes to simulate the case in which the crowd management procedures
are not respected; (iii) the case of simultaneous flow from two waiting boxes,
with a change in the geometry of the station, introducing a large obstacle at the
entrance of the ramp.

Some of the statistical results of the simulations are shown in Figure 6, repre-
senting maps of the CMD of the three scenarios. In Figure 6(a), it is possible to
note that the simultaneous activation of two waiting boxes lead to a congestion
near the entrance of the ramp, with a very high perceived pedestrian density (the
maximum value of 4.5 m−2 has been reached). The total time of the simulation
is improved of 10% respect with the sequential used of waiting boxes; despite
that, taking into account the comfort variable, the density reached is considered
not acceptable for the pedestrian walkways standard [7], so this solution should
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not be applied in this context. About the total time of ingress, the result of the
second scenario is similar to the previous one. The problem of high densities still
characterises this situation, that represents the worst case of our simulations: in
Fig. 6(b) the external flow increases the density inside the ramp, that reaches a
value near to 2.5 m−2, also considered not acceptable. In the third scenario we
try to improve the congestion situation near the entrance of the ramp, generated
by the simultaneous activation of the flow from two waiting boxes: as suggested
in [14] we tested the introduction of an obstacle near the most crowded point to
see if this could cause a smoothening of the flow. Fig. 6 (c) shows that the round
obstacle modelled leads to lower values of CMD near the entrance of the ramp.
Furthermore, the average time of the simulation is decreased by 3%, because the
obstacle has helped the pedestrians to better distribute themselves on the space,
improving the flow.

5 Conclusions and Future Works

The paper has introduced MAKKSim, an innovative agent-based pedestrian and
crowd simulation system including groups as a central element influencing sys-
tem dynamics. The paper has briefly introduced the model on which the system
is based, then it has shown the overall system architecture and finally a real world
application based on MAKKSim has been discussed. Future works are aimed at
further validating the model in additional experimental and real world scenarios,
especially the group cohesion component of pedestrian’s behavioural model; in
addition, we intend to extend the model and the system to improve its practical
applicability in more complex scenarios, modelling additional phenomenologies
and practical environmental infrastructures. Finally, additional work must be
done to improve the efficiency of the simulation, in particular through the po-
tential parallelisation of some tasks.
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