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Abstract. The mass shooting has caused large casualties. Due to building complexity, it is more
challenging to capture the crowd dynamics under mass shooting incidents. The Bataclan Shooting
(13 November, 2015) is taken as our target case. We use multi-agent system to model both the
killing force (shooting) and counter force (the anti-terrorism mechanism). According to real situation,
the dynamic behavior of three types of agents (civilians, police, and shooters) during the shooting
accident is modeled to explore the key mechanism of individual behavior. Taking civilian casualties,
police deaths, and shooter deaths as the real target values, two combinations of optimal solutions
fitting the target values are obtained. Under the optimal solutions, we verify the effectiveness and
robustness of the model and infer the dynamic shooting process reversely. In addition, we infer the
counterfactual situation to explore the impact of police anti-terrorism strategies and building exits
on public safety evacuation. The results show that for real cases, the optimal anti-terrorism size of
the police is four people, and the optimal response time is 40 ticks. For double-layer buildings, it
is necessary to set exits on each floor, and the uniform distribution of exits will be conducive to
evacuation under emergencies. And neural networks are used to estimate the influence of related
factors. These findings can improve the rationality of police patrol routes and the location of police
stations. Also, they promote the ability to create public safety structures to encourage the urban
emergency response capacity and the level of public safety governance.

Keywords: Public safety · Crowd evacuation dynamics · Agent-based Modeling · Multi-story build-
ings · Counter terrorism forces.

1 Introduction

Terrorism shooting cases threaten human lives and cause social losses [26]. Most shootings occur in build-
ings, and it is necessary to study the crowd dynamics in shootings in multi-story buildings. According to
FBI reports, there are 277 shooting cases in the USA (2010-2018), which have killed 2,430 people [5]. Only
37 of them happened in open space (13%), and the rest (87%) took places in buildings [19]. The trend
of mass shootings still grow [39]. Mass shootings [12] often occur in public places, such as schools [28],
churches [31], and government branches [9]. Shooters or terrorists efficiently target these places because
of their high population density. For multi-story buildings, crowd dynamics in shooting case are more
difficult to capture due to environment complexity. Crowd behavior and buildings’ structural characteris-
tics [35] affect evacuation results [24]. The irrationality and organization of collective panic [34] increased
the casualties. Environmental settings also hinder crowd evacuation, such as too few exits [10], walls [41],
stairs [25, 27], etc. Thus, we focus on crowd evacuation dynamics under shooting attacks in multi-story
buildings.

The frequently happened mass shooting incidents and their serious harm have attracted increasing re-
search attention on crowd disasters. However, crowd dynamics are complex resulting from the constant in-
teractions between individuals. Especially when panic involved [16], individuals tend to show non-adaptive
crowd behaviors [33] and selfish competitions [20], such as trampling [37], knocking and pushing [17]. Re-
searches on this kind of human collective actions are limited in traditional way while modeling technologies
work better since they can recur the catastrophe in simulation without harming any subject. They simulate
pedestrian flow to capture the characteristics of complex pedestrians behaviors. Helbing & Molnar (1995)
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treated pedestrians as particles in the physical world, and applied social force model to describe their
movement trajectories [18]. Later, Helbing (2000) further applied it based on self-driven many particle
systems to the fire scenario involving panic escape [16]. Bain & Bartolo (2019) modeled crowd motion as
fluid flow and applied it to the management of crowd in high density, such as marathon events [4]. Toyama
et al. (2006) presented an agent-based simulation of pedestrian dynamics to show how different pedestrian
characteristics result in various macroscopic behaviors [40]. Besides, the computational modeling and simu-
lation was applied in the study of shootings [6]. Hayes and Hayes (2014) created an agent-based simulation
to examine key parameters in mass shootings and to examine the potential effectiveness of Senator ’s
assault weapons and high-capacity magazines bill [14]. Lee et al. (2018) used AnyLogic software to model
the active shooter incidents at a general densely populated area and discussed effect of parameters (civilian
evacuation time, the response of police, firearm discharge by the shooter and police) on casualty rates [22].
Abreu et al. (2019) developed an Object-oriented model with Microsoft Visual C# 2017 to explore the
potential effect of people characteristics and response in mass shooting [1]. Arteaga and Park (2020) used
agent-based modeling to explore the impact of three important building design parameters (exit width,
door width and hall width) on the reduction of casualties and efficiency of evacuation in the shooting
accident [3]. The applications of these simulation approaches help preventing or controlling the occurrence
of accidents in public gathering places, which is of great significance to safety governance.

