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Summary
In 2018, the number of people in the Louvre was 10.8 million, creating a new high. At the
same time, in the event of an emergency, such a large number of tourists will increase the
difficulty of evacuation and raise the risk. Therefore, our goal is to design the Louvre's
emergency evacuation plan to evacuate visitors from the museum and estimate the
evacuation time, while also allowing emergency personnel to enter the building as quickly
as possible, as well as considering other factors and potential threats.

We make the Visitor Emergency Evacuation(VEE) model to design the evacuation plan. The
first model of the emergency evacuation plan is based on an improved ant colony
optimization algorithm. The model transforms the entire Louvre into a topological map and
influences the selection probability by setting the pheromone concentration threshold to
determine the optimal evacuation route for visitors to leave from each region. We also
established an evacuation time model and found that the shortest evacuation time for the
largest number of visitors in the library was 417.2 s. This result indicates that our
evacuation plan is reliable.

The third model uses the improved Dijkstra algorithm. The model considers the entire
Louvre as a time-varying topology map to determine the route of emergency personnel to
the emergency area as quickly as possible. By assuming an emergency in the 101 area of the
-1F and adding a new exit near the B3 stairs of the OF, the optimal path for the emergency
personnel to reach the area and the shortest time of 130s are obtained. This result shows
that our model is reliable.

We also discussed other factors that have an impact on evacuation time, such as whether to
open new exports, the impact of tourist diversity, the consequences of potential threats, and
so on. And we propose policy and procedural recommendations for emergency management
of the Louvre . Additionally, we discuss how we can adapt and implement our models for
other large, crowded structures. Then we performed sensitivity analysis on two important
parameters: the number of people passing through the stairs and the speed. The results
show that the changes of these two parameters will have a huge impact on the shortest
evacuation time.

Key Words: Emergency evacuation plan, Ant colony optimization algorithm,
Time model, Dijkstra algorithm, Other factors
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1. Introduction

1.1 Background

Nowadays, urban development has entered a period of rapid growth, the city’s scale has
expanded rapidly, the number of high-rise buildings and large buildings has increased, and
personnel are highly intensive. The dangers and harmfulness of unconventional
emergencies, such as overcrowded and trampling in open spaces and buildings, are
becoming more and more serious, making the public security of the mainland face severe
challenges. Due to the serious casualties caused by emergency emergencies in densely
populated places, which is one of the major disasters faced by mankind. Hence, solving the
problem of emergency evacuation in densely populated areas has its unprecedented
significance in today’s world.

The increasing number of terror attacks in France requires a review of the emergency
evacuation plans at many popular destinations. In general, the goal of evacuation is to have
all occupants leave the building as quickly and safely as possible. Upon notification of a
required evacuation, individuals egress to and through an optimal exit in order to empty the
building as quickly as possible.

The Louvre is one of the world’s largest and most visited art museum, receiving more than
8.1 million visitors in 2017. The number of guests in the museum varies throughout the day
and year, which provides challenges in planning for regular movement within the museum.
The diversity of visitors -- speaking a variety of languages, groups traveling together, and
disabled visitors -- makes evacuation in an emergency even more challenging. As a result, it
is necessary for the Louvre to have a complete emergency evacuation plan.

1.2 Restatement of Problems

To evacuate people safely when an emergency occurs, the reasonable evacuation plans at
the Louvre should be developed, while the following tasks are to be accomplished :

« The number of guests in the museum varies throughout the day and year and the diversity
of visitors such as disabled visitors make evacuation in an emergency challenging. What’s
more, the actual exit points that can be used is not only the four exits that the public knows.
While public awareness of these exit points could provide additional strength to an
evacuation plan, their use would simultaneously cause security concerns due to the lower or
limited security postures at these exits compared with level of security at the four main
entrances. Thus, when creating the model, we should consider carefully how to evacuate
disabled visitors, when and how any additional exits might be utilized.

« The model should allow the museum leaders to explore a range of options to evacuate
visitors from the museum, while also allowing emergency personnel to enter the building as
quickly as possible. It is also important to identify potential bottlenecks that may limit
movement towards the exits, address a broad set of considerations and various types of
potential threats.

« Validate the model and discuss how the Louvre would implement it.
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« Based on the results of the work, propose policy and procedural recommendations for
emergency management of the Louvre.

1.3 Our Work

According to the current queuing time displayed by the APP "Affluences", we get different
numbers of people at different times of the day. According to the improved ant colony
optimization algorithm, we get the best evacuation route for tourists. Through our time
model, we found the shortest time for visitors to evacuate. Based on the improved Dijkstra
algorithm, we get the optimal route for emergency personnel to reach the emergency area
and calculate the required time. At the same time, other potential factors were considered,
such as the diversity of visitors, the opening of other entrances and exits, and uncertain
potential threats.

Finally, the propose policy and procedural recommendations for emergency management of
the Louvre and Additionally, discuss how we can adapt and implement our models for other
large, crowded structures.

2. Assumptions and Symbol Table

2.1 Assumptions

We make the following basic assumptions in order to simplify the problem. Each of our
assumptions is justified.

¢ Assuming that each visitor runs at the same speed.

e Assuming that the distance from chest to back of each visitor is the same. The length
of the queue can be calculate directly based on the number of visitors.

e Assuming that visitors will escape from the building orderly.

e Assuming that when a block happen, tourists with low floors on the stairs are
evacuated firstly.

2.2 Symbol Table

Symbol that we mainly use in the model are shown in the following table :

Table 1: Symbol Table

Symbol Definition
I the number of stairs on the 2 floor
L, the length of the human chain at the i”* stairs of the ;" floor
L, the length of the stairs
t the time evacuate from the i” stairs

2
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S; the number of visitors at the i” stairs entrance of the ;" floor
n, the space between visitors

[, the length required to escape to the i” staircase
7. the time for evacuating all visitors

3. The Visitor Emergency Evacuation model

In this model, when an emergency occurs, the Visitor Emergency Evacuation(VEE) model
uses the improved ant colony optimization algorithm to plan evacuation routes for visitors
and calculate the the minimum time for evacuation. It also uses the improved Dijkstra
Algorithm to consider how emergency personnel reach the emergency area as quickly as
possible and other potential factors such as other entrances that visitors don’t know,
diversity of visitors and various types of potential threats.

