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Abstract: A disaster emergency consists of many unfavorable factors, such as different disaster areas,
the limited capacity of the rescue centers, and complex rescue conditions. After taking into account
the resources of the rescue centers, the ability of rescue teams, and the distance between the rescue
centers and the disaster areas, this paper has established a complex model for multiple centers with
limited capacity to dispatch teams for emergencies in different disaster areas. The model is solved
by the genetic algorithm. Firstly, the paper takes the rescue task as the subunit to perform integer
programming. Secondly, a rule is designed according to the symmetry of parents’ crossing. According
to the rule, single parent crossover only allows two situations, (1) different rescue mission for the same
rescue center and (2) different rescue centers under the same rescue mission. Finally, the performance
of parent crossing and symmetric single parent crossing is compared. The results show that the two
algorithms can converge to the optimal solution, but each of them has unique advantages in terms
of convergence speed and stability. It is suggested that the strategy of the single-parent crossover
should be used to deal with local emergency responses and that the two-parent crossover strategy is
be used for more complicated global emergency responses.

Keywords: multiple disaster areas; emergency centers with limited resources; emergency response;
genetic algorithms; single-parent crossover

1. Introduction

Due to the change in the global environment and climate, natural disasters, such as landslides and
mudslides, occur frequently in China [1]. Natural disasters have a wide range of impacts, and some
disasters affect multiple areas at the same time. In July 1982, torrential rain in Sichuan led to more
than 30,000 landslides [2] in Zhong County alone. As the number of disaster areas keeps increasing,
multiple rescue centers are required to cooperate for rescue. Therefore, it is important to develop an
effective emergency dispatch plan.

Task allocation for emergencies is essentially an optimization problem with multiple variables,
objectives, and constraints. Its solution can be generally divided into three types: (1) classical
mathematical methods, (2) heuristic algorithms, and (3) intelligent algorithms [3]. Intelligent algorithms
are widely used in emergency responses for their accuracy and efficiency. Niu [4] used the 0-1 encoding
method to design a multi-objective genetic algorithm to get the optimal solution for satellite scheduling
in disaster areas. Li [5] designed a mixed element inspiration model for integrated ant colony
optimization and taboo search solutions. Zhao Ming [6] used symbol coding and an intersection
method that randomly crosses two individuals to determine the optimal solution for the emergency
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scheduling of multiple targets. Hu Feihu [7] divided the coding sequence into a first-level and
second-level chromosome and two-level chromosome to form a genetic unit. Based on the goal of the
shortest time, the method solved the problem of the layered scheduling of emergency rescue supplies.
Wang Qianfeng [8] encoded individuals with natural positive numbers to map distribution routes.
The discrete bee colony algorithm is used to determine the optimal scheduling scheme for emergency
logistic vehicles. Wang Yanting [9] and Zhang [10] designed a heuristic algorithm to help planning
and dynamic adjustment in a quantitative way. To eliminate the impact of sudden pollution events in
upper and middle water supply systems, Wang [11] designed a decision support system for emergency
dispatch and used genetic algorithms to optimize the dispatch plan. Considering the timeliness,
economy, workload, and responsibility, Feng [12] established a multi-objective optimization model for
choosing the location of rescue stations. Zhang [13] designed a multi-objective three-stage random
programming model to minimize time and costs for transportation and to reduce dissatisfaction.
Bi [14] proposed a method based on machine learning to assess liquefaction disasters. Shen [15]
optimized an emergency logistics system by mixing two-stage algorithms. Li [16] introduced task
fitness and time fitness to establish a model for rescue personnel allocation among multiple disaster
areas. Sotoudeh-Anvari [17] used a random multi-objective optimization model to allocate resources
and time for search and rescue. Chen [18] used the wargame theory to optimize emergency rescue
plans. Ozdamar [19] designed a Lagrange relaxation heuristic algorithm to solve the problem of
dynamic transportation with time changes. Swamy [20] proposed a local search heuristic algorithm to
calculate transportation routes. Perez-Galarce [21] proposed an optimization model with changeable
variables based on the level of rescue services. Ren [22] combined PSO with genetic algorithms to
derive the minimum distance the rescue team needs to go to reach the disaster area.