In the indoor shooting incident, the shooter’s attack strategy and scale, the civilians’ behavior, and the
internal structure of the building jointly affect the result of the incident. For example, the individual’s access
to the shooter’s location information can improve the survival rate [30]. The shooter’s attack strategy and
scale will reduce civilians’ survival rate [29]. And the difference between shooting scene [2] and building
design [3] will also lead to the difference in the result. Although the shooting process seems irrational,
it is more reasonable to consider the motivation of shooting behavior in the scope of rational choice.
According to the theory of rational choice [21], the shooter measures the benefits and costs of the action
before attacking [13]. The shooter chooses to strike when the benefits outweigh the costs [29]. Moreover,
the crowd heterogeneity and environment complexity need to be fully considered. Individual heterogeneity
is a crucial factor in individual behavior decision-making. Densely populated commercial buildings have
become an essential target for terrorists [38]. Therefore, the swarm behaviors in commercial buildings
under the shooting cases should be modeled to match the reality.

We use agent-based modeling (ABM) to explore the mechanism of human behavior in shooting cases
with complex indoor buildings. By defining the behavior rules of micro agents, agent-based modeling
achieves the emergence of macro phenomena [36]. It is the most appropriate tool for studying complex
systems [15]. NetLogo can explore the impact of micro agent behavior on macro events and reveal system-
level phenomena based on individual behavior. In case of emergency, human beings in multi-story buildings
are more vulnerable [23]. Hence, we use NetLogo to build our agent-based model and explore the impact
of human behavior and environment design on casualties. Artificial neural networks (ANN) were initially
used to simulate the performance of the biological nervous system [11]. A typical ANN construct consists
of three types of neuron layers—input, hidden, and output layers. In general, an ANN model contains at
least one hidden layer. The input layer receives the input vector X and distributes the information to the
neurons in the hidden layer. The hidden layers distribute the processed data to the result layer, and the
result of the given input is obtained by the output layer. We also use ANN to detect the predictive stability
of the input parameters of the ABM model on the output results.

2 Materials and Methods

2.1 The real target case

We take the Bataclan attacks case (13 November, 2015) as target case (More detailed information about
this shooting incident can be found at [42, 43]). At the time of the crime, a concert was being held in
Bataclan theater, with about 1500 audience. At about 21:50, three shooters killed three people outside
the theater, then rushed into the theater with an explosive vest and opened fire on the crowd inside the
theater, causing panic among the civilians. A few minutes later, the hall fell into darkness with only the
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flash of the shooter’s gun, creating difficulties for civilians who tried to flee. Two shooters went to the stairs
to shoot, and the other shooter went to the emergency exit near the stage. At 22:15, two policemen entered
the theatre with pistols and shot and killed the shooter standing on the stage. Subsequently, two other
shooters took about 20 hostages for negotiations. Finally, one shooter detonated his explosive vest, and the
other tried to do the same but got shot. During the final stage, no hostages were injured or killed. Since
the negotiation took a long time, in which no civilians and police were injured or killed, our simulation
process is from the shooters rushing into the theater to the police killing a shooter. In this process, a
total of about 1500 audiences were present. Three shooters and two policemen responded later. Finally,
87 civilians, 1 shooter, and no police officer were killed. Also, more than 200 civilians were injured. These
result data are used as simulation targets.