Evacuation
Route

Evacuation | ‘Emergency
Time | VEE mOdel personnel

Potential
Factors

Figure 1. The VEE Model

According to the floor plan of the Louvre, we can know that the Louvre has four main
entrances, including the pyramid entrance, the Passage Richelieu entrance, the Carrousel
du Louvre entrance on the 2™ floor, and the Portes Des Lions entrance on the ot floor of
the building. Due to the different locations of the open exhibition areas on each floor, we
divide the Louvre into two catecories: one category has five floors(from -2F to 2F), there are
three entrance located on the -2" basement. The other category has three floors(from oF to
oF), while the entrance is on the ot floor. Most visitors in this area will go through the stairs
to the entrance, the rest of the visitors can escape directly on the o floor.

3.1 Distribution of tourists
There are many exhibition areas in the Louvre. In order to facilitate the calculation. we first

3
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assume that the number of people in each exhibition area is equal. According to the
information, there are three art treasures in the Louvre, located in 345, 703 and 711. The
number of tourists in these three exhibition areas is too many. We assume that the three
exhibition areas have three times as much as the number of tourists in the ordinary
exhibition area. Then, the number of tourists in each exhibition area is obtained.

The number of visitors in the Louvre varies throughout the day and year. We reverse the
current number of people in the library based on the current queue time by “ Affluences”
and record it every 15 minutes. Then we can get the diagram between number of visitors
and time. As we all know, the Louvre is open every day (except Tuesday) from 9 A.M. to 6
P.M, night opening until 9:45 P.M. on Wednesdays and Fridays. Regardless of the special
events, the change of visitors’ number is showed in the Figure 2. 2(B) represents the
change on Wednesdays and Fridays, 2(A) represents the change on rest days.

Relation between time and Number of tourists Relation between time and Number of tourists

12000 12000
10000 | 10000
8000 1 8000

8000 - 6000 -

Number of tourists
Number of tourists

4000 | 4000

2000 - 2000 -

a 10 1" 12 13 14 15 16 17 18 8 10 12 14 16 18 20 22
time(hour) time(hour)

A B

Figure 2. The number of visitors

3.2 The evacuation route

We cite and reference the ant colony optimization algorithm of "Mathematical model of
emergency evacuation in densely populated areas and its optimal solution" [5] and improve
it, and use the improved ant colony optimization algorithm to select the optimal escape
route, and establish the following route model.

3.2.1 Traditional ant colony optimization algorithm

We convert the Louvre's plan into a topology and build a mesh function G(N.R,z,), where

N is the node set. Staircases, each of exhibitions and entrances are nodes. R is route set.
Stairs, corridors, passages are routes. 7, is an environmental initial pheromone

distribution. m is the total number of ants, m= Zbi (t), b,(t) isthe number of ants of the
i=1

i"™ node at time ¢.
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During the iteration of k times (k=NC,_ ), the ant k(k=1,2,...,m) select the probability
according to the pheromone concentration left by the ant colony. The selection probability
Py (t) is the probability that the ant & moves from the i” node to the ;" node at time ¢

max )

Function 7,(¢) indicates the concentration of pheromone between nodes i, ; attime ¢.

a is pheromone heuristic factor which indicates how important pheromone is to ant
selection probabilities, £ is expected heuristic value which indicates how important

expectation value is to ant selection probabilities. allowed, 1is a feasible set, indicating the
set of nodes that ant k can choose next.

[Tij (t )]a [771.7‘ (1 )]ﬂ
py0)=1 2ln@f o]

seallowed

7>/ € allowed,

€y
0, others

The principle of traditional ant colony optimization algorithm is that the principle of the
traditional ant colony optimization algorithm is that the ants with shorter routes release
more pheromone. As time progresses, the concentration of pheromone accumulated on the
shorter route gradually increases, and the number of ants that select the route is also getting
more and more. Eventually, ants will focus on the best route under positive feedback. But
for the evacuation of people, this situation will happen: when people reach one end of the
channel and find that there are many people in the channel, people may choose another
channel with fewer people to avoid congestion and collision. When it is found that there are
fewer people in the channel, it means that the channel may not be the optimal escape
channel, so a channel with more people will be selected. As a result, we need to improve the
ant colony optimization algorithm.

3.2.2 Improved ant colony optimization algorithm

We set a threshold to improve the ant colony optimization algorithm. When the pheromone
concentration is lower than the threshold, it means that the number of people in the
channel is small. Perhaps this route is not the optimal escape route; when the pheromone
concentration is higher than the threshold, it means that the channel is more likely to occur
congestion and blocking.

For the threshold, when people pass through the channel, they may be crowded inside it
without order. However, when passing through the exit of the channel, the maximum
number of people allowed to pass at one time is only related to the width of the exit, that is,
people are exporting in the form of multiple human chains. The length of the human chain
is L,:

S, d+(S, ~1De

"a (2)
where 7, is the maximum number of people allowed to pass the channel, /, is the length

L,

of queue, S, is the number of people arriving at the exit of the channel at time 7. v, is
the speed when people move. The limit safety speed of people running freely is 1.5 m/s
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according to the survey data. At this moment, a visitor is at the entrance of the channel. The
speed of human chain is v. Obviously, v, >v.

