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Abstract
This paper studies how to evacuate a large number of tourists in the Louvre

safely and quickly. Considering the Louvre’s architectural structure and tourist
types, a multi-floor building evacuation model based on improved cellular automa-
ta theory was established. The queuing theory was used to obtain the shortest e-
vacuation time. Then the gradient threshold was used to determine the opening
time and number of the extra emergency exits, and finally the dynamic evacuation
model is used to establish the evacuation model of tourists under risk.

We have established a multi-floor building tourists evacuation model(Model 1)
based on the cellular automata theory to solve the problem. Assuming that in the
event of an emergency, the tourists use only four main entrances as escape exits,
and the evacuation goal is for the last four tourists who choose the four different
exits respectively to leave their chosen target exits at the same time. According to
the shortest path principle, the evacuation time is 407.5s, and the results obtained
by queuing theory optimization are the same for each exit.

On the basis of the Model 1, we assume that the number of tourists near an exit
exceeds a certain threshold, and the iteration is terminated. At this time, some extra
emergency exits are required(Model 2). The number is determined according to the
different thresholds at different iteration step. It is checked whether the number of
tourists in the escape process near each exit is smaller than the threshold at the
current iteration step, and the threshold is set to 250 at first. After the iterative
solution is done, it is necessary to introduce an extra emergency exit after 22.5s.

Considering that an emergency may occur in the Louvre, we have established a
tourist evacuation model(Model 3) based on dynamic network equilibrium theory.
Assuming that a usual exit and escape route in the Louvre is blocked, emergency
personnel can open other emergency exits as escape exits. In this model, tourists
can dynamically select the route with shorter evacuation time based on the real-
time situation after the emergency occurs.

The Louvre evacuation model we have established has a high sensitivity to the
influence of factors such as building terrain, floor structure, personnel character-
istics, number and location of exits, and emergency conditions on the evacuation
time of tourists. According to the established model, we propose some feasible
suggestions to the Louvre emergency management personnel, and the model can
be applied to other large buildings.

Key words: evacuation model, cellular automata, queuing theory, threshold,
dynamic network equilibrium theory
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1 Introduction

1.1 Background

The Louvre is one of the oldest, largest and most famous museums in the world. Its
exquisite shapes and rich exhibits attract many tourists. Because of the high concentration
of people and the high mobility, once a disaster occurs, it will cause extremely severe loss of
life and property. Therefore, studying how to evacuate a large number of people in the Louvre
safely and quickly when a disaster occurs is an important part of the emergency evacuation
plan.

With the development of computer technology, computer simulation technology was used
in the 1980s to simulate and predict peopleąŕs behaviour in emergencies. According to different
methods of representing the building structures, the model can be divided into two categories:
network model and grid model.The network model divides the space according to the physical
pattern of the actual building; the grid model divides the entire building plane into a grid of
the same shape and area, which can accurately represent the geometry of the building plane
and the position of the internal obstacles which could play an important role in the model.

Considering the complex structure of the Louvre and the behaviour of people, we introduce
cellular automata theory[1] based on the basic idea of the grid model to simulate the evacuation
process. We give a feasible evacuation path for each person in the Louvre, and make useful
suggestions to the emergency management personnel of the Louvre.

1.2 Our Approach

According to the requirements, there are three types of tourists: individual tourist, group
tourist and the disabled tourist. The ultimate goal of our evacuation model is to quickly and
successfully evacuate tourists in the Louvre as much as possible, starting from the time when
the emergency starts to the time when the last tourist leaves the Louvre, instead of considering
the time for each tourist to leave the Louvre. In addition, we found the satellite image of the
Louvre on the Google Maps[2], and obtained the approximate position and distance data of the
Louvre by scaling.

In the event of an emergency, tourists use only four main entrances. At this time, the goal
of our model is that the last four tourists which leave the Louvre through the four main exits
respectively leave these four exits at the same time. In this way, the total utilization efficiency
of each exit is the highest and the evacuation time is the shortest.

Firstly, the cellular automata theory is used to program the iterative step size of each tourist
to different exits in MATLAB software. The exit with the shortest step time is selected as the
escape exit for each tourist, and the time is the shortest. The traditional evacuation model using
the cellular automaton mainly assumes that the building’s plane space is rectangular. At this
time, there is no obstacle between the tourist and the exit. The Euclidean distance can be used
to calculate the time when the tourist arrives at the exit. However, the terrain of the Louvre is
irregular shapes, so we make some optimizations. We take into account that the tourists will
encounter walls or obstacles according to the shortest path principle and therefore they could
just stop there. At this time, they would change their moving direction by turning left or right
and then go on moving towards the target exit. In addition, the Louvre is a five-story building,
two of which are underground. It is necessary to consider the method of escape exit selection
for each tourist on different floors. Studying the floor structure of the Louvre we found:
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• From the pyramid entrance to the Louvre, tourists need to reach the -2th floor through
the spiral ladder. Therefore, if a tourist uses the pyramid entrance as an escape exit, he
can only use the 2-layer spiral ladder to return to the 0th floor.

• From the entrance of the Lions Gate to the Louvre, tourists need to reach the 1st floor
except for a small number of tourists on 0th floor. Therefore, if the tourists of the non-
zero floor want to use the entrance of the Lions Gate as an escape exit, they can only
return to the 0th floor through the 1st floor staircase.

• The other two main entrances to the Louvre are not restricted by stairs, hence tourists
on any floor can arrive directly at the two exits without any further consideration in our
model.

In summary, we considered the Louvre’s floor structure and different types of tourists, and
based on this, established a multi-layered building evacuation model with the cellular automa-
ta theory. Firstly, according to the shortest path principle of the tourists’ escape route, we carry
out the evacuation simulation. The result is not the final one to be adopted. Because tourists
have not completely left the Louvre at the same time through the four exits. We then use the
queuing theory, some tourists who move towards the crowded exit(the number of queues of
tourists near this exit larger than a threshold) would move towards a less one even they have
to spend more time reaching that exit. Please pay attention here: tourists spend more time
reaching a exit dose not mean they will leave the Louvre later because the waiting time after
they reach the exit is greatly reduced. We ąřarbitrarilyąś choose some tourists and change their
moving route iteratively until all tourists could leave the Louvre at the same time.