2.2 Environment setting

We use NetLogo software (6.0.4) to simulate the real target case. Figures 1 A and B show that the target
case scene is a two-story building, including the hall on the first floor and balcony on the second floor. The
first floor comprises a gray stage at the bottom, a standing area in the middle, and seat areas on both
sides. The building has three exits: the main exit facing the street and two on the side. In the model, they
are represented by white patches. The shooter entered through the door facing the street. In Figure 1C,
we set the model’s environment regarding subfigure D. Balcony is the light orange part surrounding the
middle area. And the blue floor is the first-floor area. The dark blue part is the seating area, while the
light blue part is the standing area. Access (stairs) on the first and second floors are simplified as yellow
patches. We set up four stairs in similar locations according to the real environment. Black patches are
walls or railings that agents cannot pass through. Different shapes and colors represent different types of
agents. For civilians, dark green circles denote civilians in the initial state. We also consider that people
run and fall in a dark environment with panic, so the pink circles represent civilians who fall. And the
red “x” indicates the dead civilians. Besides, orange triangles are the shooters, with an exclamation point
representing dangerous elements. A gray arrow denotes the shooter’s bullet trajectory. Blue uniforms
indicate the police, whose bullet tracks are represented by red arrows from the executor of the shooting to
the target.

2.3 The mechanism of pedestrian dynamics

In the real target case, people had a series of panic behaviors after being shot. They began to run around
looking for an exit or fall to the ground. For the modeling of pedestrian dynamics in a panic state, we refer
to the work [16] of Herbing (2000) and make the following settings: (a) Movements. We set civilians to
move at different speeds in different areas. Considering that in the real environment, chairs will hinder the
movement of civilians, civilians are slower in the area with chairs than in the standing area. In addition,
as shown in Figure 2, civilians follow the basic principle of social force [18] in the process of moving. (b)
Escape. As shown in Figure 2 (b), the escape guidance of agents mainly comes from the attraction of
environmental facilities to them. When civilians perceive these facilities, civilians on the second floor will
rush to the stairs, while civilians on the first floor will run to the exit. (c) Fall. Panic makes people
run aimlessly, which increases the risk of falling. Therefore, we use the falling probability to set a certain
proportion of people to fall randomly. The falling agent loses the ability to move and needs ten ticks to
get up and continue to move. (d) Collision and trampling. When two mobile agents collide on the
same patch, they will hurt each other. And when a mobile agent passes a fallen agent, the fallen agent
is trampled. (e) Avoidance. When the number of people on the current patch exceeds the maximum
population, the agent will go to the patch with the least number of people within the 1.2 patches and 270
° ahead. (f) Death. When the life level of the agent is 0, the agent dies. Dead agents cannot move and
attack.
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Fig. 1. The real scene of the case and NetLogo Modeling Interface. The picture on the left above shows
the scene of the concert. The picture on the right above shows the 3D structure of the Bataclan theater. Subgraph
C is the simulation interface in NetLogo software. Subfigure D is a schematic plan of the Bataclan theater.

Fig. 2. Application of social force in pedestrian dynamics. Subfigure (a) shows the application of repulsive
force in pedestrian dynamics. The action trajectory of pedestrian A reflects the repulsion of the environment
(wall) to pedestrians, while the motion trajectories of pedestrians B and C reflect the repulsive force between
agents. Subfigure (b) describes the application of attractive force in pedestrian dynamics. The motion trajectories
of pedestrians D and E respectively reflect the attraction of stairs and exits to moving pedestrians.

2.4 Civilian settings

In our agent-based modeling, we have three classes of agents, including civilians, police officers, and killers
(shooters). In real cases, the audience, performers, and staff are civilians since they are unarmed. The
relevant settings for civilians are as follows: (a) Perception radius R. Perception range refers to the
ability of pedestrians to perceive the external environment and other agents [8]. In the case of perceived
radius heterogeneity, some information is private, not shared [32]. The larger the perception radius, the
more likely the agent can perceive the environment and other agents. Therefore, we set the heterogeneity
of perception radius to obey Poisson distribution. The overall perception range R of civilians will increase
over time. The mean R of perception radius homogeneity and heterogeneity is the same. (b) “Life level”
blood. “Life level” refers to the health level of agents, which is measured by the parameter blood. Due to
the population difference, agents’ life levels and blood are also heterogeneous. Generally speaking, there
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are three types of people: strong, normal, and weak. The weaker people belong to vulnerable groups such
as children and the elderly [7]. Equation (1) shows the relationship between blood and the agent’s life level.