When the human chain completely leaves the channel after # (the time) , the tourists just
arrive at the exit of a channel, which means that the length is the most suitable and this

. . . L, L .
channel is the optimal route. That is, 7, =—%=-—%. At this moment, S, =nvt, .
vy

Let each person carry a pheromone, then the pheromone concentration of the channel is
nvt, , the threshold is ¢, . Finally, the selection probability after improvement is:

,0Fho0f

J»>s € allowed 7, (1) < nvt,

Z [Tis (t)]a [771'5 (t)]ﬂ o
o 5
“e)=11 [le (t)] [77’7 (t)] J»s € allowed, (1) > nvt,

S oF o)

0,others

(3)

3.2.3 The optimal evacuation route

We convert the Louvre's floor plan into a topographic map, and the following figure is an
example of the 15t and 2" floor.

Figure 3. The topology of the 1st and 2nd floor
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In the topology, circles indicate various areas, and the nodes with symbols refers to the
entrances of stairs, and the red line refers to stairs between different floors.

We choose the appropriate parameters, bring the Louvre plane topology into the algorithm,
and finally get the following optimal evacuation routes. In Figure 4, orange arrows indicate
evacuated routes.

100 Exhibition area
ﬁ Popular Exhibition area
Accessible area

Al Stairs, only go out

- Stairs, only go down
- Stairs, only go up

Bl Stairs, not being used

Exit

Figure 4. The optimal evacuation route for the Louvre

3.3 The evacuation time

We figure out that the time required to evacuate all the visitors in the Louvre is the time
when last visitor escapes from the Louvre. Moreover, the farthest floor from the ot floor
and the 2" basement is the 2" floor. As a result, there must be a stairway that allows
visitors from this stairway to evacuate for the longest time. The time required to evacuate all
visitors is the longest time for the last visitor to escape the Louvre, and the shortest
evacuation time is the minimum of the longest time.

Assuming that the number of stairs on the 2nd floor is 7, the length of the human chain at
the i” stairs of the ;" floor is L, , the length of the stairs is L, , the time evacuate from

th .th

the i” stairsis ¢, the number of visitors at the i” stairs entrance of the ;" floor is S

7
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d is the thickness of a visitor, e is the space between visitors, 7, is the number of visitors
who can accommodate up to one row at the stairway, v is the speed when people run, /'

is the length of the exit from the person to the floor with the exit, /. is the length required

th

to escape to the " staircase, ¢, is the time of blockage in the stairs, 7, is the time for

evacuating all visitors.
The length of the human chain is determined by the thickness d of each person, the
distance e between people and the number of people through the stairs 7, . No matter

how crowded outside the stairway, when passing through the stairway, the number of
people passing through the stairway is just 7, so the human chain can be equivalent to the

n, personal chain, and the new human chain length Z; is:

S,d+(8,-1)e —l)e
i i
/ (4)
. . . . l
The ¢ is composed of the following times: the time -~ from the current area to the
v
. . L, . . l,» . .
stairway; the time —~ through the stairs; the time -~ after reaching the exit floor, the
14 \%

L.
time to the exit; the time —~ through the exit; and possibly on the way The congestion

N
time caused by the blockage will occur ¢, .So we can get:
L, L, I
t. :l—’+—f+—”+L+td
\% \% 1% \% (5)

So, The shortest evacuation time is
T = min {max tl.}

(6)

For ¢,:

¢ Everyone moves at the same speed in the channel, so there is no blockage.

¢ Since the escape route of each layer may pass through the same stairs, the length and
width of the stairs are determined. The following situation is easy to occur: visitors on
the 27 floor have reached the 15t floor stairs, and visitors on the 1%t floor have not
escaped from this stairway, and finally blockage will occur.

We assume that when the above situation occurs, there is a priority, that is, the higher floor
allows the lower floor visitors to go first. Then we can get the following model where ;' is

«th

length of the human chain of the (j—1)" staircase of the i floor, and /' is the distance

to the stairs.

v (7)
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ij "+, '-(ll, +L ot Ll./)

=Y.

J Y (8)
Set a parameter f,when 7,>0, f=1;when ¢,<0, =0.

For the three floors model, the number of visitors on the 2™ floor is S?, the 15 floor is S’
and the othis §°.

When an emergency occurs, since Arts of Africa, Asia, Oceania and the Americas is not
connected to other areas on the o™ floor, only visitors in Arts of Africa, Asia, Oceania and
the Americas can escape from the Portes Des Lions entrance. As a result, the evacuation
plan of the visitors on the o™ floor can be divided into two situations:

SO — SOO +S01 (9)

The visitors in Arts of Africa, Asia, Oceania and the Americas can escape directly, the
number is S% . The rest visitors on the o can run from the o™ floor to the 1%t floor, then
run to the stairs leading to the Arts. Downstairs and escape from the Portes Des Lions
entrance. The number of visitors in this part is S” . We observe the escape route, and find
that the stairs from the ot floor to the 1% floor is different from the stairs from the 2" floor
to the 1%t floor. Therefore, visitors escape from OF to 1F can be equivalent to visitors escape
from the 2" floor to the 1% floor.

S2|: S()l +S2 (10)
Where S*' is the number of visitors on the 2" floor after the equivalent.
q

The ot floor and the 2" floor can be equivalent to the same floor, so there are only the
situations that 2 floors of visitors going down the stairs on the first floor, and the first floor
visitors have not been evacuated. The time of congestion ¢, is:

, L+l +L,+L,)
d= '

v (11)
The evacuation time of three floors model 7, is:
T, = min{max{z, }} (12)
. L, '+1'—(I, + L/, +L,)
‘< v
L. = Sipd +(S;; —1e
i2 v
1
D8, =8"+8"
i=1
o L+L,+L,+l'
Y (13)

For the five floors model, when the visitors on the 2" floor are evacuating, the visitors on

9
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the 1t basement, o, and 1 floor may be stuck on the stairs and not evacuated. So, the time
of congestion 7, is:

] L[j '+li '_(li + Lf + Liz)

=,

_ (14)

There are three exits on the 2" basement, and the Carrousel du Louvre entrance and the
Passage Richelieu entrance pass through the same channel, so they can regard as one large
exit. The entrance to the pyramid requires a stairway on the 2°d basement, which is the
same length as the other two exit channels. As a result, three exits can be equivalent to a
new exit. The number »' of people passing through the new exit is the sum of the three
exits. The evacuation time of five floors model 7, is:

T, = min{max{z, }} (15)
L LG+ L+ L)

j=-1 v
_ S,d+(S,; —De

v

\%
1
ZSU =82 +5"

i=1
. L+L,+L,+I'

L

v

According to the investigation, we can get the reaction time 7, =10s.