Secondly, based on the model established by the first question, we make some further opti-
mizations. According to the requirements, there are five emergency exits in addition to the four
main entrances. It can be assumed that the tourists only use four main entrances as exits when
the number of queues of tourists at an exit is smaller than a certain threshold. When it is not the
case, the iteration terminates and at this time, the extra emergency exit is required and then a
new iteration starts. The number of extra emergency exits is determined by the threshold with
different sizes. The terminated state(the location of each tourists) of the first iteration is used
when the next iteration starts. When the number of queues of tourists near each exit is always
smaller than the threshold during the iteration, we no longer introduce new exit. The ultimate
goal is still that all tourists leave the Louvre at the same time. With the new model, we can
determine when and how to a new exit is required and the final total number of exits in use.

In the above two questions, the evacuation model has been preliminarily established, taking
into account factors such as the space shape, the types of tourists, the plain structure and the
number of exits. However, the title also requires that the emergency personnel of the Louvre
should be able to identify potential bottlenecks and could make responses to different risks.
It can be assumed that a certain position in the Louvre could be impassable due to certain
risks. The special entrance and exit of the emergency personnel should be selected according
to the location of the obstacle. Before the risk is cleared, the tourists can only choose other
routes. After the obstacle is cleared, Tourists can choose the path as usual. During the clearance,
tourists cannot choose the special entrance and exit of emergency personnel as an escape exit.
Therefore, based on the first two questions model, we established a tourists evacuation model
using the dynamic network equilibrium theory.



Team # 1909174 Page 5 of 28

2 Assumptions and Justifications

1. The impact of accidental factors such as tourist collision, returning back on the same
way and winding on the evacuation is not considered. The time for the tourists to escape
from the Louvre can be solved by the shortest path principle, and this process will not be
interrupted since tourists are well able to avoid such events.

2. Tourists on different floors choose only stairs instead of elevators when they escape.
Because in fact, in the event of an emergency, tourists will tend to spend the shortest time
reaching the exit, and there is a certain risk in using the elevator.

3. The tourists on the -2nd floor of the Louvre are not considered. Because there are no
exhibits on the -2nd floor, tourists will not stay there for a long time, and they can escape
from the subway tunnel.

4. Most places in the Louvre have posted emergency escape route, or each tourist have
been given a visiting manual containing a emergency escape route. This will allow the
tourist to move toward the target exit in a planned route, thereby enabling the application
of the shortest path principle.

5. When a tourist uses the stairs to go up or go down to a certain floor, the relative position
in space does not change. In most cases, stairs are constructed vertically, which means
tourists could not change their position on different floors.

6. Regardless of the occurrence of an emergency and its effects, it is simply given as
an external assumption. Because our research focuses on the number of different exits
and the evacuation strategy of tourists in emergency when this emergency has already
occurred.

Under the above assumptions and justifications, we can set out to construct our model
(show our approach in detail).

3 Symbol Descriptions

Table 1: symbol descriptions

Symbol Symbol Description
U Total number of tourists in the Louvre
t Shortest evacuation time
W Size of system
Vmax Maximum speed of cell movement
Sxy Shortest distance from the cell to the target exit
Eij Dynamic space parameter matrix element
twalk Time for tourists to reach each exit
tqueue Time for tourists to queue up at the target exit

tRealT imeToQueue Actual time for tourists to queue up
Nx Number of tourists at time tx
Y1 Threshold at time tx

Ci,d
p (k) Shortest time for tourist i
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πp(k) Shortest time for tourists in route p at time k
ni,dp Number of tourists in route p at time k

4 The establishment and solution of models

The tourists evacuation model simulates the behavior of a specific group[3] of people in
a specific place or in a specific environment. Therefore, in this paper, for the evacuation of
tourists in the Louvre, it is proposed to use the place where evacuation occurs, the evacuation
personnel and the emergency conditions that may occur during evacuation to form the basic
framework of the model.

The following flowchart shows the procedures of our model.

Figure 1: The procedures of our work

Specifically, the elements that describe the nature of the various components of the model
are:

1. Evacuation sites: including the size and spatial pattern of the Louvre; the location, size of
obstacles; and the location of evacuation exits.

2. Evacuation personnel: including the number of tourists who need to be evacuated, emer-
gency personnel, individual location, individual characteristics (individual, group, and
disabled).

3. Emergency conditions at evacuation: including potential bottlenecks and different types
of risks that may occur.
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4.1 Model 1

In task 1, we assume that in the event of an emergency, tourists use only four main en-
trances, such as the Pyramid Entrance, as escape exits and take into account the Louvre’s floor
plain structure, tourists characteristics and waiting times to propose a plan to evacuate al-
l tourists and the time required.

4.1.1 Establishment

The ultimate goal of the model is to quickly and successfully evacuate tourists inside Lou-
vre, that is, to minimize the time from the emergency to the time when the last tourist leaves the
Louvre. We first established a multi-layer evacuation model based on cellular automata theory.
The evacuation model obtained the tourist escape plan using the shortest path principle, and
then optimized the plan based on the queuing theory, and iteratively calculated the evacuating
time until tourists simultaneously leave the Louvre through the four exits.

1.Determination of evacuation targets

The title states that the evacuation goal is to allow all tourists in the Louvre to leave the
building as safely as possible in order to empty the Louvre as soon as possible. We consider
that the expected evacuation goal can be achieved by ensuring that the time taken by the last
tourist to leave the Louvre is the shortest.If and only if the tourists who escape from the four
main entrances leave the target exits selected at the same time. There will be no situation
where the tourists who choose an exit all escape and this exit is not used, the total utilization
efficiency of this exit is the highest, and the evacuation time is the shortest. Below we build a
mathematical model to describe the rationality of the evacuation target.