BloodAgent
it =


Healthy ifBloodAgent

it = BloodAgent
i0

Injury ifBloodAgent
it < BloodAgent

i0

Death ifBloodAgent
it ≤ 0

(1)

2.5 Shooter and counter terrorism force setting

Although the shooting was antisocial and irrational, the shooter’s attack strategy and scheme resulted
from rational selection [13,21]. We set the Shooter and counter terrorism force mechanism as follows: (a)
Hitting range. The hitting range refers to the range where the shooters or police can hit the target and
cause damage to the target. After the shooting starts, all the lights in the field are extinguished, which
leads to a dark environment reducing the shooters’ vision. We set the slider shoot distance as the shooters’
hitting range. The shooters’ hits on the police will be reduced. We set the shooting range of shooters
against the police to be half that of civilians. (b) Shooting damage. The shooter will cause damage to
the target when the shooter’s target is within the hit range. (c) Shooting target selection. For shooters,
armed police pose a more significant threat than unarmed civilians, so they will choose to attack the police
first. For the police, they only attack the shooters. (d) Live level Blood setting. When suffering from
shooting, police and shooters they have better equipment and body to reduce their probability of death
and injury. (e) Equipment defense. The police entering the scene wore complete protection devices,
including bulletproof vests and shields. We set a slider police defense to find this damage defense ratio.

3 Optimal Solution Outcomes

3.1 Solving optimal solutions

Our target values of Y variables are 87 civilian deaths (Y1), 205 civilian injuries (Y2), 1 shooter death
(Y3), and 0 police death (Y4). We assume the civilian injuries (Y2) is 205 as it shows more than 200
civilian injuries but no specific figures in all public data in this case. is used as a real objective function
that has four values. In the model simulation, should be matched well. If the simulation is effective, we
can get at least one combination of optimal parameters close to the real situation. We build the model and
traversal parameters. We have obtained many simulation results, and each result has an error with the real
values. Mean Square Error (MSE) can indicate the degree of difference between the simulation value and
real target value in equation (5). Each combination of parameters is simulated 100 times in the experiment,
and the average value of 100 simulation results is calculated. Finally, we find two combinations of optimal
solutions parameter(∗): (a) Parameter 1: The optimal solution parameter 1 is as follows: the perception
radius is 5, the shooting damage of shooters is 62; the probability of tumble is 0.4%; the perception range
pattern of civilians is homogeneity; the shooting distance is 40 patches; the shooting damage of police is
41; each trampling reduces 10 Blood; civilians are deemed as injured when the blood volume was lower
than 39.6% of the total blood volume; the collision damage of the civilians is 0.03; the time of police arrival
is 170 ticks; the police equipment can reduce the damage from shooters by 95%. (b) Parameter 2: The
other optimal solution parameter 2 is as follows: the perception radius is 5, the shooting damage of shooters
is 56.8; the probability of tumble is 0.4%; the perception range pattern of civilians is heterogeneity; the
shooting distance is 40 patches; the shooting damage of police is 41; each trampling reduces 10 Blood;
civilians are regarded as injured when the blood was lower than 40% of the total blood; the collision
damage of the civilians is 0.05; the time of police arrival is 180 ticks; the police equipment can reduce
damage from shooters by 95%.

MSE = E(f∗
sim()− f∗

real())
2

(2)

Parameters(∗) = Argmin(△) = Argmin(MSE) (3)
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3.2 Validity of the Optimal Solution

The optimal solution matching the final result of the real target case should be back-calculated for the
entire shooting process. In Figure 3, We present the results of the 1000 simulations based on optimal
solutions (parameter 1, parameter 2), which fit well with our real target case.

Fig. 3. Number of people in 1000 simulation results under the optimal solution parameters. Panel
A compares the numbers of civilian deaths between the real case and the simulation. And Panel B compares the
numbers of civilian injuries. Then, Panel C and D compare the numbers of shooter and police deaths. The mean,
distribution, and error bars of the real (real) and simulation results (parameter 1 and parameter 2) are shown
separately in each panel. At the same time, we also used Q-Q plots to test the distribution law of 1000 simulations
to check whether they obey the normal distribution. The blue bar represents the real case, the orange bar represents
parameter 1, and the green bar represents parameter 2.

4 Counterfactual inference.

Counterfactual inference can be used to infer situations that are still possible that did not occur in the real
world. Using the parallel simulation method, we can infer the counterfactual results that are meaningful
to the real world. Based on the optimal parameter combination, the counterfactual inference is used to
explore the impact of anti-terrorism forces (police officers) and escape exits on the shooting incident.

