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Abstract: This work aims at providing a systematic method in producing a safer and optimal factory layout based
on a crowd simulation model and the multi-objective artificial bee colony optimization technique. Apart, from
ensuring the efficiency of manufacturing processes in planning a factory layout, it is also important that the safety
aspect is taken into account. A factory is usually a closed working area consisting of machines, equipment, assembly
lines as well as individual working space and other departments within the factory. In this environment, workers
move around in the factory to perform different activities, and hence highly complex crowd behaviours that are
influenced by the physical, social and psychological factors of the crowd might take place. Therefore, the layout of
the factory must be carefully designed so that efficient movements of people can be obtained. Furthermore, during
emergency situations that require efficient evacuation of workers from the factory building, a good factory layout
will prevent or minimize the possibility of injuries during the evacuation process. This will reduce the evacuation
egress time, which is the quantity used to evaluate the evacuation efficiency and the building’s level of safety. One
of the techniques to assess the evacuation efficiency of a particular space configuration is by using the crowd
simulation model. Recent evidences suggest that the representation of crowd dynamics using a simulation model is
useful, where experiments with real humans are too dangerous and not practical to be implemented. This work
explains the method to provide optimal exit door configurations for a factory layout by analyzing the crowd
evacuation time and the discomfort level, where the proposed optimum exit configurations will be compared with
the original configuration for a better evacuation efficiency.
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1. Introduction

Crowds occur in open or closed spaces with members of the crowds having preferred or shared common activities
[1]. The factory is one of the closed working areas consisting of complex machines, equipment, assembly lines as well
as individual working space. In the factory environment, workers move around to accomplish different activities, which
may result in highly complex crowd behaviors that are influenced by the physical, social and psychological factors of the
crowd. This exposes the workers to various possibilities of overcrowding with serious injuries or even fatalities when
they are trapped by accident and become unable to escape in time during emergency evacuation [2]. There are two factors
that usually hinder people from evacuating safely, which are the uncontrolled behaviors of the crowd and the inefficient
building design [3]. Due to both problems, it will affect evacuation egress time, which is the quantity used to evaluate
the evacuation efficiency and the building’s level of safety [4]. Since crowd movements and behaviors are very much
influenced by their surroundings [5], addressing the issues of a safer building or a space design by providing a good
factory layout is vital in order to reduce the number of injuries and loss of lives that might happen for a large crowd
during emergency situations. For instance, by placing a suitable location of emergency signage in the environment [6][7],
optimal emergency routes [8][9], optimal obstacle placements in large open spaces [10][11] and locations of entrance/exit
doors [2][12][13].

One of the possible and appropriate techniques to evaluate safe building designs is by using the crowd evacuation
simulation model, which has the capability of including crowd dynamical behaviors and their interactions with the
building geometry in the virtual environment. A recent evidence suggests that the representation of crowd dynamics using
a simulation model is useful in this study, where experiments with real humans are too dangerous and not practical to be
implemented [14]. Moreover, repetitive simulation tests can be done and will be more insightful to help designers with
the process of making design suggestions [5].

Crowd evacuation models based on the microscopic approach are commonly used in this research area. The
microscopic approach treats each individual in the crowd as an agent, which can be equipped with a certain level of
intelligence for decision making. This approach can be implemented using two methods, which are the Cellular Automata
(CA) [15][16] and the physical force model [17][18]. In particular, the CA has the limitation of not representing the real
behavior of the individual, since the CA model uses the heuristic approach in updating the individual movement rules
[19]. One of the physical force models is the Social Force Model (SFM) introduced by Dirk Helbing’s [20]. In SFM, the
agent motion was governed by Newton’s equations. Most recent works have applied the SFM in the simulation analysis
as it is capable of simulating the large-medium scale of crowd dynamics including the socio-psychological behaviors
under emergency situations.

To provide a safer evacuation plan for a factory layout, exit doors are one of the most crucial design elements that
should be optimally designed (in terms of their locations) in a building to improve the building evacuation efficiency.
However, most studies focus on the analysis of the exit door position for a single-room environment only [2],[13],[21]
and they lack the detailed analysis for multi-room cases such as the complex factory layout. Moreover, a limited
systematic optimization approach has been used in finding suitable locations for the exit doors. Most recent works
consider the single objective optimization problem in determining the optimal exit door locations, which is minimizing
the evacuation time only. It is not comprehensive to use only a single objective optimization to evaluate the evacuation
process. Factors of congestion and discomfort definitely will occur and must be considered in the building design stage.