Various effective and feasible emergency models have been designed by scholars, and intelligent
algorithms have also been widely used to solve these models. However, further research needs to
be done. On the one hand, few algorithms are improved and adjusted based on the actual situation.
On the other hand, in practice, many disaster areas and rescue centers may be involved at the same
time. In other words, the rescue process is a complex matching process and the resources owned by
the rescue force are limited. This paper proposes the concept of restricted rescue centers. It describes
that once the dispatched rescue force exceeds the resource limit, the center will not be able to handle
other rescue tasks. In addition, the modeling of a rescue center’s capability can be further improved.
Based on the problems above, this paper builds a complex emergency dispatch model of multiple
restricted rescue centers in multiple disaster areas, and it applies an improved genetic algorithm to
solve the model.

2. Task Allocation Model for Emergency Dispatch

2.1. Proposed Model

During an emergency rescue, the distance between the rescue center and the disaster area, the
number of rescue teams, and the rescue teams’ capabilities will all influence the results. Rescue
missions are allocated in a scientific way to match the supply of rescue forces dispatched by the rescue
center with the demand of the disaster area. The task allocation plan for emergency dispatch can be
evaluated based on five points, as follows:

(1) The rescue center closer to the disaster area is the better choice. The shorter the distance is, the
sooner the people in the disaster area will get rescued, and the lower the risk of secondary injury.

(2) It is better to have more rescue teams dispatched by the rescue center at one time, as it will
avoid the fragmentation of rescue forces, which is good for rescue management and reduces the energy
consumption of rescue teams on the road.

(3) Rescue teams with greater rescue capabilities will have better rescue effects, and thus be more
helpful to the disaster area.
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(4) The task load should not exceed the operating range of the rescue center. If the load of a rescue
mission is beyond the capacity of the rescue center, the rescue effect may fall short of expectations.

(5) The dispatched rescue team must meet the needs of the disaster area. If it does not meet the
needs, the rescue effect may be not up to expectations.

2.2. Model Construction

To meet the five criteria above, this paper builds a task allocation model for emergency dispatch.
Let us assume that there are m disaster areas, and the task set is recorded as 6 = {9 i <j< m}, where
0j is the j-th disaster area and 6; also represents the j-th mission. In our assumption, 6; requires tg;
rescue teams in total.

In other words, the total number of rescue teams required for the j-th mission is fg;. The rescue
center set is recorded as C = {¢;|]1 <i < n}, where n is the total number of rescue centers; ¢; is the i-th
rescue center and its rescue capacity is denoted as t;. Therefore, the problem of task assignment can be
summarized as: m tasks need to be assigned to n rescue centers for completion. The distribution of
rescue forces and emergency demand is shown in Table 1.

Table 1. Task allocation table for the rescue center.

Rescue Teams Needed in

. to:
the Disaster Area fo1 ... 0j .. Fom
Rescue Number of rescue teams to
team 01 0 i Om be dispatched by each rescue
capacity o o center
m
te1 G tn bj tim ]_;] bj
-
tei Ci tn tij tim Lt
e csse ]:1
m
ten Cu tn tnj tam 121 tnj
... ... j=
Number of rescue teams u u ul L
. .. t; tii t; tij
dispatched by each mission i§1 i ... El Y =1 i ,El ]é] g

n
In Table 1, }; t;; indicates the sum of tasks assigned by the rescue centers for the first mission.
i=1
If the total number of rescue teams dispatched by rescue centers do not meet the demand of the disaster

m
area, t0j, the rescue centers are regarded as limited and will be punished. ). t;; shows the sum of tasks
j=1
that the first rescue center is responsible for. If the number of teams that the first rescue center needs to
dispatch exceeds its capacity, it will be punished for its limited resources, too. Based on the five criteria
above, the task allocation model for emergency dispatch is shown in Formula (1):

f= zm: an - o (atB) 1)

i=1i=1

In this paper, three parameters, uij, a, B, are adopted to reflect the five criteria above, as shown
in formula (1), where u;; denotes the rescue capacity coefficient of the rescue center, in accordance
with criteria 1, 2, and 3. In the formula, @ and f are the penalty factors, which punish the insufficient
capacity of a rescue center or the insufficient teams dispatched by the rescue center, respectively. They
are set to reflect criteria 4 and 5.