Suppose U is the total number of tourists in the Louvre at the time of emergency, x is the
total number of tourists allowed to escape from all exits per unit time, and xi(i = 1, 2, 3, 4) is the
number of tourists allowed to escape from the ith exit per unit time, then there are:x =

∑4
i=1 xi.

When all tourists who escape from the four entrances leave at the same time, the time taken is:

t =
U

x
(1)

The process of using the counter-evidence method to prove that t is the shortest time for
evacuation is as follows:

It is considered that t is not the shortest time used by the last tourist to leave the Louvre
when an emergency occurs. At this time, there exists an evacuation situation such that ti < t,
and ti(i = 1, 2, 3, 4)is the time taken to select the tourists who escape from the ith exit. The total
number of tourists to the Louvre is:

U1 =

4∑
i=1

(xi ∗ ti) (2)

Notice that:

U =

4∑
i=1

(xi ∗ t) (3)
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Comparing equations (2) and (3), we can see that U1 < U , but in theory the total number
of tourists in the Louvre remains unchanged, so the assumption is not true, so t is the shortest
time for evacuation.

2.Determination of the size of the Louvre

In order to determine the approximate size of the main buildings of the Louvre, we found
the satellite image of the Louvre on the Google Maps website, and obtained the approximate
position and size data of the Louvre by scaling, as shown in Figure 2. Then the Louvre floor
image was imported into MATLAB software for simulation analysis.

Figure 2: Satellite image of the Louvre

The length of the boundary of the Louvre in the map is measured, and then the actual length
can be found from the measured length corresponding to the standard scale. For example, the
measured length of the right wing of the Louvre in the map is xy = 26.2cm, the measured
length of the scale is xc = 1.1cm, and the actual length is xcr = 20m . The actual distance of the
right wing of the Louvre is:

xyr = xy ∗
xcr
xc

= 476.36cm

The title indicates that the length of right wing of the Louvre is 480m, and the error between
it and our result if only 0.76%, which can be considered to meet the accuracy requirements.

3.Cellular automata theory

The cellular automata realizes the analysis of the overall macroscopic behavior character-
istics of the system under the condition of interaction between individuals by simulating or
defining the microscopic behavior characteristics of simple individuals in the system. In this
paper, the two basic parameters (direction parameters and grid parameters) of the dynamic
parameter model[4] are used to simulate the evacuation flow of people in evacuation.

The tourists evacuation simulation model is built in a two-dimensional discrete cellular
grid system of size (W + 2) ∗ (W + 2), that is, the moving area of the tourist evacuation space
is divided into W ∗W discrete cells of equal size. W is the size of the system; boundary cells
of the system is occupied with obstacles to form a room wall and also a space cell on the wall
is left as a exit for tourists to left the room. Within the system, each space location can only
accommodate one tourist; each tourist can only occupy one cell space. The tourist simulation
process is also discretized into equal time steps. Within each discrete time step, the tourist can
only move across one cell. Within each time step, the tourist either stops waiting or moves at
maximum speed Vmax = 1 cell. Tourists can not pass through the wall but can only leave the
system through the room exit. Evacuated tourists will not enter the system after leaving the
system. The simulation model is shown in Figure 3.
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Figure 3: Simulation model of tourists flow

Within each discrete time step of the model evolution, the tourist can wait or move in eight
directions around himself. The moving field is shown in Figure 4. When selecting the position
of the next time step, the tourist will judge the mobile benefit for each location in the mobile
domain, and select the location with the largest mobile benefit as the target location for the next
time step. Tourists can also choose the location that is being occupied by other tourists as the
target location for their next time step. Therefore, in the process of tourist evacuation, there is
a possibility of exchanging positions between tourists. Within the same time step, if and only
if two tourists select each other’s current position as the target position of their next time step,
Tourists will exchange their positions in the next time, and the exchange of positions between
the two will happen and succeed.

The mobile benefit of each cell location in the mobile domain is obtained by summing two
basic parameters of the dynamic parameter model: direction-parameter and empty-parameter.The
direction parameter describes how close the next optional position is to the tourist target po-
sition; the empty parameter reflects whether the next optional position is occupied by other
tourists.The model assumes that tourists will judge and evaluate the mobile benefit of each
optional location during the evacuation process and before making a mobile selection.

When calculating the direction parameter, first calculate the Euclidean distance of the cell
position from the safety exit, and specify that the distance in the safety exit is zero.When the
tourist evacuation room has multiple safety exits, the distance from the nearest safety exit is
taken as the shortest distance from the cell position to the safety exit;when the width of the
safety exit is greater than a cell space, the distance from the nearest cell in the safety exit is
taken as the shortest distance from the cell exit to the safe exit. The shortest distance from the
cell position to the safe exit is calculated by equation 4.

Sxy =

{
minm(minn(

√
(x− xmn )2 + (y − ymn )2)) Cell(x, y) is free

M Cell(x, y) is occupied by wall
(4)

The value of the grid dynamic parameter matrix element is:

Eij =


1 Empty cell position
0 Central cell position
−1 Cell occupied by other tourists

(5)

The values of the two dynamic parameters are based on the shortest distance of the cell
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from the safe exit in the mobile field and the change of the evacuation environment around the
tourist.

The model adopts a parallel update mechanism. In the evolution rule of the simulation
model, each tourist must abide by the following tourist movement rules:

(1) Within each time step t, a tourist can only move the length of one cell. The tourist has
nine optional positions as his next target position, that is, tourists can choose to wait in
their place or move to eight locations around themselves as shown in Figure 4.

Figure 4: Tourist movement domain Figure 5: Corresponding mobile benefit matrix

(2) Nine alternative locations in the tourist mobile field have their own dynamic parameters
and mobile benefit, as shown in Figure 5. The mobile benefit is the sum of the two dynam-
ic parameter values of the direction parameter and the empty parameter. The calculation
equation is:

Pij = Dij + Eij (6)

In equation 6, Pij is the mobile benefit; Dij is the direction parameter; Eij is the grid
parameter.