Finally, the evacuation time 7 :

T

min

=max{T;,T;} +¢, (16)

As we can see from the Figure 2, the number of visitors at 11:30 am on Monday, Thursday,
Saturday and Sunday is the highest. It’s about 10,380. We substitute it into the time model
and calculate the value of 7, and 7, . We use the python language for programming

calculations (see the appendix for specific code). The result is:
T,=4172s, T,=2818s

The shortest evacuation time 7., is 417.2s, about 7 minutes, when the number of visitors
is the largest.

According to the information, the best evacuation time for different emergencies is different,
but the maximum can not exceed 15 minutes. The shortest evacuation time obtained by the
algorithm is realistic and short. Therefore, our model works well.

3.4 Emergency personnel

When there is an emergency in X area, emergency personnel is required to enter the
building as soon as possible, that is, they need to reach the X area through some entrance
quickly. The visitors in X area have to escape from there quickly, that is, to reach an exit as
soon as possible. However, emergency personnel and visitors are prone to congestion and
collisions on stairs and channels. The width of the channel is much larger than the stairs,
and the main crowding and collisions will occur at the stairs, where crowding and collisions

10
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are neglected in the channel. Therefore, the best strategy is that the emergency personnel
and visitors do not use the same stairs at the same time, that is, the emergency personnel
need to use the stairs without visitors at that moment to avoid congestion. If seal off the
original exit and only allow the emergency personnel to enter, it will greatly increase the
evacuation time and cause danger. The best way is to open one of other exits for emergency
personnel, and visitors still evacuate from the four main entrances.

We think of the Louvre as a topology G(N,R(¢)) changing over time where N is the node
set, R(¢) is the route set that changes over time. The stairway, the various exhibition areas

and the entrances are nodes. At the same time, we think of the emergency personnel as a
node whose position move with time. Both the stairs and the channels are regarded as
routes. The weight of the route is the time required to pass the stairs when the walking
speed is v=2m/s . If there are other visitors on a certain staircase at time ¢, the weight of
the route is updated to the sum of the time through the stairs and the time for the stairs to
be fully unblocked.We get the number of people at different time when the stairs are
evacuated by calculations, and then get the time required for the stairs to be completely
unblocked at different time. The part of results are show in the following table. The yellow
grid means that the stairs are smooth for a while. After the blue finger, the stairs are always
clear. The whole result can be seen in the Appendix 1.

Table 2. The time when stairs are evacuated completely

Clearing\ Stairs Clearing \ Stairs
time time

EO0 [ A11 | A21 B40 | EO | T10 | T20

Current

moment
0 39.9 36 48 0 13.05 | 52.65 | 79.05 | 13.05
46 39.9 0 12 23.05 39.6 | 66
68 39.9 0 0 66.05 6.6 33
109.95 795 |31.95 82.65 0 26.4
127.9 0 24 119.05
300.35
420.65

Current
moment

146 0 15.9 2703 0
171.9 15.9 0
260.2 0 8.1
278.3 8.1 0

296.4 0 0

olo|o|o|o|o
olo|o|o|o|o

olololelo e lo

We use the improved Dijkstra's Algorithm to calculate the optimal route for emergency
personnel to the emergency area. The specific process is as follows:

a
rrrrrr t

Stare optimal path
using the
Dijkstra

algerithm

Calculate the current
optimal path using
the DJ Tesla
algorithm

]

Figure 5. The flow chart of optimal route for emergency personnel

Assuming the time spent on each route is 7}, and time spent on each aisle of one route is ¢,

the time spent on passing staircase is A, for a specific route, Az; will be changed because

jj b
of the passing of time while ¢, will not. Az; consists of two parts, time consumption of
going up or down stairs, time consumption of staircase congestion.

=1+ A, (17)
j j
Then the minimal time cost is min(7}), and the route corresponds to min(7}) is the shortest

11
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route at this moment.

For example, some emergency people now enter by a new entrance (in the southernmost of
Sully, close to the staircase B3), and their destination is the room 101 on the -1F. We assume
the time from the start of evacuation as 7.We set 7' as 180 and 150, and bring them into
our model. The shortest route we get is the same and showed in the following figure:

Entrance B3 A3 A1 101

Figure 6. The shortest route Awhen 7=180 and 7 =150
We set T as 120 and 90, and bring them into our model. The shortest route we get is the
same and showed in the following figure:

Entrance T B 101

Figure 7. The shortest route Bwhen 7=120 and 7=90

The route map is showed in the following figure:

OF
Route A

212 28 81 29 26 230 Route B
82

321

323
az

81 02 103 104 105 g

&

T 184 160 | L M T
S il

Figure 8. The route map for route A and B

As the moving speed of emergency personnel is estimated to be 2m/s. And they won’t be
blocked in staircase because of the small number. While all the staircases are unobstructed,
we calculate the time cost of route 4 and B:

T,=130s,T, =160s
Time for evacuation of each stairs in route 4 is showed in the Table 3.

Table 3. Time for evacuation of each stairs in route 4

| Stairs | B3 | A3 | A1 |

12
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| Time | 1105 | 46s | 1725 |

Time for evacuation of each stairs in route B is showed in the Table 4.

Table 4. Time for evacuation of each stairs in route B

Stairs T B
Time 66s 110s

Soroute A4 can be totally evacuated in 172s, and route B is 110s.

While 7=90, route 4 and B are both obstructed, and emergency people need to wait
until staircases become usable. The time cost of waiting for 4 is 82s and waiting for B is
20s. The totally time cost on route A is 212s, and on route B is 180s, so route B is shorter.