A. Number of police. We consider the impact of varying police sizes on the shooting outcome based
on the two combinations of optimal solutions parameters. Figures 4A and 4B show the changes in civilian
deaths and injuries as the number of police increases, respectively. From the general trend, the number
of civilian deaths and injuries decreased with the increase in police. The key point is 4 police. When the
police number was increased from 1 to 4, civilian fatalities and injuries decreased significantly. Besides,
when the number of police is greater than 4, the number of civilian deaths and injuries has not decreased
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significantly. Hence, for police savings and reducing civilian casualties, the best police size is 4 when there
are three shooters. Figures 4C&D show that two police officers can kill a shooter, but the officer will be
killed if only one is there, which is dangerous for the police officers, even with 95% defense. Thus, the
police must fight against terrorism jointly. Overall, the best size of police intervention is 4 police officers,
effectively reducing civilian deaths and injuries and preventing the police from being in extreme danger.
At the same time, it can obtain high social security returns with relatively few social resources.

Fig. 4. the number of death or injury with the growth of police. Subfigures A and B show the civilian casualties
with the police size from 1 to 10 under parameter 1 and parameter 2. And subfigures C and D describe the change in
shooter and police deaths with the police size from 1 to 10 under parameter 1 and parameter 2. Shadow represents
the range of standard deviation of 100 simulation results.

B. Police response time. After discussing the impact of police numbers on terrorist attacks, we try
to find the effect of police response time on the entire incident. We set the police response time from 10
to 250 with a step size of 10. In the case, it took 25 minutes from the start of the shooting until the police
arrived at the scene. In parameters 1 and 2, the police arrived in 170 ticks and 180 ticks, respectively.
Therefore, 1 tick represents 0.15 ≈ 25

170 minutes (in parameters 1) and 0.14 ≈ 25
180 minutes (in parameters

2), respectively. The simulation results are shown in Figure 5. Undoubtedly, the earlier the police arrive,
the safer the civilians, and the fewer injuries and deaths. It was almost impossible for police to reach
the scene at the beginning of the shooting incident because of the reaction time needed. In light of the
casualties of civilians, shooters, and police, the best time for the police to intervene is 30 ticks. At this
time, the death toll of the shooters exceeded 2, the police death was close to 0, and civilian casualties were
less.

C. Building exit. We added three exits at different locations based on the real case. Figure 6 compares
the outcome under a real case and other possible exits. We compare the outcome under two optimal
solutions of parameter 1 (homogeneity) and parameter 2 (heterogeneity). From Figure 6 A2 to H2 and
Figure 6 A3 to H3, the deaths of shooters and police are similar in each scenario, which are 1 shooter death
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and 0 police death. And the number of civilian deaths and injuries has a relatively significant difference.
New exits slightly ease the congestion of people but make civilians with the same perception radius still
suffer severe congestion and stampede. With heterogeneous perception ranges, the more exits, the safer
civilians are, proving the importance of orderly evacuation. In conclusion, increasing exits on the second
floor is necessary, significantly reducing civilian deaths. In addition, the uniform distribution of exits is
conducive to improving the evacuation efficiency of civilians and decreasing collisions and stampedes.

Fig. 5. Impact of police response time on results. Subfigures A and C show the impact of police response
time on civilian casualties under two combinations of the optimal solution. The blue line is the number of civilian
deaths, and the purple line represents the number of civilian injuries. Subfigures B and D depict the impact of
police response time on shooter and police deaths under two combinations of the optimal solution. The green line is
the number of shooter deaths, while the yellow line indicates the number of police deaths. Each data is the mean of
100 independent simulations. The upper and lower bounds of shadow are the standard deviation of 100 simulation
results.