(3) When selecting the next target position, the evacuated tourist first calculates and judges
the mobile benefit of the nine selected positions in his mobile field, and selects the posi-
tion with the largest benefit as his next target position.

(4) When the evacuated tourist selects the next target position, when there are multiple cell
positions with the maximum mobile benefit in the mobile domain, the tourist randomly
selects one cell in these cells with the same probability as their next target location.

(5) In the process of model evolution, because there are multiple tourists competing for an
idle position at the same time, there will be position conflicts between tourists. When
there is a position conflict between tourists, the system will randomly select a tourist to
occupy the position with equal probability. The selected tourist will move to the target
position in the next step, and the unselected tourist will remain in his former place.

(6) During the evolution of the model, the tourists exchange their positions only when the
two tourists simultaneously select the current position of each other as their next target
position. When the requirements for the location exchange between tourists are satisfied,
the location exchange will be successfully completed; but when the requirements for the
position exchange between tourists are not satisfied, the tourist will keep the original
position and do not move.
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(7) When the evacuated tourist moves into the safe exit, the tourist will be removed from the
system within the next time step.

(8) When all evacuated tourists in the evacuation room are removed from the system, no
tourists are present in the room and the simulation process ends.

4.Optimization and improvement of cellular automata theory

(1) Shape irregularities

Many traditional cellular automata evacuation models assume that the building’s
plane space is a regular shape such as a rectangle. At this time, there is no obstacle
between the tourist and the exit. The Euclidean distance algorithm can be used to solve
the shortest time for the tourist to reach the exit. However, observing the Louvre’s floor
can reveal that the ground is irregular, so we need to improve it. When the tourists will
encounter walls or obstacles according to the shortest path principle and cannot pass
through them, the direction of movement of the tourists is changed by 90◦ and still moves
in the direction of the target exit. A schematic diagram of the tourist touching the wall to
change the direction of travel is shown in Figure 6.

Figure 6: Schematic diagram of the direction of a tourist

The gray shaded part in Figure 6 indicates the wall, the white circle indicates a tourist,
and the points A and B respectively indicate the center position of the different intersec-
tions, that is, the inflection point. It can be seen that the line between the tourist’s initial
position and the exit is cut off by the wall. The Euclidean distance algorithm no longer
applies. It can be seen from the figure that if the tourist wants to reach the exit, he can
only move to the right to point A, then move up to point B. There is no obstacle between
point B and the exit. The shortest path principle can be applied. A single goal is trans-
lated into multiple targets that are related to each other, and the goals that are ultimately
achieved are the same.

We still determine the each tourist’s moving route according to the principle of mobile
benefit maximization in the cellular automata theory. If it hits the wall, it will rotate by
90◦ according to a certain principle until it reaches point A, and the tourist is considered
to have completed the first target. Then the tourist continue to move to point B, which
is the second goal, and finally reach the target exit. The principle can be applied in other
irregular shapes.

(2) Difference in tourist types
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According to different tourists characteristics, all the tourists in the Louvre are divid-
ed into three types: individual tourists, group tourists and disabled tourists. The moving
speed and boundary constraints of different types of tourists are also different, so the
analysis of cellular automata theory need to be improved. Individual tourists move the
length of one cell in a time step, and the disabled tourists move the length of one cell
in two time steps, and the group tourists move at the same speed as Individual tourists.
The difference is the constraints and restrictions in the movement procedure, as shown in
Figure 7 for the movement field of group tourists.

Figure 7: Schematic diagram of group tourists movement field

In the Figure 7, the 3 ∗ 3 grid group is composed of a tourist at the center and 8
tourists around. The moving direction of the center tourist is the moving direction of the
group tourists. If this group encounters walls or obstacles during the movement, The
surrounding 8 tourists are also taken into account.

5.Multi-storey building tourists evacuation model

Multi-storey building evacuation is different from the general multi-source evacuation model[5].
High-floor points must pass through certain nodes and sections of the lower layer to reach the
safety exit. According to the topic and the plane guide map, the Louvre is a five-story build-
ing, two of which are underground. Therefore, it is necessary to consider how to properly
group tourists on each floor to be evacuated and choose the appropriate path for evacuation.
By studying the plan of the Louvre we found:

(1) Tourists who enter the Louvre from the entrance of the Pyramid can only reach the −2th
floor through the spiral ladder. Therefore, if the tourist uses the entrance of the pyramid
as an escape exit, he can only use the spiral ladder of −2th to return to the 0th floor.

(2) Tourists who enter the Louvre from the entrance of the Lions Gate can only reach the 1st
floor except for the exhibition hall on the 0th floor. Therefore, if the tourists of the non-
zero floor use the entrance to the Lions Gate as an escape exit, they can only move to the
0th floor through the 1st floor staircase in a certain place.

(3) The other two main entrances of the Louvre are not restricted by stairs, that is, tourists
can reach there directly from their original position without any further considerations.

Based on this, we introduced the concept of super-end point, each floor has some stairs
as the evacuation exit of each floor, and there is no upper limit for the flow of each stair exit,
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which can be transformed into the evacuation problem of multi-source point and single end
point. Because the tourist evacuation movement always has a direction, the tourist evacuation
destination is the staircase exit of each floor, and the moving direction is the direction pointing
to the safety exit. When the tourist evacuates, choose the stair position closely to the safety exit
as the target destination. Taking a tourist on the 0th floor as an example, a schematic diagram
of the path that can be selected is shown in Figure 8.