2.3. Model Unfolding

As the setting of the model parameters will affect the final result, the key parameters are modeled
and expanded, as follows:
(1) Coefficient u of the rescue center’s capacity
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It is denoted that there are t; rescue teams working for the rescue center c;, which means the i-th
rescue center. The distance between ¢; and the j-th disaster area 6; is recorded as distance;;. The team
under the command of rescue center ¢; has a capability of capture;; to perform the j-th task (in disaster
area 0;). Its capability can be divided into four levels, from low to high, among which level 4 is the
highest level. It is better to have a small distance;; and a higher capture;;. The coefficient u;; reflects the
i-th rescue center’s capacity to perform the j-th mission, and it is shown in Formula (2):

capturei].

Wi = toj 7. 2
U distance;; @

(2) Penalty coefficient « related to the rescue centers’ capacity

m
0, tei — Z ij = =20

a = m = m . 3)

Yotij—ti, ti— X tj<0

j=1 j=1

Formula (3) indicates that if the rescue team of the rescue center f,; is larger than Z tij, which

]'_
represents the team required to be dispatched by the rescue center, it indicates that the rescue center is
not limited in resources. In other words, the center has abundant capacity and will not be punished, so

its & shall be 0; if t,; is less than Z tij, it means that the rescue center has not enough capacity to meet
j=1

m
the demand of the rescue and there will be a punishment, with the o of }, tij — tei.
j=1
(3) Penalty coefficient f related to the dispatch of rescue teams

n n
toj— X tij,  tej— L t;j >0
i=1 i=1
n

p= (i —toj) Y, toj— L t;j <0 . (4)

i=1
0, tgj—'z tl’]’ =0

According to Formula (4), if the total rescue force 2 tij is larger than tg;, it means the rescue

center has greater capacity to meet the demand of the d1saster area. The oversupply of rescue forces
is acceptable, but it wastes the resources, so a moderate amount of punishment shall be given and
the punishment coefficient § related to 1nappropr1ate dispatch of the rescue team is obtained as
( Z tij—to ]) y. If the contrary is true, when Z tij is smaller than ¢, it means that the rescue center

i=1

has dispatched a smaller rescue force Z tij than tg;, which is the actual demand from the disaster area.
i=1
This i 1s not acceptable and the punishment shall be increased. In this situation,  equals the result of

Z tij. In exceptional cases, = 0, when the rescue force dispatched is equal to the demand of the
i=1
dlsaster area.

3. Model Solving Based on Genetic Algorithm

A genetic algorithm (GA), which is inspired by the process of natural selection that belongs to the
larger class of evolutionary algorithms, uses self-adaption to find optimal global solutions. Genetic
algorithms have many advantages over traditional optimization methods. For example, they have
unique advantages in solving optimization problems that are difficult to convert to a numerical concept
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and only have the code concept. They can generate high-quality solutions to objective functions that
are almost impossible to derive and are good at handling optimization problems for functions that
do not have derivatives. Moreover, they can be used to solve combinatorial optimization problems.
With strong global search capabilities, genetic algorithms are used to find the global optimal solution
without falling into a local optimal solution [23-26].

The steps of a genetic algorithm include coding, defining fitness function, and determining genetic
strategy [27] (population size, selection, crossover, and mutation, etc.). The four key steps of coding,
fitness function, crossover, and mutation are illustrated, as below:

3.1. Coding Scheme and Individual Representation

Individuals are also called chromosomes, which represent a feasible solution to the problem of
task assignment. As the number of rescue team is an integer, an integer coding scheme is used to
randomly generate an integer sequence with the length of m X n, as can be shown in Figure 1.

Figure 1. Gene sequence.