D. Artificial Neural Network. Figure 7 shows our ANN model’s architecture and the loss curve
of training and testing. The best optimization method, activation function, and network architecture
were determined by trial and error. The optimization method is Adam (Adaptive Moment Estimation),
and the activation function is the Relu. Our ANN model has an input layer, two hidden layers, and an
output layer. The input layer contains five neurons, into which we input five parameters, including shooter
damage, perception radius, injured blood, civilian collision, and police response time. After debugging, the
first hidden layer has 20 neurons and the second hidden layer has 5 neurons. The output layer outputs
two variables: civilian deaths and civilian injuries. The training set and verification set data account for
80% and 20% of the data set, respectively. And the number of training iterations of the model is 500. In
Figure 7B, the blue line is the loss curve of the training, from 0.363 to 0.009, while the orange line is the
loss curve of the verification, from 0.376 to 0.008. Finally, the loss values are less than 0.01 and tend to be
stable, which shows that the model has good convergence and prediction performance.
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Fig. 6. Sizes and locations of possible exits. A1 refers to the real case whose outcome is under the sketch map.
Subfigures B1 to H1 explore the counterfact and outcomes under them. The blue box marks the existing exits in
the real case, and the red box marks the new exits in the counter-fact. Subfigures A2-H2 and A3-H3 represent the
number of casualties under parameter 1 and parameter 3, respectively, corresponding to the exit situation. The
dark blue bar represents the number of civilian deaths, the yellow bar represents the number of civilian injuries, the
light blue bar represents the number of shooter deaths, and the pink bar represents the number of police deaths.
Each result is the mean of 100 parallel simulations.
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Fig. 7. Artificial Neural Network (ANN) construct and Loss Curve. Subfigure A is the ANN architecture
used in this study, and subfigure B is the loss curve of the training and validation results of the ANN model with
500 iterations.

5 Conclusions and Discussions

An agent-based model of three classes of agents (civilians, shooters, and police) has been used to model
the crowd dynamics of civilians in the shooting incident. In particular, we also consider the impact of
indoor double-layer buildings. The internal three-dimensional structure of the building affects the crowd
dynamics and the interaction between police and shooters in the shooting incident. For example, the stairs
increase the probability of trampling and collision, and the railings on the second floor hinder the police
from fighting terrorism. We simulated the dynamic process of real shooting cases and matched the real
results. On this basis, two combinations of optimal solutions are obtained. Based on the simulation results
of real cases, we also need to simulate other counterfactual situations, such as the number of police, police
response time, and the location and number of buildings, which are beneficial for social governance and
public security management.

(a) Existence of optimal solution. The existence of the optimal solution can verify the ability of
the model to match the real case. In this paper,6 we obtain two combinations of optimal solutions. The
numbers of civilian deaths and injuries, police deaths, and the shooters’ deaths are well matched with the
real case. We have carried out 1000 independent simulations and normal distribution verification based
on the optimal solution to ensure its effectiveness and robustness. Through the optimal solution, we can
find key factors to understand the behavior rules and crowd dynamics of various agents in the shooting
incident. Therefore, our model can calculate the critical behavior mechanisms of individuals.

(b) The best anti-terrorist scale. Mass shooting often causes vast casualties, so the anti-terrorism
force of the police is particularly critical to diminishing deaths. From the shooting incident result, the
more police, the greater the shooters’ death rate and the greater the possibility of the police defeating the
shooter. Due to the limited human resources of the police, the optimal anti-terrorism scale of the police
should be calculated. The best anti-terrorism scale is 4 police officers under the two optimal solutions.

(c) The optimal response time. Response time refers to the period from the start of the shooting
incident to the police intervention at the scene, reflecting the response speed of the police. From the
simulation results, the faster the response time of the police, the better the results of the shooting incident,
which means the death and injury rate of civilians are lower, and shooters get shot to death in a shorter
time. Nevertheless, the police cannot arrive at the scene immediately at the beginning of the shooting
accident in the real world. So, the optimal response time for the police is 30 ticks to arrive at the scene
according to the simulated results of the death and injury rates of civilians, police, and shooter. This part
of the conclusion has referential significance to establishing urban police patrol and police post locations.

(d) Outlet location distribution. The exit is the life passage for civilians to escape the scene. In
buildings with complex internal structures, the location and number of exits will also affect the results of
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the shooting incident. We have added 1 ∼ 3 exits based on real cases. From the results, with civilians’
heterogeneous perception range, the more exits, the better the result of the shooting incident. If the
civilians’ perception range is homogeneous, the opposite is true. Distributing the exits evenly on the first
and second floors is most conducive to better results if the number of exits is limited. This part of the
conclusion could guide the internal structure setting of buildings in improving public safety.