While 7 =150, route A4 is still obstructed. The time cost of waiting for A4 is 22s and
waiting for B is 0s. The totally time cost on route A4 is 152s, and on route B is 160s. So
route A is shorter.

While 7'=180, route 4 and B are both obstructed. The totally time cost on route 4 is
130s, and on route B is 160s. So route A4 is shorter.

According to the calculations, we choose the value of threshold 7 =141.

3.5 Potential factors

There are some potential factors we need to consider: diversity of visitors and other
entrances visitors don’t know.

3.5.1 Diversity of visitors

e Tourist group: whether it is a group or an individual to visit the Louvre, when an
emergency occurs, the most important thing to do is to quickly escape breaking up the
whole into parts instead waiting for the group to gather and then evacuate which may miss
the best escape time.

 Languages diversity: the languages diversity often leads some visitors to fail to
understand the instructions of emergency broadcasters and evacuation personnel.In our

. . l . .
model, it means that the time -~ to reach the stairway increases. We count the number of
\%

tourists from all over the world in the Louvre in 2018 and get percentages of languages
showed in Figure 9.
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The proportion of all kinds of languages among tourists

B French B English B Spanish ® Chinese B German M [talian B Other

A

Figure 9. The nationality distribution of visitors

Considering that most tourists are from European and American countries, we have
established the following measures:

- Use English in emergency broadcasts, then broadcast them in French, Spanish, and
Chinese.

- The staff mainly use English and French for evacuation guidance.

- The safety exit signs in the Louvre are marked in English and French. The legend of
the emergency evacuation route map should be in English and French. The route
instructions should not use words as much as possible.

e The disabled: In the Louvre, the disabled can only use disabled elevators. We still use
the ant colony optimization algorithm and modify the topology G(N,R,7,) where N is

the node set and R is route set. We changed the stairs in the path set R to the disabled
stairs, and changed the ordinary stairway in the node set N to the disabled stairway. The
nodes are dedicated elevators for disabled people. The movement speed of disabled people
v,'=lm/s . The capacity of elevators »' is 10 people. Eventually, we can draw a route map

for the escape of disabled people, and Figure 10 is the escape route map on the 2" floor.

Legend
Exhibiton area
2F Stairs

lift for disabled
864 848 855 E1 802 203 811 825 people
823
818

843 836
o & & %o o2 B4 oMV B4 1
o1t

845 801

T 924
952

@ 936
240 931
4 3 T

Figure 10. The escape route map for the disabled on the 2" floor
3.5.2 Other entrances

* Huge visitors traffic: According to the information, when the Louvre held the Da Vinci
exhibition in 2012, the daily visitors amounted to three times as many as the usual. If there

14
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were any emergency at this time, the evacuation time would increase rapidly when only the
original four main entrances open. Based on the Time Model, we study the relationship
between the number of visitors and the evacuation time, and represent it by the Figure 11.

Relationship between Number of tourists and Time of evacuation
T T

3500
3000 -
20 - 8
2000

1500 7 .

1000

Time of evacuation (seconds)

500 — -

0 1 2 3 4 5 5
Number of tourists 10t

Figure 11. The relationship between number of visitors and evacuation time

The prime time for emergency evacuation is 15 minutes when the number of visitors is
28000. Therefore, it’s necessary to consider other exit points when the number of visitors is
28000.

The surge in visitors is usually due to some reasons such as free ticket opening, special
exhibitions and so on. The Louvre will strengthen security forces to prevent a stampede.
Therefore, there is no need to worry about the safety of other exit points. What’s more, a
new route map is obtained by modifying the node set N in the ant colony optimization
algorithm. We find an entrance in the 338 area of the o™ floor that is closed normally.
Figure 12 is the route map of the o™ floor and the 1 floor after opening the entrance.

OF

206 20f" 200 &2 ‘zsa E3 R -
zaf 05 P06 B4 312 B4 316 "

i Legend
& a3
‘ 328 100 Exhibition area
- oy e L 4
o T, 08 347 1345 83 g3 Lae\
03 4 oo 45 T2 P roidetd? \T4
. e 345 Popular Exhibition area
as ag 4P
402 e
. Accessible area
BxatCy 424 = o] 413
. Al Stairs, only go out
1F
- Stairs, only go down
564 558 552 55/ "Re05 507 517 519
7 503 516 - Stairs, only go up
s2s A" [
544 e .,321 = > .-_ ”'l' = C1 Stairs, not being used
500 526 806 oo 617 §32
of3
601 & Exit
i
-

663

S

= TR 703 61 650 65 6l

“w o e m- 850 656 651 ".
o

5
15 m 709

26 ™0 . 708
719 718 77 712 240 708

Figure 12. The route map after opening the entrance

After the entrance is opened, we obtain the shortest evacuation time when the number of
visitors is 10380 and compared it with the original evacuation time. The result is showed in
the following table.
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Table 5. The comparison of evacuation time

Situation Shortest evacuation time(s)
Old 417.2
New 343-4

» Some entrances cannot be used. When some entrances cannot be used normally due
to maintenance, the evacuation time will increase dramatically. Therefore, on the one hand,
we need to open other exit points, and on the other hand, we should send security personnel
to protect three main entrances and exits as soon as possible. a new route map is obtained
by modifying the node set N in the ant colony optimization algorithm. The following
figure is the route map of the o™ floor and the 1% floor when the Portes Des Lions entrance
is closed and the entrance in 338 is open.