To solve the problem under the condition of multiple rescue centers and multiple disaster areas,
two basic requirements are met: firstly, the number of rescue teams dispatched by the rescue centers to
the disaster area is not greater than the overall capacity of the rescue centers and secondly, the total
number of rescue teams dispatched to one disaster area should not be less than the demand of the area,
as shown in Formula (5). In the formula, t; represents the number of rescue teams owned by a rescue

m
center, )| t;j represents the number of rescue teams required to be dispatched by a rescue center, tg;

j=1

n
represents the rescue teams required by the disaster area, and }. t;; represents the total number of
i=1
rescue teams dispatched by rescue centers to a disaster area.

m

2 tij <t
=1 Jd<i<nl<j<m. (5)
El tij = toj

Figure 2 shows one type of gene sequence, according to which 01, 62, 63, and 04 represent four
disaster areas, and C1, C2, and C3 represent three rescue centers. In this example, rescue centers C1,
C2, and C3 dispatch two teams, three teams, and one team, respectively, to accomplish the first task.
(in disaster area 61). They also dispatch four teams, zero teams, and two teams, respectively, to go to

the second task (in disaster area 02). Task 03 and task 04 follow the same procedure.

Ci C2 C3 Ci C2 C3 Ci C2 C3 Ci C2 C3

Task 91 Task 92 Task 93 Task 94

Figure 2. Example of gene sequences.

It is assumed that the four disaster areas demand five, six, seven, and eight rescue teams,
respectively, and the capacities of the three rescue centers are all 10. According to Formula (5), we
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4 3
havell = Y # j2ta=10and 4 = Y. ti < tgg = 8. Therefore, the gene sequence in Figure 2 is not a
j=1 i=1
feasible solution.

3.2. Fitness Function

As the fitness function is related to the performance of individuals in the group, this paper takes
the task allocation model for emergency dispatch (Formula 1) as the fitness function. After obtaining
the fitness function results, it adopts the roulette strategy to select the individuals [16].

f= i i - e~ (atp) (6)

i=1i=1

Let us suppose that the initial population size is five, so five strings of bits (chromosomes) are
randomly generated. Figure 2 shows one string of them. The distances between rescue centers and
disaster areas, and the rescue capacities of rescue centers, are known factors. Each rescue center is
equipped with 10 teams, and the four disaster areas (61, 62, 63, 64) require seven, eight, five, and six
rescue teams, respectively. The calculation of the fitness value is performed as follows:

(1) The calculation of u;;: for example, the distance between the first rescue center and the first
disaster area is 9 km, and the capability of the team under the command of the first rescue center is
level 2. Thus, we obtain ull = 2/9; the calculation of u;; for other rescue centers follows similar steps.

(2) The calculation of a: for example, the first rescue center (rescue center C1) needs to dispatch
11 rescue teams to accomplish the four rescue missions. As the demand exceeds the rescue team’s
capacity, which is 10, we get the o as 11-10 = 1.The second rescue center needs to send six rescue teams
for the four rescue missions. As the demand can be met by the capacity of the rescue center, « is 0.

(3) The calculation of B: for example, the number of rescue teams required for the first disaster
area (task 01) is seven, and the total number of rescue teams dispatched by the rescue centers is six. As
rescue teams cannot meet the demand of the disaster area, the value of is 7—6 = 1. The number of
rescue teams required for the third disaster area (task 03) is five, and the total number of rescue teams
dispatched is six. As the supply of rescue teams exceeds the demand from the disaster area, the value
of B equals 0.5 x (6—5) = 0.5. In this equation, the value of coefficient y, which is 0.5, is set based on
the experience.

(4) The standardization of a + (0 ~ 0.9).

(5) The calculation of the fitness value is based on '§1 '§1 Uij - e~ (@+F) For example, u 11 =2/9, a=1,

j=li=
B =1, and the standardized e~(@+h) = e-0.51, u 11 X e-0.51 = 0.13. The rest of the data are calculated
based on similar steps to derive the fitness value of this string of chromosomes.

3.3. Crossover Operator

This paper designs two crossover strategies, including the two-parent crossover and single-parent
crossover. It has analyzed the difference of the two crossover strategies.