Figure 8: Schematic diagram of the escape route for Exit 2 and Exit 3

Figure 9: Schematic diagram of the escape route for selecting Exit 1

The black point in Figure 8 indicates the position of a tourist, and the direction of the solid
arrow indicates the direction in which the stair is allowed to go up or go down. If the tourist
chooses to escape from Exit 2 and Exit 3, since the two exits are not restricted by the floor, the
tourist can escape directly from the exit according to the path indicated by the dashed arrow
in Figure 8. If the tourist chooses to escape from Exit 1, he can only climb to the first floor via
the next staircase, then follow the path indicated by the dashed arrow in Figure 9 to reach the
stairway in the lower left corner, and then descend to the 0th floor to escape from the exit; If
the tourist chooses to escape from the entrance of the pyramid, it needs to descend to the −2th
floor by the stairs and then rise to the 0th floor. Because the principle is the same, the escape
route will not be explained here.

6.Final evacuation model based on queuing theory

We have established a multi-floor building tourists evacuation model based on the im-
proved cellular automata theory[6]. The model solution results are not the final evacuation
results. Tourists may not be leave the Louvre from the four exits at the same time. Based on
the queuing theory, tourists who are near the crowded exit leave the queue to go to other exits
with fewer tourists. We continuously iterate this model until our goal has been satisfied.
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The queuing theory allows the tourist to change the decision after making an initial decision
because they are queuing or when they find that the route selected at the beginning cannot
allow them to leave the building. In the simulation calculation, this part of the tourist can be
arranged to go to another exit. In order to select the exit, the tourist scores each exit and selects
the exit with the lowest score as the new target. If there are two or more exits with the same
score, the tourist will randomly select an exit.

The method of calculating the exit score is divided into five independent time parts:

1. Time required to reach each exit

D is the distance from the tourist to the target exit, and v is the speed at which the
tourist moves. The time required is:

twalk =
D

v
(7)

2. Time required to queue at the target exit

N is the total number of queued tourists at the target exit, and the time required is:

tqueue =
N

v
(8)

3. Actual time required to reach the end of the team

N is compared with the walking time tmove of other tourists in the same plane. All
tourists are moving with a shorter tmove time than the previous one.

From this you can calculate the actual time required for the tourist to reach the end
of the team:

tRealT imeToWalk = tmove − tAdjustmentWalk (9)

4. Calibration of queuing time

N2 is the number of people who will reach the target exit at tRealT imeToWalk time, and
we can correct the queue time by the following calculation:

tAdjustmentQueue =
N2

xi
(10)

5. Actual queue time

It is now possible to calculate the actual time required for the tourist to reach the tail
of the queue of the target exit:

tRealT imeToQueue = tqueue − tAdjustmentQueue (11)

4.1.2 Solution of Model 1

1.Results of the evacuation model under the shortest path principle

Considered that tourists only choose the four main entrances of the Louvre as escape exits,
first we will draw a plane view of each floor (excluding -2 floors) according to the determined
Louvre satellite map.
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Figure 10: Plane view of -1st floor

Figure 11: Plane view of 0th floor

Figure 12: Plane view of 1st floor
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Figure 13: Plane view of 2nd floor

The colored portions in the figures indicate the passage that the tourists can walk in, where
the solid lines indicate the wall or obstacle, the arrows and their directions indicate that there
is a staircase in this position and whether tourists could go upstairs or downstairs or both. Due
to the limitation of program running time, we only import the 0th and 1st floor into MATLAB
for simulation, which means we only consider the tourist evacuation path between the 0th and
1st floors of the Louvre. At this time, the pyramid entrance does not need to be put into use.
If you want to simulate the tourist escape route of the pyramid entrance, what you need to
do is simply adding −2nd floor into MATLAB because the mathematical principle is the same.
The locations of the tourists on the Louvre’s 0th and 1st floors are randomly generated. During
simulation, we suppose that there are 3000 tourists on the 0th and 1st floor respectively, namely
the total number of tourists is 6000. The schematic diagram of the dynamic movement path is
shown from Figure 14 to 21.

Figure 14: Initial state Figure 15: Iteration 300 times on the 1st floor

Figure 16: Iteration 600 times on the 1st floor Figure 17: Iteration 900 times on the 1st floor
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Figure 18: Initial state on the 0th floor Figure 19: Iteration 300 times on the 0th floor

Figure 20: Iteration 600 times on the 0th floor Figure 21: Iteration 900 times on the 0th floor

The six staircases on the 1st floor of the Louvre are selected as the target exit for the tourists.
Therefore, the dynamic path of the tourists moving to the stairway under the different itera-
tions is shown from Figure 14 to 17. It can be seen that as the number of iterations increases,
the number of remaining tourists is decreasing. After 900 iterations, almost all tourists have
dropped to the 0th floor. Figure 18 to 21 show the dynamic path of the tourists on the 0th floor
moving to the three exits under different iterations. After 1630 iterations, almost all the tourists
have fled the Louvre. At this point, you can calculate the time tl from the start of the escape to
the last tourist leaving the Louvre as follow:

Suppose c is the size of a grid corresponding to the physical size of the Louvre, n is the
number of iterations, v is the moving speed of the tourists, which is set to 4m/s for individual
tourists.

tl =
n ∗ c
v

(12)

From equation 12, tl = 407.5s can be obtained easily.

2.Results of evacuation model for the shortest evacuation time

The time obtained in the previous part is not the shortest evacuation time which is ultimate-
ly required, because the tourists do not leave the Louvre at the same time. Hence the results
need to be optimized. The evacuation time of the last tourist through the three different exits
is shown in Table 2.
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Table 2: Three different time for each exit
Exit iteration times evacuation time(s)

Exit 1 543 135.75
Exit 2 1630 407.5
Exit 3 1473 368.25

It can be seen from Table 2 that there are a large number of tourists who choose to Exit 2
and Exit 3 as escape exits. From these two exits, we select some tourists to Exit 1 to balance
the evacuation time of each exit and choose different numbers of tourists. The results of the
evacuation time are shown in Table 3. The shortest evacuation time is the maximum one of the
three exits respectively.

