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Abstract. This work investigates the incorporation of fuzzy logic prin-
ciples in a cellular automata (CA) based model that simulates crowd
dynamics and crowd evacuation processes with the usage of a Mamdani
type fuzzy inference system. Major attributes of the model that affect its
response, such as orientation, have been deployed as linguistic variables
whose values are words rather than numbers. Thus, a basic concept of
fuzzy logic is realised. Moreover, fuzzy if-then rules constitute the mech-
anism that deals with fuzzy consequents and fuzzy antecedents. The
proposed model also maintains its CA prominent features, thus exploit-
ing parallel activation of transition rules for all cells and efficient use
of computational resources. In case of evacuation, the selection of the
appropriate path is primarily addressed using the criterion of distance.
To further speed up the execution of the Fuzzy CA model the concept
of the inherent parallelization was considered through the GPU pro-
gramming principles. Finally, validation process of the proposed model
incorporates comparison of the corresponding fundamental diagram with
those from the literature for a building that has been selected for hosting
the museum ‘CONSTANTIN XENAKIS’, in Serres, Greece.

Keywords: Crowd modelling · Cellular automata · Fuzzy logic
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1 Introduction

Crowd evacuation is a research area that has been thoroughly investigated by
the scientific community. Many researchers from different disciplines have applied
various methodologies to approach realistically issues related to the movement of
people when massively abandoning an area. The major challenge for all deployed
mechanisms is to improve the safety standards of evacuation processes. In such
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studies, a large number of people are involved and the interactions between them
can be hardly described by conventional equations because of the psychological
factors that influence their behavior. Moreover, the layout of the facilities has
significant impact on the evolution of the evacuation. Thus, evacuation dynamics
incorporates nonlinear characteristics and is very complex [1].

It is of high interest that modeling approaches of crowd movement can achieve
an acceptable level of realism, and can be efficiently validated with empirical data
in order to provide robust results. According to a recent review about evacuation
models [2], empirical research often focuses on the relationship between walking
speed and density as well as the relationship between flow, people and density.
These relationships are called the ‘fundamental diagram’, because of their impor-
tance in determining the optimal dimensions of pedestrian facilities [3]. Often,
the main modeling issue is the ability to successfully handle congestion, in order
to prevent unpleasant circumstances, such as stampede, trampling and casualties
[4–6]. Concurrently, the applications of fuzzy logic have increased significantly.
According to [7], fuzzy logic is a theory that tries to broaden the limits of a set
of acceptable values by defining not crisp boundaries in which membership is a
matter of degree. Furthermore, by introducing the notion of a linguistic variable,
whose values are words rather than numbers, fuzzy logic could be considered as
a methodology for computing with words rather than numbers that try to lower
the cost of solution at the expense of decreased but acceptable precision.

Literature review shows that the combination of cellular automata (CA)
models with fuzzy logic is quite effective. For instance, Bisgambiglia et al. [8]
presented a method that incorporates fuzzy inference systems in activity-based
CA simulations. Betel and Flocchini [9] investigated the relationship between
fuzzy and Boolean CA, whereas Cattaneo et al. [10] and Adamatzky [11] devel-
oped CA models where the local transition rule is described by a fuzzy function.
Moreover, Chaia et al. presented a safety evaluation of driver cognitive failures
and driving errors on right-turn filtering movement based on fuzzy CA [12].
Finally, Al-Ahmadi et al. developed a fuzzy CA model of urban dynamics [13].

The approach proposed in this paper combines fuzzy logic and CA to build a
reliable model that simulates crowd evacuation. The motivation for incorporating
fuzzy logic stems from the fact that it enables computing with words, which ‘are
inherently less precise than numbers, but their use is closer to human intuition’
[7]. For instance, it is the orientation of the direction (e.g. ‘north’, ‘south-east’,
etc.) that plays a dominant role in the movement of an individual rather than
an exact angle measured in degrees. The same can be adopted for the state of a
cell, which can be adequately characterised by words, such as ‘free’, ‘occupied’
or ‘obstacle’ for the needs of a model that mainly targets to quick response and
tries to lower the cost of solution. Specifically, a Mamdani type fuzzy inference
system (FIS) has been developed using the MATLAB Fuzzy Logic ToolboxTM .
Major features of the model, such as state of a CA cell and direction have been
represented as linguistic variables. Additionally, fuzzy if-then rules are properly
constructed based on the descriptions of the input and output variables. The
structure of the model follows the CA principles, that is, it focuses on optimized
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utilisation of computational resources and decreased complexity simultaneously
maintaining accurate modeling of the evacuation process with microscopic and
macroscopic characteristics. Furthermore, and to further speed up the execution
of the introduced Fuzzy CA (FCA) model, the concept of the inherent paral-
lelization was discussed in the view of the GPU programming principles in order
to achieve a fast execution of the FCA. The simulation process is characterized
by fundamental features of crowd evacuation, such as transition from uncoordi-
nated to coordinated movement due to common purpose, arching in front of exits,
herding behaviour [1]. Finally, the evaluation of the model process is addressed
by the comparison of the flow-density and speed-density response of the model
with corresponding representations from literature for a building that has been
decided to host the museum ‘CONSTANTIN XENAKIS’, in Serres, Greece.