It should be noted that our discussion and research on terrorist attack patterns and police response
strategies are aimed at better assisting in the formulation of policies to resist terrorist attacks, preventing
terrorist attacks and reducing harm to maintain urban public safety. For possible ethical issues, we believe
that we need to see the duality of things. Just as studying models for the spread of infectious diseases can
also make it easier for criminals to spread the disease, studying this process is still necessary because it
can also prevent or slow down the spread of infectious diseases. In fact, we can also see many other studies
on terrorist attacks, and many of these studies and exchanges have helped promote the formulation of
policies to resist terrorist attacks. Science and technology themselves are neutral, and it depends on how
we use them. More importantly, the conclusions of this study can clearly inform terrorists that
regardless of the strategy, the police have the optimal strategy to resist terrorist attacks,
thereby reducing the confidence and likelihood of shooter attacks. This study also has certain
limitations, for example, we did not examine the psychological state and communication of agents in more
detail. These issues will be further addressed in future work.
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Response to review comments

#REVIEW 1

The paper presents an investigation into the dynamics of crowd evacuation during shooting

incidents in multi-story buildings, with a particular focus on the Bataclan Theatre attack on

November 13, 2015. The authors utilize an agent-based model (ABM) to represent the killing

force and killer force and sought to identify optimal strategies for setting up counter-terrorism

teams as well as how building exits could impact safety.

The paper seems interesting overall and features nice diagrams.

Response：Thank you for your comments.

However, the paper includes critical flaws that harm the scientific nature of the proposed material,

which reads more as a technical report than as a scientific paper. Critical sections are missing,

including related work and validation. Except for citing [12], the model is mostly built within the

paper without reference to prior work nor validation of the validity –the model seems better fitting

a video game than an actual simulation.

Response：We have added a literature review of relevant work in the introduction. In “3.2 Validity

of the Optimal Solution” and Figure 3, we validated the match between the model and real case

results to demonstrate the effectiveness of the model.

The process behind the contents of the model remain obscure: is blood loss that important versus

e.g. communication between evacuees? The reference to Neural Networks is anecdotal, mostly

generic, and unmotivated. It may be an important component of the solution, but I cannot get what

for. Likewise, the paper misses a limitation section.

Response：Because the matching target we simulate is the number of deaths and injuries of three

types of people (civilians, shooter and police officers), we need the parameter blood to measure

the life status of the population (health, injury or death).

Our purpose in using ANN is to detect the predictive stability of the input parameters of the ABM

model on the output results.

This study also has certain limitations, for example, we did not examine the psychological state

and communication of agents in more detail. These issues will be further addressed in future work.

Quite critically, while the paper could be a good addition to further securing against terrorism,

there is a very need for handling ethical considerations: the very same model can be used for

planning maximally-murderous terrorist attacks. This later point is critical in that making the

paper public can harm the whole social simulation community and have a negative effect on the

cause the paper seems to provide help with.

Response：We believe that your considerations make some sense. But we need to see the duality of

things. Just as studying models for the spread of infectious diseases can also make it easier for
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criminals to spread the disease, studying this process is still necessary because it can also prevent

or slow down the spread of infectious diseases. In fact, we can also see many other studies on

terrorist attacks, and many of these studies and exchanges have helped promote the formulation of

policies to resist terrorist attacks. Science and technology themselves are neutral, and it depends

on how we use them. More importantly, the conclusions of this study can clearly inform

terrorists that regardless of the strategy, the police have the optimal strategy to resist

terrorist attacks, thereby reducing the confidence and likelihood of shooter attacks. The

purpose of this article is to help police to better prevent terrorist attacks and reduce harm to

maintain urban public safety. I believe this is also the common expectation of every peace loving

researcher. We have added a discussion on the ethics of the article in the conclusion and discussion

section.

#REVIEW 2

The author(s) simulated crowd dynamics in a two-story building to understand the evacuation

mechanism under shooting attacks as well as to put forward optimized strategies. The work is

interesting and will be a good fit for the MABS workshop at the AAMAS conference. Though the

paper is generally easy to follow, I would highly recommend the author(s) present the

methodology used in this research, for example, at the beginning of section 2. This will help

readers know the reason why you use each method/technique in different stages.