Table 3: Evacuation time corresponding to the different changes

Exit
Evacuation time(s) changes

50 100 150 200

Exit 1 152.75 169.25 186 202.75
Exit 2 390.75 374 357.25 340.75
Exit 3 350.75 334.25 317.5 300.75

It can be seen from Table reftable:exit2 that the evacuation time decreases as the number of
tourists leaving Exit 2 and Exit 3 increases, and eventually the evacuation time could decrease
to the minimum.

4.2 Model 2

On the basis of the establishment of the evacuation model in task 1, the Louvre has at least
five extra emergency exits in addition to the four main entrances as escape exits. We set some
rules to determine when and how many emergency exits should be used.

4.2.1 Establishment

It can be assumed that when the number of queues of tourists to an exit exceeds a certain
threshold, the iteration procedure terminates. At this time, an extra emergency exit is required,
and the number of emergency exits is determined according to the set thresholds of different
sizes, and the termination state of the former iteration is taken as the initial state of the next iter-
ation until a satisfactory threshold is reached. The ultimate goal remains that all tourists leave
the Louvre at the same time. By doing so, we could determine when and many emergency
exits should be used.

First, the number of tourists near per exit cannot exceed Y1, assuming that one of the four
main entrances isNx at the time tx, andNx > Y1. That is, the threshold of the number of queues
for tourists is exceeded, and an emergency exit is required at this time. We arbitrarily introduce
an emergency exit into our model, using the evacuation model established in Model 1 to carry
on the iterative solution, and check whether the number of tourists Nr at each exit from the
current time to all five exits is less than or equal to Y1. If so, it is considered that an emergency
exit can be put in order to meet the requirements, and the time when it should be introduced
can be obtained. Otherwise, the number of extra emergency exit still needs to be increased, and
the inspection is continued until the requirements are met.



Team # 1909174 Page 19 of 28

The following is an optimization of the established model. Considering that if the threshold
Y1 is unreasonable, there will be a situation in which an emergency exit can be satisfied to meet
the requirement. At this time, the threshold can be changed at a certain time ty in the iterative
process after an extra emergency exit is introduced. For Y2(Y2 < Y1), the current number of
tourists to an exit isNy, and Y1 > Ny > Y2 is satisfied, so at least one emergency exit is required
at the current moment. The iterative calculation method is the same as the case where only one
emergency exit is used. Thresholds of different gradients can be set to determine the time and
amount of emergency exits.

The flowchart in Model 2 is shown as follow:

Figure 22: Flowchart in Model 2

4.2.2 Solution of Model 2

The threshold of the number of tourists near per entrance Y1 is set to 250. The number of
tourists at the Exit 3 at tx = 22.5s is Nx = 269 > Y1. At this time, it is necessary to introduce
an extra emergency exit. A schematic diagram of the path of dynamic movement is shown in
Figure 23.
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Figure 23: Schematic diagram of the movement path at tx = 22.5s

It can be seen from the Figure 23 that at the current time, there are more tourists near Exit
3 than other exits. Hence it is more reasonable to introduce an extra emergency exit right now.
The same can be done to determine whether or not should we introduce other extra exits in the
next iteration procedures.

4.3 Model 3

In the Model 1 and Model 2, the evacuation model of the Louvre has been initially es-
tablished, taking into account factors such as the shape of the space, the type of tourists, the
structure of the each floor. In addition, the emergency personnel of the Louvre should be able
to identify potential bottlenecks and deal with different types of risks. They should also study
the impact of possible risks on the moving path of tourists and the choice of escape exits.

4.3.1 Establishment

We can assume that a certain location in the Louvre has become impassable due to certain
risks. The special emergency exit for emergency personnel is selected according to the location
of the obstacle. Before the risk is cleared, the tourists can only choose other routes, and the
obstacle will be cleared for a period of time. After it clearance, tourists can choose the path
as usual. During the clearing time, tourists cannot select the special emergency exit as the es-
cape exit. Therefore, including the model established before, we establishe a evacuation model
based on the dynamic network equilibrium theory[7].

Unlike the people flow in the daily case, there is a clear path selection in the evacuation
process of tourists. In the event of an emergency, tourists want to reach the safe area as quickly
as possible, and dynamically select the path with a shorter evacuation time based on the real-
time situation after the emergency occurs. If everyone chooses the best route to evacuate and
can’t get a better strategy through unilateral changes, then the tourists in the Louvre will reach
a dynamic user-optimal state.

Obstacles are created after the emergency occurs. These obstacles and exits divide the Lou-
vre into different sections. To avoid enumeration of paths, the area is divided into a series of
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cells to simplify the description. Due to obstacles and exit restrictions, the cells are no longer a
uniform specification, and their size needs to be adjusted according to the actual situation. In
order to ensure the accuracy and efficiency of the simulation, the width of the cell is set to 1m
to 3m.

It is assumed that in the evacuation network G = G(R), R is a set of cells, D ⊂ R is a set
of exit cells, and Ri ⊂ R is a set of neighbor cells of cell i. The simulation time T is discretized
into a time step K = k(k = 1, 2, ...), |K| time steps, and each time step δ seconds, there is
T = |K| ∗ δ. In the dynamic user optimal state, the instantaneous evacuation time of each used
path is equal and minimal, and the instantaneous evacuation time of the unused path is greater
than or equal to the evacuation time of the used path. That is to say, under the instantaneous
user dynamic optimal condition, if there is tourist occupation on the path p in the kth time
period, the instantaneous evacuation time of the path is the smallest. If no tourists chooses
path p evacuation during the kth time period, the instantaneous evacuation time of the path
will not be less than the minimum evacuation time. Therefore, the mathematical representation
of the path-based instantaneous user dynamic optimal condition is as follows:

{
Ci,d
p (k) = πp(k) ifni,dp (k) > 0

Ci,d
p (k) > πp(k) ifni,dp (k) = 0

(13)

The mathematical model embodied by equation 13 is a dynamic selection model based on
path. Tourists can judge the surrounding environment in real time, so that when the obstacles
are encountered, other paths are selected to meet the dynamic user optimal principle with the
minimum evacuation time as the goal. Since the solution of the model needs to enumerate all
the paths from the cell to each exit, it is very difficult to solve the model directly. To solve this
problem, we transform the path-based DUO condition into a cell-based condition. During the
evacuation process, the tourists move through the individual cells on the evacuation path from
the initial position to the destination (or safe area), and the pedestrians will adjust their own
paths at any time to dynamically select the cells to move to in the next step. If the pedestrian
has selected an exit for evacuation, it will select a shortest path to the exit, minimizing the travel
time and queue waiting time at the exit. As shown in Figure 24, the tourist in cell i has to move
to the exit d before passing through its adjacent cell j.