Therefore, the main objective of this paper is to provide a systematic framework for determining the optimal exit door
locations for the factory layout in order to achieve a minimum evacuation egress time and discomfort level for the crowd
evacuation. The SFM was used as the crowd evacuation model and an optimization algorithm known as the Multi-
Objective Artificial Bee Colony (MOABC) will be adopted in this work to determine the optimal exit door locations by
minimizing two objectives simultaneously.

In the following section, the simulation model used to represent crowd dynamic in the simulated environment is
described. This is followed by the description of the optimization of exit door locations using the MOABC algorithm to
minimize the evacuation time and the discomfort level. Finally, the results of the optimization process are presented and
analyzed.

2. The Crowd Evacuation Model based on the Social Force Model

In SFM, they represent the movement of individual in the crowd using Newton’s equations of motions as described
in Equation (1) to (2).

D.F=ma &)

ma= fo+ fi; + fw ()
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The individual movement will be influenced by three types of forces which are the motivational force to move (f°),
the repulsion force among other individuals (f;;) and the repulsion force among obstacles (f;,,). For f°, the movement of
each individual i with a mass m; will be influenced with a direction, e°(t), actual speed, v;(t), and the desired speed,
v (t), in respective time, ;. By using Equation (3), the rate of change of the individual’s speed and the summation of
three forces can be calculated as follows:

dv; 0(t)e - v (t)
my dtl = my 4 Z fl] + Z fiw 3)
i)

To represent the socio-psychological behaviour of the body compression and the sliding friction force in individual
movements, the interaction can be included as shown in Equation (4).

(ri- dy)
fij = Aie Bj nl] + (4)
kg(ryj — dij)ny; + kg(ry; — dij) Avj Viitij
(ri- djj)
In Equation (4), Aje Bi nj represents the repulsion force with other individuals, where A; and B; are constants,
while d;j = ||x; — x;|| denotes the center of body masses of individual iandj The summation of body radius ry; for

individuals i and j can be represented by rj = r; + r;. The n;; = (nfj,nj) =

" ” is the normalized vector pointing
Xi — Xj

from individual j to i. To address the movement of crowd during emergency situation, the individual body compression
k(r;; — djj)n;; and the sliding friction force &(ry; — d;;) have been introduced in the mathematical model where, k and &
are constants, Avjti = (vj — vpt; is the tangential velocity difference and t;; = (—nizj,n}j) represents the tangential
direction. The function of g(x) is equal to zero if the individuals do not touch each other, where (r;; < dj;). All the
constant values used in the SFM model are given in Table 1. These values were based on the validated real experiments
on evacuation scenes from previous literature [22]. The body radii of the individuals in the simulations have random
values between 0.25m to 0.35m, which are based on the values used in previous literature [20]. The desired speed for
each individual to escape is setto v} = 1.5ms™*, as found in [20].

Table 1 — Parameters used in the Social Force Model

Parameters Values

998.97 N
0.08 m
05s
819.62 kg/s?
510.49 kg/ms
0.25m—0.35m
1.5ms™?!

W >
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In addition, Equation (5) represents the interaction forces between the individual and the wall or the obstacle in the
simulated environment. The notation of d;,, represents the distance between the individual i and the wall/obstacle, n;,,
and t;,, denote the perpendicular direction and the tangential direction to the wall, respectively.

(ri— diw)
fiw = Aje B nyy, + kg(r; — diw)njw )
+Rg(r; — diw) (—Vitiw)tiw

From the simulation model, the level of discomfort can be quantified by using Equation (6), where D is varies from
0 < D < 1. In particular, the D value reflects the frequency and the degree of sudden velocity changes, i.e the level of
discontinuity of walking due to necessary avoidance maneuvers.

e I
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3. Multi-Objective Artificial Bee Colony Optimization (MOABC)

The optimization problem is very common in many engineering fields. This problem might possess more than one
objective function, known as the multi-objective problem, which will be involved in this work. Optimization is a
technique to select the best solutions among candidates according to the criteria being tested [23]. Swarm intelligence is
one of the most common approaches that has been applied in the optimization problems. There are several algorithms
based on the swarm intelligence approach such as Particle Swarm Optimization (PSO), Ant Colony Optimization (ACO),
Artificial Bee Colony (ABC) algorithms, etc. These algorithms have been widely used to solve multi-objective problems
in different areas. The Multi-Objective Artificial Bee Colony (MOABC) algorithm is employed in this work due to its
simplicity and fast converging using fewer control parameters compared to other techniques [24]. It is used to optimize
the locations of exit doors for the factory layout considered in this work so as to achieve minimum evacuation time to
evacuate and discomfort level.