In the following, the theoretical principles of the proposed evacuation model
are presented (Sect. 2). In Sect. 3, the GPU implementation of the proposed
model is presented, whereas in Sect. 4, simulation scenarios and corresponding
results are presented and discussed. Finally, conclusions are drawn in Sect. 5.

2 Model Description

The model is CA-based: the space is a two-dimensional grid of identical cells,
which is homogeneous and isotropic. Each cell may be either free or occupied
by an individual or an obstacle. The state of each cell, which is represented by
Ct

i,j , with i and j being the coordinates of the cell and t the evolution time, is
described as:

Ct
i,j = {o, id} (1)

with o representing whether the cell is free or occupied and id representing the
class of the cell, i.e. whether it is a person or an obstacle. The neighbourhood
consists of the eight closest neighbour cells (Moore neighbourhood), thus allow-
ing each person to move towards eight directions. To update the state of a given
cell, it is required the knowledge of the target exit Ct

iexit,jexit
as well as of the

status of all neighbouring cells. Therefore, the evolution rule is defined as:

Ct+1
i,j = R
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)
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The transition function R of the FCA that defines the position of each person
during each time step is realized by a FIS, particularly a Mamdani type, that is
built using the MATLAB Fuzzy Logic ToolboxTM tool [14,15]. Both the state of
each cell of the Moore neighbourhood and the orientation of the person relative
to the closest exit are considered as inputs. The orientation is defined as:

differencex = xexit − xperson, differencey = yexit − yperson (3)

that is, as the position of the an individual relative to its closest exit. It should
be noted that notation x represents the vertical axis, whereas y the horizontal
one. The difference between the ordinate value of an exit (that corresponds
to the outcome of a selection process described below) and that of the person
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designates the north-south orientation; when the difference is negative then the
exit is located northern in regard to the person (denoted as ‘exit-x is North’ at
the corresponding if-then rule), whereas when the difference is positive then the
exit is located southern (‘exit-x is South’). Accordingly, the difference between
the abscissa values of the exit and that of the person designates the east-west
orientation; when it is negative then the exit lays western in regard to the person
(‘exit-y is West’), whereas when it is positive then the exit lays eastern (‘exit-y
is East’). The combination of the upper two parts defines the overall orientation.
The implementation of the rule can be represented by a triangular membership
function, as shown in Fig. 1. This is just the collection of three points that form
a triangle. Thus, when the difference is negative, the value −5 is assigned to the
membership function (‘North/West’ case), when the difference is positive the
value 5 is assigned (‘South/East’ case), whereas value 0 is assigned when the
individual shares the same ordinate (abscissa) with the exit (‘Non’ case).

Fig. 1. The graphical representations of the membership functions that define (a)
north-south orientation, and (b) east-west orientation regarding the direction of motion
of an individual towards the chosen exit. ‘Non’ function represents the case of zero dif-
ference, i.e. when the individual shares the same ordinate (abscissa) with the exit.

In order all possible cell states, i.e. free, occupied and obstacle, to be repre-
sented for each part of all eight possible directions (N, NW, W, SW, S, SE, E,
NE), a triangular membership function is utilized (Fig. 2). Value 0 is assigned
when the corresponding state of the cell is free, whereas value 2 represents occu-
pation by an individual and value 1 denotes the existence of an obstacle. Thus,
the triangular function is adequate for representing the corresponding rule.

The list of rules that define the behaviour of the system is defined by a set of
forty-eight (48) if-then rule statements that cover all possible cases of movement.
These rules are used to define the conditional statements in terms of fuzzy logic.
A sample of the whole set of rules is provided below:

1. If exit - x is North and exit - y is West and NW - State is Unoccupied then
Output is NW

2. If exit - x is North and exit - y is West and NW - State is Occupied and W -
State is Unoccupied then Output is W

3. If exit - x is North and exit - y is West and NW - State is Occupied and W -
State is Occupied and N - State is Unoccupied then Output is N.
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Fig. 2. The membership function that represents the state of each of the cells of the
Moore neighbourhood.

Fig. 3. The graphical representation of the response of the fuzzy inference system.