Figure 24: Cell-based dynamic path selection

Similar to the path-based instantaneous user dynamic optimal conditional equation 13, if
the number of tourists evacuated from the exit d via the cell j in the kth period cell is greater
than zero, the corresponding evacuation time is the shortest time; The number of tourists evac-
uated from the exit d via the cell j in the kperiod cell i is equal to zero, and the corresponding
evacuation time will be greater than the shortest evacuation time. Therefore, the mathematical
equation of the instantaneous user dynamic optimal condition based on the cell is as follows:

{
Ci,d
j (k) = πi(k) ifni,dj (k) > 0

Ci,d
j (k) > πi(k) ifni,dj (k) = 0

(14)

In equation 14,πi(k) represents at the kperiod, the minimum cell evacuation time of the
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tourist in cell i. C(i,d)
j (k?) represents at the kperiod, the instantaneous movement time of se-

lecting adjacent cell j ⊂ Ri in cell i and selecting exit d. n(i,d)j (k?) represents at the kperiod, the
number of tourists in the cell i that select adjacent cells j ⊂ Ri and evacuate from the exit d.

The above-described cellular-based instantaneous dynamic optimal path selection condi-
tion can be equivalently expressed as a nonlinear complementary problem as follows:


ni,dj (k)(Ci,d

j (k)− πi(k)) = 0 ∀i ⊂ R, j ⊂ Ri, d ⊂ D∑
j

∑
d n

i,d
j (k) = ni(l = k) ∀i ⊂ R

Ci,d
j (k)− πi(k)) ≥ 0 ∀i ⊂ R, j ⊂ Ri, d ⊂ D

ni,dj (k) ≥ 0 ∀i ⊂ R, j ⊂ Ri, d ⊂ D

(15)

So we have established a cell-based dynamic selection model. The specific steps for model
building are as follows:

1. Individuals, groups and disabled tourists make decisions. After the emergency occurred,
the decision made at this time was basically random and conspicuous.

2. Update exit and cell information. Judging the distribution of tourists inside the Louvre
after an emergency.

3. Determine whether there are channels for most tourists. If there is a path, go to step 4; if
there is no path, go to step 7;

4. Step by step optimize path. Since there is no emergency at the exit, the path can be
optimized according to the model established above.

5. Perceive the crowd and the surrounding environment. Tourists inside the Louvre can
sense environmental changes in real time in order to make the right decisions.

6. Update the speed position. Constantly update speed and location to make judgments
about evacuation.

7. Open the emergency exit. Because of the emergency situation at the common exit loca-
tion, staff members are required to open a new emergency exit.

8. The system re-updates the exit and location. It is easy to recognize the overall network
structure of the Louvre after the emergency exit.

9. Cognitive network. Recognizing the distribution of tourists throughout the Louvre in
order to help choose the right path.

10. Select the appropriate exit and estimate the evacuation time.

11. Select the optimal path. Select the currently considered optimal path. In order to keep
the entire escape route optimal, you need to go to step 5.

12. Determine if the evacuation is over. If not, return to steps 1, 4, 5 and step 10 as appropri-
ate.

The specific procedure of Model 3 is shown in Figure 25.
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Figure 25: The specific procedure of Model 3

4.3.2 Solution of Model 3

Based on the model established above, We make simulation of the 0th floor in the Louvre.
At 37.5s, one of the exits of the Louvre was blocked and obstacles were added to the exhibition
hall. The simulation model diagrams are shown from Figure 26 to 29:

Figure 26: Initial state Figure 27: Iteration 150 times
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Figure 28: Iteration 300 times Figure 29: Iteration 450 times

In the above figures, the red point indicates that the normal exit is blocked, the green point
indicates the emergency exit is introduced according to the actual situation of the Louvre, and
the black line indicates the obstacle. As can be seen from Figure 27 and 28, when an iteration
occurs 150 times, the exit is blocked, the tourists can’t get out, and obstacles appear in the hall,
making the route to another exit impassable to these tourists. When the system re-evaluated the
exit and cell positions, introduced an emergency exit in time, and re-planned the escape route
for tourists. In Figure 29 we can see that most of the tourists have escaped from the Louvre
successfully. It is foreseeable that after a number of iterations, all visitors will be expected to
escape the Louvre.

Through simulation, the instantaneous user dynamic optimal model based on the cell is
well applied, which can solve the dynamic optimal route problem of tourists’ escape after a
sudden emergency.

4.4 Recommendations for emergency management

Based on the established Louvre evacuation model, policies and procedures are proposed
for the Louvre’s emergency management, which is convenient for emergency managers to e-
vacuate all tourists quickly and successfully.

Considered the various unfavorable factors displayed during the simulation of the evacua-
tion, based on the mathematical models and the cellular automata theory, queuing theory and
dynamic network theory established in the three models and the related results,we make the
following recommendations to the emergency management staff at the Louvre. The measures
mainly include the following two aspects: one is to optimize and improve existing equipment
and facilities, and the other is to restrict and manage tourists.

1.Improve existing equipments

In terms of facilities, the way to increase the evacuation speed of personnel is mainly to in-
crease the number of evacuation channels of the Louvre and the number or width of emergency
exits, and to reduce the stairs and obstacles on the evacuation route.