Table 6. The comparison of evacuation time

Situation Shortest evacuation time(s)
Old 417.2
New 430.1

The new route map is showed in Figure 13:
OF

212 218 E1 219 226 230
= ==

06 2% 200 & ﬁ 236 E3 "
2L 305 gp3n B4 32 B4 316
300 ‘.17
2 321
A 23
‘329
noas oo d06| T2 | MO BN B :ii e\ 74
405 '*
00 o a8 419 20 Legend
"02 _ Exhibition area
BXitC 424 0 = 03 a3 S popuiar Exhbition area
| W Accessible area
1F L Stairs, only go out
B 5.0 o0y go down
364 558 552 55 505 507 517 /519 B i ongoun
548 503 516 = Stairs, not being used

Exit

3 E
501
535 SR l_ B b
544 L o31
500 5260 606 o R 617 AR 632
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601 635
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L

063

640
> 703 681 50 645 64l
,« = al 660 656 651 ‘

705
715 m 703

726 720 ) 706
719 718 717 ey 712 710 708
F 734 727

Figure 13. The new route map

3.5.3 Some potential threats

There are two consequences of potential threats:
* Some channels cannot pass.
* Some staircase is not accessible.
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As a result, we only need to modify the node set N and route set R, then we can get the
new evacuation map. The time required for the new evacuation can be obtained based on
the new evacuation map.

Assuming that the stairs B on the 2nd floor cannot be used, we use the improved ant
colony optimization algorithm to get the new escape route on the 2nd floor which is
showed in the Figure 14. The evacuation time is 453.3.

2F
864 348 %E B e0z sl : )
B _g— =
! ] ’%‘.
,Jai{ e, > N

7 { lais
{ 843 8 l

36 J
Legend \. ';-ﬁ-w g S

100 Exhibition area
Accessible area

Al Stairs, only go out

- Stairs, only go down

Figure 14. The escape route on 2F when B cannot be used

4. Policy and procedural recommendations
We have developed corresponding policies for the Louvre:

* In daily life, the Louvre should conduct emergency drills and training for staff in the
museum to improve the staff's ability to handle emergencies. Continuously improve the
rules and regulations, and strengthen safety education and training. System
implementation is one of the most effective measures to regulate people's safety
awareness and safety behavior. They also need regularly conduct safety study meetings
to improve the safety awareness of security personnel and strengthen work
responsibility.

* The Louvre also should make the evacuation route map based on the best evacuation
route derived from our model. Evacuate routes are marked at various entrances and
exits, and evacuation route maps are added to the Louvre map. It is helpful for tourists
to understand the evacuation route in advance, and be able to quickly escape according
to the evacuation route in case of emergency.

* The Louvre should keep the stairs and channels open during normal time, especially
the key stairs and channels. It is good for tourists to escape quickly in the event of an
emergency.

* When an emergency happen, first of all, visitors should be informed through the
radio in time to quickly escape along the evacuation route; at the same time, start the
corresponding emergency plan according to the current situation. The staff should
correctly guide the tourists to the channels and exits. Considering the language diversity
of visitors, the staff at least have to fully grasp the English and French. Besides, they

17
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also need to keep order to avoid crowding and stamping.

* In the optimal evacuation route got by our model, some stairs are closed, some stairs
are only allowed up or down. Therefore, when an emergency happens, the staff is
required to place a direction sign next to the corresponding stairs and promptly guide
the visitors who are on the wrong stairs to the correct stairs.

* For other factors, such as the diversity of visitors, potential threats, whether other
entrances are used and so on. The Louvre needs to modify the topology in the ant
colony optimization algorithm based on our model, and use the ant colony optimization
algorithm to find the optimal evacuation route based on it. The Louvre also needs to
develop relevant contingency plans for these factors so that they can respond as quickly
as possible.

* The optimal route for emergency personnel to reach the emergency area can be
calculated according to our model. The Louvre needs to set the time for the emergency
personnel to arrive at the Louvre, the location of the emergency area, and the entry of
emergency personnel into the Louvre. Different routes make it easy for emergency
personnel to reach the area where an emergency occurs.

5. The VEE model for other large structures

For other large, crowded structures, we still can use the improved ant colony optimization
algorithm to get the optimal evacuation route. First, it is necessary to calculate basic data
such as the number, length, and width of stairways, passages, and areas of each floor in the
structure. It is also necessary to count the specific number of people in each area of each
floor at different time so that the optimal evacuation route can be obtained according to the
improved ant colony optimization algorithm.

At the same time, other factors still need to be considered. For example, the diversity of
people in the building, various potential threats (such as some stairs can not be used in an
emergency). For these factors, the topology should be modified and updated. After that, we
can use ant colony optimization algorithm to find the optimal evacuation route.

It is also necessary to consider how the emergency personnel enter the structure. The entry
of emergency personnel is different from the evacuation of people inside the structure. On
the one hand, the number of emergency personnel is usually not particularly large, and it is
usually not necessary to consider whether or not they will be congested. On the other hand,
emergency personnel usually need to reach the high floors from the lower floors, avoiding
collisions and crowding with people evacuating from the high floors to the lower floors.
Therefore, we can use the Dijkstra algorithm where the weight of the route will be change
over time. The change value is the time at which the stairs need to be completely unblocked
at the current time. Then, we can calculate the optimal evacuation route. In addition, in
response to these factors, it is necessary to prepare sufficient emergency plans in advance so
that they can respond promptly when corresponding situations occur.

18
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6. Sensitivity Analysis

There must be a lot of “What if” scenarios happen when the When performing evacuation
plans. “What if” scenarios can be reflected in the fluctuation of important parameter of our
model.Therefore, we will list two important “What if” scenarios and do sensitive analysis at
the same time.

* The fluctuation of the speed of tourists. In the actual evacuation, the speed of the
tourists will not be exactly 1m/s, and will fluctuate up and down on the basis of 1m/s. We
adjust the visitor speed v to v+0.2, and the results are shown in the Figure 15.

S — Relationship between Evacuation time and Number of people

‘ v=1mls |
2000 | v =0.8m/s
v =1.2m/s

1500 —

Evacuation

1000 —

500 [~

o 1 2 3 4 5 6
Number of People 104

Figure 15. Change the value of speed

It can be seen that the effect of speed on evacuation time is very large. Therefore, in the
actual evacuation process, the staff should guide the tourists to run as fast as possible while
paying attention to safety.