(1) Two-parent crossover

In genetic algorithms, crossover is a basic genetic operator used to combine the genetic information
of two parents to generate new offspring (also called recombination). Two-parent crossover can avoid
the generation of only a local optimal solution. Figure 3 shows a single-point crossover. In other
words, a point on a parent’s chromosome is randomly selected and exchanged between symmetrical
parents. As is shown in Figure 3, on each side of the parent chromosomes, the two teams and one team
dispatched by the rescue center C2 to perform task 03 are designated as the “crossover” points. This
results in two offspring, each carrying some genetic information from both parents.
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Paternal individual ( 231[402|3(215/011)
Paternal individual (412|153 |2\1)3|223)

Randomly select a point for chromosome crossover

Parental chromosome crossover

Offspring individual (412|153 31223)

Offspring individual (231402 | ;@5 1011)

Figure 3. An example of a two-parent crossover with a one-point swap.

In this paper, two crossover strategies are designed, which are parents crossing and symmetrical
parent crossing. It compares the performance of the two crossover strategies.

(2) Single-parent crossover

The single-parent crossover generates an offspring by applying the crossover to one individual.
Any pair of genes on the maternal gene segment can be swapped, and the crossover position is
randomly selected. It improves the probability of obtaining a viable solution.

To avoid a large number of invalid individuals, two preconditions are set for the crossover: (1)
only different rescue missions for the same rescue center can perform crossovers and (2) only different
rescue centers under the same rescue mission can perform crossovers. This is illustrated in As shown in
Figure 4, two groups C1 of task 81 and three groups C1 of symmetrical task 63 are exchanged. Another
condition is that the 0 teams assigned by C1 for task theta 4 are exchanged with a symmetric C3 for the
same task assignment.

Paternal individual (231(402(325(011)
Z o -5

Within the same rescue Same rescue Interchange
center exchange within tasks

Single parent chromosome crossover

Offspring individual (331|402(225]110)

Figure 4. An example of a single-parent crossover.
3.4. Mutation

Single-parent mutation is a genetic operator that randomly alters one or more gene values in the
maternal chromosome from its initial state to generate new offspring individuals. As the nature of task
assignment for emergency dispatch is integer programming, a mutation of this kind of chromosome
means to randomly add or subtract one integer at several genetic positions. As is shown in Figure 5,
the number of teams dispatched by C1 for task 01 is randomly reduced by one; the number of teams
dispatched by C1 for task 63 is randomly increased by two; and the number of teams dispatched by C3
for task 63 is randomly increased by one.
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Paternal individual (_% 3114021325]011 )
-1 +2+1

Single parent chromosome mutation

Offspring individual ( 131]402(526|011)

Figure 5. An example of a single-parent mutation.

4. Case Analysis

(1) Problem description and modeling

The topological relationship between the disaster area and the rescue center during a rainstorm
emergency is shown in Figure 6. The size of the circle indicates the demand for the rescue team in the
disaster area, and the value on the connected line indicates the distance from each rescue center to
the disaster area. The thickness of the connecting line indicates the level of the rescue center’s rescue
capability for the disaster area. There are four levels in total, from thick to thin, in an order of 4-1.

/A Rescue center
(O Affected area

Figure 6. Topological relationship between rescue centers and disaster areas.

Based on Figure 6, it can be seen that there are four disaster areas, recorded as 0 = {Gj ‘1 <j<4h
0} is the j-th disaster area, and the number of rescue teams required for the four disaster areas is seven,
eight, five, and six, respectively. There are three rescue centers in total, recorded as C = {C;|1 <i < 3}.
C;j is the i-th rescue center, and its rescue team capacity is 10. As is shown in Table 2, 2/9 indicates that
the distance from rescue center C1 to the disaster area 61 is 9km. The team under the command of C1
to perform task 01 has a capability of level 2.

Table 2. Detailed data sheet for disaster areas and rescue centers.