Affected by the characteristics of the Louvre’s architectural structure, the method of in-
creasing evacuation passages or emergency exits is not the best method. The structure of the
entrances and exits in the Louvre is inherently complicated, and only the emergency personnel
and museum officials know all the exit locations. Increasing the number of exits will make the
structure of the Louvre more complicated , making it more difficult for tourists to find the near-
est safe exit in an emergency. At the same time, the overly complex structure is not conducive
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to the day-to-day management and emergency work of the Louvre, and it may be necessary to
walk longer than before.

In review of the simulation results of the established personnel evacuation model, in order
to decrease the time of evacuation of tourists under the existing conditions, the most feasible
way is to avoid or reduce obstacles on the moving path. Take the tourists on the 0th floor as
an example. If there is an obstacle from the nearest elevator door leading to the first floor, then
the passenger cannot enter the 1st floor and then go down to the 0th floor through the stairs
to reach the Lions Gate exit. Hence, they have to choose another exit and it may extend the
evacuation time. Therefore, we recommend that some emergency personnel install monitoring
equipment in areas with high risk to reduce the possibility of emergencies.

2.Develop an APP

The staff can develop an APP by referring to the models and codes we have made. The
main functions include displaying the topographic maps in the Louvre and the locations of the
rest of the tourists in real time, and can get the current location of the tourists. Of course, the
most important one is that it could give a shortest feasible options for each tourist. Tourists
only need to download this app on their mobile phones or other electronic devices, so they can
keep abreast of environmental changes, visitor information and viable evacuation options in
the Louvre.

3.Strengthen the management of tourists

The emergency evacuation of the Louvre is centred around tourists. When it is difficult to
renovate existing facilities to improve emergency evacuation capacity, in order to ensure that all
tourists can reach the safe exit in time when an emergency occurs, in order to prevent tourists
from being trampled in the Louvre due to overcrowding, it is necessary to limit the number
of tourists entering the Louvre when necessary. The method can be used to place a diversion
fence at the entrance and exit of the Louvre subway station or bus station, allowing tourists to
slowly enter the Louvre through the diversion fence.

4.5 Applied in other architectures

In response to the formulation of the evacuation plan of the Louvre, we first established
a multi-level building personnel evacuation model based on the improved cellular automata
theory and obtained the evacuation time of the tourists according to the shortest path principle,
and then used the queuing theory to make optimization. For the determination of the time and
number of emergency exit introduction, we assume that if the number of queues of tourists
for an exit exceeds a certain threshold, iteration terminates. At this time, an emergency exit
is required, and the number of emergency exits is determined according to the thresholds of
different sizes set.

So far we have initially established the evacuation model of the Louvre, taking into account
factors such as the shape of the space, the type of tourists, the structure of the exit and the num-
ber, and then further optimizing the model considering the possible emergencies. We assume
that a certain location within the Louvre is impassable due to certain risks. The emergency
entrance and exit are selected according to the location of the obstacle. During the obstacle
clearing, the passenger cannot select the special entrance and exit of the emergency personnel
as the escape exit. We established a tourist evacuation model based on the dynamic network
equilibrium theory, so that tourists can dynamically select the path with short evacuation time
according to the real-time situation after the risk occurs, and finally find the shortest evacuation
time.
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In summary, the Louvre evacuation model we have studied has studied the impact of fac-
tors such as building topography, floor structure, personnel characteristics, number and lo-
cation of exits, and emergency conditions on evacuation time. According to the established
model, the feasible suggestions for the Louvre emergency management personnel were put
forward, and the model can be applied to other large buildings, which has certain universality
and fault tolerance.

5 Sensitivity Analysis

Since we were unable to find real statistics on the Louvre, we could only randomly select
the number and location of tourists in simulation. Although there may be deviations from the
actual situation, the program simulation results better reflect the theoretical state of the tourists
when they escape. We observe the impact on evacuation time by changing the number of
visitors and the location of each floor. The evacuation time of each exit under different tourist
numbers and distribution locations is shown in Table 4.

Table 4: Evacuation time with different parameters

Exit
Evacuation time(s) tourist numbers

500 1000 1500 2000 2500

Exit 1 123.25 125.25 126.5 126.75 135.75
Exit 2 97 150.25 201.25 285.75 342
Exit 3 147.5 152.5 212.75 262.5 311

From Table 4 we can see that the evacuation time of each exit increases as the number of
visitors increases and the position changes.However, all the tourists in this process will dynam-
ically adjust the optimal escape route, so the increase of evacuation time is within the allowable
range, and the sensitivity of the model is considered to be better.

6 Strengths and weaknesses

Like any model, our models have their own strengths and weaknesses. Some of the major
points are presented below.

6.1 Strengths

1. Determining the goal is to ensure that the time taken by the last tourist to leave the Louvre
is the shortest when the emergency occurs, and the evacuation time is the shortest when
all the tourists who escape from the exit leave the selected target exit at the same time.
We also demonstrate the rationality of the goal.

2. The cellular automaton theory is used to establish the mathematical model, and the non-
linear physical phenomenon is simulated directly according to certain rules, thus elimi-
nating the cumbersomeness of constructing the differential equation, and it has a strong
ability to express complex relationships.

3. The traditional cellular automata theory is optimized in terms of building structure and
personnel characteristics, which can be better applied to the special complex environ-
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ment of the Louvre and facilitate the construction of corresponding personnel evacuation
models.

4. This paper considers the Louvre’s multi-level building evacuation model, introduces the
concept of super-end point, and transforms the problem into an evacuation model with
multiple source points and single-end points, which improves the validity and feasibility
of the model.

6.2 Weaknesses

1. The data and statistics of the specific tourist flow in the Louvre are lacking. The results
obtained by the model may be deviated from the actual situation. If the mathematical
analysis method is used to summarize the known data, the accuracy of the statistics can
be improved.

2. In the purpose of simplifying the model, this paper sets some basic assumptions, which
are different from the actual situation. For example, without considering the occurrence
of an emergency and the impact of the elevator on the evacuated population, which
means further research is needed.
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