Basically, the structure of MOABC algorithm is based on the foraging behaviour of honey bees [24]. It employs a
population of different types of bees in a D-dimensional search space to find the optimum solution. The employed bee
task is to bring nectar information of the explored food source back to the hive. Next, the onlooker bee in the hive will
choose a good food source by watching the “waggle dance” from the employed bee. Finally, the scout bee will fly
spontaneously to search a new food source. The food source, i position vector x; = (X1, Xiz, ---, Xjp) represents a possible
solution to the related problem meanwhile the nectar information is a cost function in the algorithm. The cost function is
used to evaluate the quality (fitness) of the associated solutions. The aim of most cases in multi-objective optimization
problems is to search for the maximum or the minimum value of the cost function as the target solution. Since there are
more than one objective function involved, multi-objective problems become harder to solve. In these problems, there is
no unique solution, instead a set of acceptable trade-off optimum solutions is produced by using the pareto-front. There
is no unique solution instead of producing a set of acceptable trade-off optimum solutions by using pareto-front. One
objective is sacrificed if an improvement on the other objective is to be made [23]. This process will be repeated iteratively
until there is no better solution available. Therefore, a curve of pareto optimal front is produced and this value will be
chosen as the final result of the optimization.

4. Implementation of Multi-Objective Artificial Bee Colony Optimization in the Problem

In this section, the MOABC algorithm is employed to optimize exit door locations for the factory layout so as to
achieve minimum evacuation time to evacuate and discomfort level. The multi-objective with a one-dimensional problem
(to determine positions of exit doors) is considered. The sizes of the doors are maintained at 1 m throughout the
simulation and optimization evaluation. The fitness value or the quality (evacuation time and discomfort level) of the
solutions (exit door locations) is evaluated by using the SFM. A detailed flowchart for the optimization process is

illustrated in Fig. 1.
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Fig. 1 — Flowchart of MOABC optimization algorithm
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This algorithm consists of 5 phases, which include the initialization phase, the employed bee phase, the onlooker bee
phase, the scout bee phase and the archive update.

4.1 Initialization Phase

Firstly, define the values of control parameters involved in the algorithm, which are the number of population (exit
door locations), the limit, number of iterations and the fixed archive size. The exit door locations are randomly initialized
by using Equation (7). Where i is equal to one as our problem is one-dimensional problem and n solution, n =
1,...,SN (SN = number of population). The value of x,; is bounded between specified lower and upper values,
specifically 1; = 0 and u; = room length respectively.

Xni = lj + rand(0,1) * (u; — 1)) ©)

Next, the solutions retrieved from x,,; will be evaluated using the SFM Equation (1) — (6) and the objective function
values of the evacuation time and the discomfort level are calculated. The best solutions will be stored inside a fixed
archive size.

4.2 Employed Bee Phase

In this phase, each employed bee phase will use the best archive solutions and create its own solution. This calculation
can be done by using Equation (8).

Vni = Xni+ Oni(Xni — Xmi) (8)

Wherem € (1,..,SN),m #nandi € (1,...,D) are randomly chosen indexes. @,,; is a random number within the
range [-1,1]. By producing new exit door locations from v,,, the objective function is calculated using the SFM Equation
(1) — (6). Next, by using non-dominated sorting algorithm, if the new solution is better than the corresponding existing
one in the archive, the solutions will be replaced. Otherwise, the limit value will be increased by one.

4.3 Onlooker Bee Phase

After optimizing the archive solutions by the employed bees, they will share their information with onlooker bees.
The onlooker bee needs to choose the solutions from the employed bee by calculating the probability P, using the
following equation:

fit (Xpp)

= Zi?ilition number fit (Xk)

Py

€))

Where, fit (x)) is the probability of the solution proposed by the employed bee m that is proportional to the quality
of the solution. fit (xi) can be formulated using Equation (10).

fit (x) = _dom{y (10)
Solution Number

Where, dom(k) is the function that returns the number of solutions dominated by solution k. Next, the onlooker bee
will choose the probability by using the roulette wheel selection and randomly choose the candidate in the archive.
Finally, a new position will be calculated using Equation (8), and then this position objective function will be obtained
using the SFM Equations from (1) to (6). If the solution dominates the old value, the solution will be updated in the
archive.

4.4 Scout Bee Phase

The scout bee will determine the abandoned solution by checking the limit parameter that was previously defined in
the initialization phase. If the maximum trial limit for a given bee is reached, that bee becomes a scout bee that will find
a new exit door position using Equation (7), evaluate the objective function and check whether the solution dominates
the archive value or not. If this condition is satisfied, the solution will be replaced, otherwise the old value remains in the
archive.
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4.5 Archive Update

Archive is the place where all the best solutions will be compared and stored by using the non-dominated algorithm
as shown in Equation (11) — (14). At each iteration and through each phase involved in MOABC, every new solution will
be compared with other solutions to omit any dominated solution so only the best solution (non-dominated) is maintained
in the archive. From here, pareto-front can be plotted where it shows the best solutions inside the archive.