* The reduction of the number of people passing through the stairs. In the actual
evacuation, the number of people who can pass the stairs at one time is not necessarily the
largest, and may be reduced because the stairway is too crowded and the tourists do not
obey the order. We can adjust the number of stairs by n, =4 and n,=3 and n, =2, and

the result is as shown in the Figure 16.

e Relationship between Evacuation time and Number of people
nf=4,6
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5000
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5]

3000
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2000
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| |
3 4 5 6
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Figure 16. Change the value of the number of people

0 1 2

It can be seen that the reduction in the number of people passing through the stairs has a
great influence on the evacuation time. Therefore, in the actual evacuation process, it is
necessary to ensure the orderly passage of the stairway, and maximize the number of people
who can pass the stairs.
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7. Strengths and Weaknesses

7.1 Strengths

* Our model is an adaptive model, that can be designed to address a broad set of
considerations and various types of potential threats.

* We improved the ant colony optimization algorithm so that it can be used for the
evacuation planning of large-scale crowded structures.

* We have improved the Dijkstra algorithm so that the route of emergency personnel to the
emergency area is immediacy.

7.2 Weaknesses

* For our model, to simplify the calculation, we simply assume the thickness and width of
each visitor and the running speed. In fact, we found through information that in 2018,
about 10% of tourists are children, and 13% of tourists are elderly people, accounting for
about a quarter of the total, and the number is still relatively large.

* We simply think that the number of visitors is evenly distributed, except for the area of
the treasures of the three major town halls. In fact, the number of visitors in different
exhibition areas is inevitably different, and will vary with the size of the exhibition area, the
popularity of the exhibition area, and the time.

* For some stairs, we are unable to obtain the corresponding data. This may affect the
actual evacuation time.

8. Conclusion

In our work, we make the VEE model to design the evacuation plan. At first, we get different
numbers of people at different times of the day according to the current queuing time
displayed by the APP "Affluences". Then, we use the improved ant colony optimization
algorithm to get the optimal evacuation route, and establish the Time Model to get the
shortest evacuation time when the number of people is the largest. Meanwhile, we use the
improved Dijkstra algorithm to for emergency personnel to reach the emergency area. We
also consider other potential factors. In addition, we propose policy and procedural
recommendations for emergency management of the Louvre, and discuss how our model
could adapt and implement our models for other large, crowded structures. Finally, we
performed sensitivity analysis on two important parameters: the number of people passing
through the stairs and the speed.
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10.  Appendix

1. Table: the time when stairs are evacuated completely

Current
moment
Clearing
time 0 | 46 | 68 |109.95(127 9(146(171.0[197.8|224 242 1|260.2[278.3[296 4
Stairs
ED 399(399|399|795| 0 [0 (159 0 |0 | O g |81 @
Al1 36 | 0 0 |3195| 24 [159] 0 ¢ (0| G |81 | 8 0
A2 1 48 |12 | 0 0 0 [0 O 0 (0| O 0 0 0
A3 1 36| 0 0 0 0 [0 O 0[O0 O 0 0 0
B12 799543953195 0 1 N & [ & 81 [ 0 0
B22 799543953195 0 g (6| 6 0 [162/ 81| 0 0 0
B2 799543953195 0 0 (0| O 0o (0| O 0 0 0
B32 7995439513195 0 0 [0 O 0[O0 O 0 0 0
E1.3 144 | 108 | 96 |64.05|56.1 [56.1|402|243(81| 0 0 0 0
E23 48 |12 | 0 0 0 [0 O 0[O0 O 0 0 0
E33 144 | 108 | 96 |6405|56.1|48|321|162( 0| O 0 0 0
B3 144 | 108 | 96 |6405|56.1|48|321|162( 0| 0 0 0 0
E14 96 | 60 | 48 |1605(81 |0 | O 0 [0 O 0 0 0
B4 96 | 60 | 48 |1605(81 |0 | O 0 [0 O 0 0 0
B4 4 48 |12 | 0 0 0 (0| O 0[O0 O 0 0 0
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Current
Clearing""™*M o |3 05/86.05[82.65(119.05/300.35(420.65
Stairs
B40 1305 0 | 0 |0 | O 0 0
EO 5265|396|66 | 0 | 0 |[2703] O
T10 79.05| 66 | 33 |26.4| 0 0 0
T20 1305 0 | 0 |0 | O 0 0
T30 1305 0 | 0 |0 | O 0 0
T4 0 1305 0 | 0 |0 | O 0 0
F1 276.9[276 9276.9[270.3/ 270.3| 0 0
T32 4605/ 33 | 0 | 0 | O 0 0
T2 4605/ 33 | 0 | 0 | 0 0 0
T4 2 4605/ 33 | 0 | 0 | O 0 0
2. ETxls_time1.py

import math

import xlwt

total = 8000

floorweight = [1, 3, 8, 12, 6]

floors = []

sum = 0

d =0.5

e = 0.1

nf =4

v =1

aimstairs = []

aimadd = []

for f in floorweight:
sum += f

scost = 10/v
print(scost)

book = x1lwt.Workbook()
sheet = book.add sheet('Result')

class stair:
def init_ (self, name, f1, aim, aimfloor, num):
self.name = name
self.fl = fl
self.aim = aim
self.aimfloor = aimfloor
self.num = math.floor(num)
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def run(self, time):

if time == self.cleartime() and self.aimfloor != -1:
ss = floors[s.aimfloor].findstair(s.aim)
aimstairs.append(ss)
aimadd.append(s.num)

self.num = math.floor(self.num - (time*nf*v)/(d+e))

if self.num < @:
self.num = @

def cleartime(self):
if (self.num*d + self.num*e)/nf >= 0:
return (self.num*d + self.num*e)/(nf*v)
else:
return ©

class floor:
def _init_ (self, fl, sname, saim, saimfloor, sweight):
self.name = fl
self.num = total/sum*floorweight[f1l]
self.stairs = []