The corresponding response of the model is depicted in Fig. 3. The selection
of the most appropriate exit for an individual to move during the upcoming time
step is realized by utilizing the criterion of distance. In particular, the closest
exit is computed according to the minimum Euclidean distance of the cell at
(i, j) from all available exits:

R =
√

(i − iexit)2 − (j − jexit)2 (4)

Initially, the maximum distance from each exit is calculated according to the
layout of the site. Maximum distance is algorithmically represented by a vector,
named max dist, the size of which is equal to the number of exits within the
site. Then the distance of each individual is normalised by dividing the elements
of max dist by its greatest element. In case that an element of the normalized
max dist is greater than (or equal to) 2/3 and smaller (or equal to) than unity (1),
then the corresponding distance is characterised ‘long’ and it is assigned value 2
in the corresponding element of a look-up table. Provided that the ratio is greater
than (or equal to) 1/3 and smaller than 2/3 then the distance is characterised
as moderate and is assigned value 1, whereas when the ratio is smaller than 1/3
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then the distance is characterised as short and the corresponding value in the
look-up table is equal to 0. The distance criterion is initially applied when the
members of the crowd start to move aiming at the initialization of the look-
up table and the characterization of each of the exits for every single person.
Afterwards, the function eval pos is activated, whose argument is a vector that
carries the characterisations of the distances to all the exits (short, medium,
long). Function eval pos calculates a vector that includes all exits that share
the similar characterisation of short, regarding to the minimum distance. In
case that the output vector contains a single element, then that particular exit
is indicated as the closest one, otherwise one of the exits that share the same
minimum distance from the individual is chosen randomly.

Furthermore, the model has incorporated the auto-defined obstacle avoidance
method, which is an automated process that enables people to overcome obsta-
cles based on the effect of a virtual field generated near obstacles. The method
is thoroughly described in [16]. In case that more than one person tries to reach
the same cell then one of them is selected randomly. Finally, individuals are con-
sidered similar in terms of decision-making process, but they can be attributed
different characteristics regarding speed. The model enables the assignment of
dissimilar moving steps to groups of pedestrians, thus enhancing its reliability.

3 GPU Implementation

To enable fast simulations, we devised an implementation of the proposed model
exploiting Graphics Processing Units (GPU) as parallel computing devices. In
particular, we adopted a hybrid CPU-GPU approach based on the NVIDIA
GPGPU platform with the well-known CUDA language. In the latter, the par-
allel computation is obtained by activating at each CA step a GPU thread asso-
ciated to every CA cell occupied by a person (i.e., to every active cell). Such
threads correspond to device (i.e. GPU) functions in C language, which are called
kernels. When a kernel is issued by the CPU, a number of threads (i.e., one for
each active cell, in our case) execute its code in parallel on different data. In the
above CA simulation, the kernels operate on two distinct memory regions, repre-
senting the current and next states for the CA cells, respectively, where the state
refer to the cell’s occupancy by the simulated moving crowd, presence of exits
and obstacles. The simulation begins by transferring from the host memory (i.e.
that directly accessed by the CPU) to the GPU global memory the initial CA
states, stored as arrays in order to favour faster coalesced accesses. Besides the
state of the cells, we used some additional auxiliary arrays in the GPU global
memory for storing the neighbourhood structure and the model parameters.
During each CA step, the kernel execute the CA transition function described in
Sect. 2, operating on the basis of the values from the current CA and exploiting
some auxiliary functions (e.g. implementing the fuzzy membership functions);
after, it writes the new state value into the appropriate elements of the next
CA. At the end of each CA step, a device-to-device memory copy operation is
used to re-initialise the current CA values with the next values. When the CA
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state is required by the CPU during the simulation (e.g. for depicting a graphical
output), a device-to-host memory copy is carried out.

To implement the CA transition function, we developed a single kernel, which
is executed on a dynamic grid of threads to improve the scalability with respect
to both the number of involved pedestrians and the size of the CA. This was
accomplished by keeping track of moving people in GPU global memory by
means of an array B of integers. Each element of B encodes a pair 〈id, c〉, where
id identifies a specific person contained in the cell c. Before the beginning of the
simulation, B is initialized by the CPU through a host-to-device memory copy.
Subsequently, movePersonKernel is executed on a dynamic one-dimensional grid
of threads corresponding to the elements of the array B, which is updated by the
kernel itself. More in details, the kernel operates on two global memory areas:
B, which is the input container from where movePersonKernel takes the cells
to process the current iteration; and B∗, which includes the active cells (i.e.,
those containing people) for the next iteration. At the end of each CA step, the
pointers to B and B∗ are simply exchanged. The first step of movePersonKernel
consists of retrieving the pair 〈id, c〉 corresponding to the current thread. Then,
a movement of the person id is considered only if a specific counter, initialized
according to the person speed, is zero. Otherwise, the counter is simply decre-
mented and B∗ is updated with the insertion of 〈id, c〉 (i.e., the person id remains
in the same cell). If the speed counter is zero and, according to the fuzzy rules
outlined above, the person id can move to a neighbouring cell c∗ different from
an exit, then B∗ is updated with the insertion of the pair 〈id, c∗〉. At the end
of each iteration (i.e. when the kernel returns), the size of B∗ is retrieved from
global memory. If B∗ is empty, the simulation ends because all people are outside
the simulation area (i.e., they reached an exit). It is worth noting that to min-
imize expensive synchronizations, the new container B∗ is cooperatively built
by the involved threads by managing a hierarchy of smaller containers stored
in shared memory, as suggested in [17,18]. In particular, thread-level arrays Bt