Rescue Team Rescue Rescue Team t 6j Required in 7 8 5 6
Capability/Rescue Distance the Disaster Area
Rescue Team Capacity t ci 01 02 03 04
10 C1 2/9 4714  3/7  1/12
10 C2 313 113 2/7 4/8
10 C3 112 2/6  4/14  3/7
(2) Model solution

Genetic algorithm test parameters: the population size was set as 100, the maximum evolutionary
generation as 500, the genetic generation gap as 0.9, the single-parent crossover probability as 0.9, the
two-parent crossover probability as 0.9, and the mutation probability as 0.1.
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At the beginning of the calculation, one of the random initial populations was (62803 3|6
714 45), and the rescue capacity coefficient u of the rescue center was (2.22, 2.86, 4.29, 0.83; 2.31,
0.77,2.86, 5.00; 0.83, 3.33, 2.86, 4.29). The penalty factor for the rescue center’s capacity was a = [6,6,7];
the punishment coefficient for the insufficient dispatch of teams was f = [4.5,2,4.5,3.5], and the fitness
value f = 21.6534.

(3) Results analysis

After 500 iterations, the optimal allocation plan was (3313143110 3 3), with the fitness
value f = 28.3119. The rescue center C1, for example, needed to dispatch five, two, one, one, and two
rescue teams to the disaster areas 01, 02, 03, and 04, as is shown in Table 3.

Table 3. Optimal allocation results.

01 02 03 04

C1 3 3 3 0
c2 3 1 1 3
C3 1 4 1 3

(4) Comparison of two-parent crossover and single-parent crossover

a. Convergence rate

Figures 7 and 8 show the performance of the two strategies after 500 iterations. It can be seen that
the two-parent crossover began to converge after 200 generations while the single-parent crossover
started to converge after around 80 generations. Both strategies’ fitness values converged at 28.3119,
but the single-parent crossover converged faster.
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Figure 7. Iteration diagram of single-parent crossover.
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Figure 8. Iteration diagram of two-parent crossover.
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b. Convergence stability

According to the results of multiple experiments, The probability of the optimal allocation scheme
(fitness value 28.3119) obtained by the two parent algorithm and the symmetrical single parent
algorithm is 95% and 70%, respectively. Moreover, two-parent crossover had higher stability.

Why do the two-parent and single-parent crossover strategies differ in speed and stability? The
essence of the single parent crossover is to sacrifice a degree of freedom in exchange for higher
convergence speed. How to limit the degree of freedom so that the crossover results can have both
efficiency and stability? This is the further direction of this paper. It is proven that both strategies can
converge to the optimal value. As the two strategies complement each other in terms of efficiency and
stability, it is recommended to adopt the single-parent crossover in local emergency responses and the
two-parent crossover in global complex emergency responses.

5. Conclusions

(1) Firstly, this paper establishes a task allocation model for emergency dispatch. It designates
the rescue capability of the rescue center coefficient as “u” and defines the capacity penalty factor
a based on the rescue center’s distance from the disaster area, its rescue capability, limitation, and
the rescue needs of the disaster area. Moreover, this paper defines the penalty factor § to measure
the performance of rescue centers in team dispatch. Thus, the task allocation model for emergency
dispatchis f = ﬁl }il ujjre=(@Hh),

—1i=

(2) Secondiy, this paper uses the genetic algorithm to solve the model and applies integer
programming to randomly generate integer sequences with individual lengths of m X n:
(b1 -tin bl Eaj o tij oo bl B - - tim - - - tnm). - This paper makes a detailed explanation of
each parameter and sets two preconditions for the crossover strategies: (1) only different rescue
missions under the same center can perform the crossover and (2) only different rescue centers under
the same rescue mission can perform the crossover.

(3) Thirdly, this paper compares the efficiency and stability of convergence between two-parent
crossovers and single-parent crossovers. The two-parent crossover and the single-parent crossover
begin to converge at around 200 generations and 80 generations, respectively, indicating that the
single-parent crossover converges faster. Besides, the probabilities of obtaining the optimal allocation
plan for two-parent crossovers and single-parent crossovers are 95% and 70%, respectively, indicating
that the two-parent crossover has better stability of cross-convergence. This is because the degree
of freedom during crossover will affect the convergence efficiency and stability. To conclude, it is
recommended to use the single-parent crossover in local emergency responses and the two-parent
crossover for global and complex emergency responses.
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