n=2~0
for t in sweight:
n=n+t

for i in range(sname. len_ ()):
self.stairs.append(stair(sname[i], fl, saim[i],

self.num*sweight[i]/n))

def findstair(self, name):
for s in self.stairs:
if s.name == name:
return s
return None

def min(self):
result = None
time = 1000000

for s in self.stairs:
if s.cleartime()>@ and s.cleartime()<time:
result = s
time = s.cleartime()
return result
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def run(self, time):
for s in self.stairs:
s.run(time)

f = floor(@, sn@, sa@, saf@, swo)
floors.append(f)

snl = ['Al', 'A2', 'A3']

swl [3, 4, 3]

sal = ['E', 'E', 'E']

safl = [0, 0, 0]

f = floor(1l, snl, sal, safl, swl)
floors.append(f)

sn2 = ['B1', 'B2', 'B', 'B3']

sw2 = [2,2,2,2]

sa2 = ['A1','Al','Al",'A3"]

saf2 = [1,1,1,1]

f = floor(2, sn2, sa2, saf2, sw2)
floors.append(f)

sn3 = ['E1','E2','E3",'B']
[3,1,3,3]

sa3 ['B1','B','B2','B"]

saf3 = [2,2,2,2]

f = floor(3, sn3, sa3, saf3, sw3)
floors.append(f)

sw3

sn4d = ['E1','B',"'B4"]

[4,4,2]

sa4 = ['E1','B','F']

safd4 = [3,3,3]

f = floor(4, sn4, sad, safd, swl)
floors.append(f)

totaltime = ©

sw4
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col =0

while True:
aimstairs.clear()
aimadd.clear()
time = 1000000
s = None
row = @

sheet.write(col, row, 'total')
sheet.write(col+l, row, totaltime)

for i in range(5):
stas = floors[i].stairs
for sta in stas:
row += 1
str
num = sta.cleartime()
if num <@:

num = ©
sheet.write(col, row, str)
sheet.write(col+1l, row, num)

for i in range(5):
ss = floors[i].min()

if ss is not None and @ < ss.cleartime() < time:

time = ss.cleartime()
s = ss

if s is None:
break

totaltime = totaltime + time + scost
for i in range(5):

floors[i].run(time)

for i in range(aimstairs. len_ ()):

sta.name + ' ' + sta.fl.

str__ ()

aimstairs[i].num = aimstairs[i].num + aimadd[i]

print(aimstairs[i].name)
col += 2
print(totaltime)

book.save('G:/MathModeling/result Five.xls')
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3. ETxls_time2.py

import math
import xlwt

total = 4000
floorweight = [8, 12, 6]
floors = []

sum = 0

aimstairs = []
aimadd = []

for £ in floorweight:
sum += f

scost = 10/v

book = x1lwt.Workbook()
sheet = book.add_sheet('Result')

class stair:
def _init_ (self, name, f1l, aim, aimfloor, num):
self.name = name
self.fl = f1
self.aim = aim
self.aimfloor = aimfloor
self.num = math.floor(num)

def run(self, time):

if time == self.cleartime() and self.aimfloor != -1:
ss = floors[s.aimfloor].findstair(s.aim)
aimstairs.append(ss)
aimadd.append(s.num)

self.num = math.floor(self.num - (time*nf*v)/(d+e))

if self.num < @:
self.num = @

def cleartime(self):
if (self.num*d + self.num*e)/nf >= 0:
return (self.num*d + self.num*e)/(nf*v);

26



Team # 1922074

Page 27o0f 29

else:
return ©

class floor:
def _init_ (self, fl, sname, saim, saimfloor, sweight):
self.name = fl
self.num = total/sum*floorweight[f1l]
self.stairs = []

n=2~0
for t in sweight:
n=n+t

for i in range(sname. len_ ()):
self.stairs.append(stair(sname[i], fl, saim[i],
self.num*sweight[i]/n))

def findstair(self, name):
for s in self.stairs:
if s.name == name:
return s
return None

def min(self):
result = None
time = 1000000

for s in self.stairs:
if s.cleartime()>@ and s.cleartime()<time:
result = s
time = s.cleartime()
return result

def run(self, time):
for s in self.stairs:
s.run(time)

sne = ['B4’, 'E', 'T1', 'T2', 'T3', 'T4’]
swo = [1,4,6,1,1,1]

sa® = ['F',"'esc',"F',"F',"F',"F"]

safo = [1,-1,1,1,1,1]

f = floor(@, sn@, sa@, saf@, swo)
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floors.append(f)

snl = ['F']
swl = [20]
sal = ['E']
safl = [9]

f = floor(1l, snl, sal, safl, swl)
floors.append(f)

sn2 = ['T3','T",'T4"]

sw2 [1,1,1]

sa2 = ['F',"F',"F']

saf2 = [1,1,1]

f = floor(2, sn2, sa2, saf2, sw2)
floors.append(f)

totaltime = ©

col =0

while True:
aimstairs.clear()
aimadd.clear()
time = 1000000
s = None
row = @

sheet.write(col, row, 'total')
sheet.write(col+l, row, totaltime)

for i in range(3):
stas = floors[i].stairs
for sta in stas:
row += 1
str = sta.name + ' ' + sta.fl. str_ ()
num = sta.cleartime()
if num <@:
num = ©
sheet.write(col, row, str)
sheet.write(col+1l, row, num)

for i in range(3):
ss = floors[i].min()
if ss is not None and @ < ss.cleartime() < time:
time = ss.cleartime()
S = SsS
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if s is None:
break

totaltime = totaltime + time + scost

for i in range(3):
floors[i].run(time)

for i in range(aimstairs. len_ ()):
aimstairs[i].num = aimstairs[i].num + aimadd[i]
print(aimstairs[i].name)

col += 2

print(totaltime)

book.save('G:/MathModeling/result Three.xls"')
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