are used, with the maximum size of a neighbourhood, in which the insertion can
be executed by the owner thread without the need of synchronizations. Then,
in each block, the thread-level arrays are copied into a single block-level array
Bb by using a parallel prefix-scan approach. The latter can be implemented in
a very efficient way in CUDA, only requiring two thread synchronizations and
no atomic operations. Instead, a single atomicAdd is used by the first thread
of each block for obtaining the offset required to copy its block-level array Bb

into the final container B. A particular case that movePersonKernel takes into
account is the conflict that may happen when more than one individuals are try-
ing to reach the same cell. Also, this case is handled though a single atomicMax
operation on the array containing the next states of the CA.

4 Simulation Results

In this study, the venue that is selected for all simulation purposes is the build-
ing that has been decided to host the museum ‘CONSTANTIN XENAKIS’. It
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is located in Serres, a city of the administrative region of Central Macedonia,
in Northern Greece. The building has not been redecorated yet, thus any use-
ful conclusion regarding its standards of safety could be taken into considera-
tion. The floor plan of the building can be found on the following site: http://
serreonpoliteia.com/?page id=10.

The following considerations were applied concerning the aforementioned
place used for simulation purposed. As outputs of the under-study building,
two exits as well as its main entrance are considered. It is also regarded that the
building windows cannot be used for evacuation purposes. Both the length and
the width of each cell within the CA grid is assumed to be equal with 0.3 m.
Within the building, though, there are walls which are less than 0.3 m thick.
Therefore, every part of the construction that is less than 0.3 m thick is sup-
posed 0.3 m thick. Moreover, for constructions that are more than 0.3 m thick
their corresponding dimension is calculated by dividing this dimension with 0.3
and applying rounding rules. Thus, for instance, an exit that is 4.75 m wide, it
will be represented by (4.75 m)/(0.3 m) = 15.8333 ≈ 16 cells. Consequently, the
maximum width of the building is calculated equal to 76 cells and its maximum
length is equal to 148 cells. According to the simulation scenario 400 individuals
are randomly assigned to positions within the museum (Fig. 4).

Fig. 4. Simulation scenario: random initialisation, main exits and corresponding areas
of interest (AoI).

The model is evaluated by comparing the fundamental characteristics and
graphical representations generated by the simulated three scenarios with the
corresponding diagrams from literature. Particularly, the overall density of the
crowd is measured by counting all individuals in the area of interest and then
dividing by the area of this region. The total flow is calculated by dividing the
total number of individuals who go through the exits per simulation step with

http://serreonpoliteia.com/?page_id=10
http://serreonpoliteia.com/?page_id=10
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the length of this intersection. The flow of people results from experimental
relations of speed of people with the density of people. Taking as an assumption
that people move smoothly, the flow per meter of width is given by Q(ρ) = ρV (ρ),
where Q represents the flow per meter of width and ρ is the density of individuals.
Each person covers an area equal to that of single cell, i.e. 0.4 × 0.4 = 0.16m2.
For each step, the number of people within the area of interest (AoI ) is counted
and the value of the density is calculated from the relationship:

ρ =
num. of people in RoI

area of AoI
(5)

There are three AoI, each corresponding to an exit (Fig. 4). The total AoI area
consists of 5 × 8 = 40 cells, i.e. 6.4m2. Regarding the simulation scenario and
for the AoI of the first exit (AoI 1) the corresponding curve of flow vs. density is
depicted in Fig. 5(a). In Fig. 5(b), the corresponding flow-density curves from lit-
erature are depicted [19]. As can be seen, the corresponding curves present com-
mon behavioural attributes, both qualitatively and quantitatively, thus enhanc-
ing the validity of the proposed approach.

Fig. 5. (a) Simulation scenario. AoI of exit 1. Flow vs. density; (b) Flow-density results
from literature.

5 Conclusions

Results prove that fuzzy type logic can find application in real-world evacuation
conditions and in particular when describing crowd dynamics. More specifically,
they respond to expected behaviours. According to the directional selection cri-
terion, persons have full sense of orientation towards the desired output and
perform movements as in real-world conditions. Furthermore, the implementa-
tion of the fuzzy CA rules for intuitive exit selection has been achieved, taking
into account the distance of a person from the exit, so that they correspond to
real conditions. The model need further to be validated with real data. Thus, it
could be better calibrated, and it could be parameterised more efficiently.
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