Evacuation time : min f; (x) (11
Discomfort Level : min f;(x) (12)
x* €S (13)

i #],
14

fiG) = fi(x"), () < fi(x™)

Where;
x = Decision variable position vector
x* = Non-dominated solution of a multi-objective optimization problem
S = Feasible region in the search space

5. Simulation Results and Discussion

5.1 Simulation Data

Fig. 2 represents the factory layout that is used as our experiment test for the proposed method. The factory layout
size is set to 30 m X 15 m and for the number of individuals in the factory, we take maximum of 60 people that can
occupy the space. The locations of the individuals will be randomly distributed in the environment. The main exit door
of the factory plan will be on the left, while the doors of other rooms will be at the center. The pathway size is set to 5 m
and the exit door size is set to 1 m. Fig. 3 illustrates the locations of the exit doors implemented in the simulation model.

= CLEANIN s
\ : » T
SHOW ROOM TD/‘” RAW MATERIALS AUX.
m STORAGE HEATING MACHINE 4
ADMINISTRA i
OFFICE DRYING
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) L &
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i 5, |\
REST ROOM »
PRODUCT STORAGE |  LOCA
LABORATORY OFFICE l

PROPOSED FACTORY PLAN

Fig. 2 — Original factory layout
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Fig. 3 — Original factory layout exit door locations
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Meanwhile for optimization parameters, the number of population, limit, maximum iterations and archive is set to
10,50,100 and 30, respectively.

5.2 Results and Analysis

The objective function in multi-objective problem is the evacuation time and discomfort level and it is evaluated by
using the SFM. The simulation was processed by using a Personal Computer (PC) with Intel® Core ™ i7-4770 CPU.
Fig. 4 illustrates the pareto-front for the best solutions stored in the archive. The user can freely choose from the pareto
set whose results will satisfy the needs. Table 2 below shows the comparison of multi-objective solutions for the
evacuation time and the discomfort level from the original design and those proposed by the optimizer. Fig. 5 illustrates
the comparison arrangement of the exit door for original layout and proposed by the optimizer.

Pareto-Front
- 6
2 55
3 5 -
5
£ 45
§ .,
8 35 Wee o, -
= 4 Pareto-Front
~ 3
2 25
2 2
£
5] 40 50 60
Objective 1 (Evacuation Time)

Fig. 4 — Pareto-front for evacuation time and discomfort level optimization

Table 2 — Comparison between the locations of the original layout and those proposed by the optimizer

Door Evacuation Discomfort

Location Time
Original Center 51455 0.243
Layout
Proposed by
the optimizer Left 4421s 0.242
(pareto-front)
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Fig. 5 — (a) Exit door arrangement for original layout; (b) Exit door arrangement proposed by the optimizer
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In order to analyze and compute the performance for the proposed exit door locations by the multi-objective optimizer
and the original exit door locations, detailed analysis on the number of people left at different evacuation time is depicted
in Fig. 6. The result clearly shows that proposed exit door locations using the optimizer gave an improvement in
evacuation time. People leave more quickly by using the proposed solutions from the pareto set due to lower body
compression to escape in front of the main exit door. If higher body compression occurs in front of the main exit door, it
will cause higher discomfort level and hence a delay in time for the crowd to evacuate.

70

60
>\
40

\\ === Original Location
30

\\ = Proposed Location
20 . .

\\ using Optimizer
. \

0 20 40 60

Number of People Left

Evacuation Time, s

Fig. 6 — Comparison number of people left vs. evacuation time between the original and the proposed exit
door locations using the optimizer

6. Conclusion and Future Work

The main motivation behind this study was to find an optimum location for the exit door in a factory layout for a
better evacuation efficiency. The multi-objective problem whose task is to minimize the evacuation time and the
discomfort level was proposed in this work. More precisely, the Multi-Objective Artificial Bee Colony (MOABC)
optimization and the Social Force Model (SFM) were employed in this study to find the most suitable solutions. A set of
pareto-front was used to archive the best solutions and the user can freely choose the most preferable solution. It is clearly
demonstrated that the proposed exit door location by using the multi-objective optimizer can speed up the evacuation
time and minimize the discomfort level. As a result, it is proven that the proposed method can improve the evacuation
efficiency. More complex environments including different structures of obstacles could be implemented in the future.
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