Response：Thank you for your comments. We use Netlogo software to build agent-based modeling

and infer counterfactual of human behavior in shooting cases, and use ANN to detect the

predictive stability of the input parameters of the ABM model on the output results.

The following are some specific recommendations:

1. Literature review: There’s a lack of review on existing simulation models for evacuation and

terrorist attacks. There are a lot of studies in this domain in which a couple of agent-based models

are included.

Response：We have added the literature review on evacuation and terrorist attack simulation

models in the introduction.

2. The case study: Please give more information on the attack you’ve been looking at. For others

who are not French, they may not be familiar with this event.

Response：We have added a more detailed event process and webpage link to the original event in

“2.1 The real target case”.

3. Review your words: In lines 3-4, page 3, are your explanations of the red and gray arrows right?

From the figure, I can see reverse implications.
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Response：Thank you for your suggestions. We have transposed the explanations of the red and

gray arrows.

4. About the ABM: Did you consider people’s behavior change under panic? If you revisit, a series

of literature was established on this issue. I would recommend considering this kind of behavior

change (in terms of evacuation, e.g., path-finding) in the next step. Besides, what’s the time stamp

in your model (what’s one tick representing in the real world)?

Response: We have considered the impact of panic on people's actions, as discussed in “2.3 The

mechanism of panic dynamics”.

In NetLogo, each unit of time step is represented by a tick. In the case, it took 25 minutes from the

start of the shooting until the police arrived at the scene. In parameters 1 and 2, the police arrived

in 170 ticks and 180 ticks, respectively. Therefore, 1 tick represents 0.15 ≈ 25/170 minutes (in

parameters 1) and 0.14 ≈ 25/180 minutes (in parameters 2), respectively. We have added relevant

content to revised manuscript.

5. ANN: The reason why ANN is used is unclear. This could be clarified in a Methodology section.

Besides, a part of the literature review in the last paragraph on page 8 should be moved to the

Introduction. When you say “data set”, which dataset have you used? And why do you choose

Adam and Relu?

Response：We use ANN to detect the predictive stability of the input parameters of the ABM

model on the output results. We have moved the literature review in the last paragraph on page 8

to the introduction. The dataset we use comes from the input and output parameter values of the

ABM model. Adam and Relu is one of the common optimization methods and activation functions

in ANN. By traversing several common ANN optimization methods and activation functions, we

ultimately chose Adam and Relu to make the model's prediction performance the best.

6. Parameters: The meaning of parameters 1 and 2 are really obscure. It seems that when the

parameters appeared for the first time, no definition was given. Though I tried to find it in the later

paragraphs, it was still not clear to me.

Response：Parameter 1 and parameter 2 are the ABM input parameter combinations we have

found that can match the real case results. In “3.1 Solving optimal solutions” of revised

manuscript, we have added specific values of parameter 1 and parameter 2.

7. Testing of the locations of possible exits. Instead of testing the different positions, you can

calculate the farthest distance from the entrances to any place in the room and test the impact of

this distance on behavior change. This distance is widely used in architecture design and has been

wrote into many regulations.

Response：The exit must be on a black wall. In this article, we mainly consider the exits that are

already present in real scenes (blue) and the newly added exits in corners (red) (See Figure
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6A1-H1). Thank you for your suggestion. This can become our next research goal.

8. Figures: In figure 4, the y-axis labels should be adapted to their meaning, e.g., civilian death.

Figure 6 could be improved by giving clear legends and x-axis labels, as well as splitting the

figures into different groups. For those who did not access your experiment, it would be difficult

to understand the meaning of each subfigure. Besides, what’s the meaning of yellow and blue bars?

Should give a legend.

Response：We have modified the y-axis labels for each subgraph in Figure 4. We have grouped

Figure 6 and added labels for each subgraph's x-axis to facilitate readers' understanding of the

meaning of each bar. The dark blue bar represents the number of civilian deaths, the yellow bar

represents the number of civilian injuries, the light blue bar represents the number of shooter

deaths, and the pink bar represents the number of police deaths. Each result is the mean of 100

parallel simulations.

9. The language needs to be improved since there are some typos in the current version.

Response：Okay, we have checked and revised the typos in the article.


