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A B S T R A C T   

Trained evacuation leaders in emergency offer the potential for improved decision making and evacuation. 
Compared to victims, trained evacuation leaders can make educated assessments of the situation based on their 
training, knowledge of the facilities, and additional details about the incident, which enables them to guide 
victims in choosing a safe departure time and evacuation route. Despite a general understanding about the 
benefits of such leaders in evacuation, mass shooting cases require a separate attention because these cases are 
more complex with different behavioral decisions, not just running away, with a continuously changing source of 
the hazard source, the shooter. This study develops a simulation model package and evaluates the effect of 
trained evaluation leaders on the victim safety during an active shooter incident. The study leverages sophisti
cated human motion dynamics models and human behaviors supported by past literature in an agent-based 
model. The study varies several parameters (e.g., occupancy, firing rates and gun range, and victims’ decision 
of running or hiding) in this simulation to draw generalized conclusions on the leaders’ impact on various 
scenarios. The results reveal general findings with several interesting points. Overall, increased leaders’ presence 
contributes to fewer fatalities. Even few trained leaders, compared with none, can considerably improve victim 
safety. Even if leaders are not uniformly positioned, they still provide substantial benefits for victim’s safety. The 
leaders’ benefits were consistently found in various parametric studies (e.g., number of leaders, occupancy, 
leaders’ strategic placement, gun range, and shooting rate) that support the mentioned findings.   

1. Introduction 

Active shooters constitute a major public health issue, as the 
increasing frequency and severity of these events have catastrophic 
outcomes for communities. Statistics collected by the Federal Bureau of 
Investigation (FBI) reported 191 active shooter events between 2010 
and 2018 in the United States, resulting in a total of 1,851 fatalities (FBI, 
2019). These statistics show a clear increasing trend in frequency and 
number of fatalities as a result. 

Victims’ decisions are one of the key safety mechanisms to safe
guarding their lives during an active shooter incident. Training and 
preparedness programs for these types of incidents focus on teaching the 
“Run, Hide, Fight” tactics (FBI, 2022), which advise running when there 
is an active threat, hiding if escaping is not possible, and fighting as a last 
resort if facing imminent danger. If properly implemented, these tactics 
can make a significant difference in victims’ safety; however, 

unknowingly, victims might put themselves at a higher risk by either 
running or hiding when it is unsafe to do so. This is especially true 
because victims are not necessarily equipped with information (e.g., 
geographical knowledge and escape route) to make an informed deci
sion, especially with a highly alerting status in an emergent situation. 
Making these decisions individually or as a group can be difficult in an 
emergency scenario, as the urgency and stress of the situation may 
hinder clear and swift decision-making. Therefore, training evacuation 
leaders to react to an active shooter incident is a countermeasure with 
significant potential to enhance victims’ safety. 

In the event of an active shooter incident, some civilians or personnel 
of an establishment may need to play the role of evacuation leaders. 
Examples of these potential evacuation leaders include but are not 
limited to security guards at malls and crowded events, teachers at 
schools and universities, and staff members at hospitals and public 
buildings. Experience from past emergency situations suggests that 
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evacuation leaders can help save lives. For instance, during the Aztec 
school shooting in 2017, a substitute teacher rescued her 16 students by 
quickly reacting and hiding them in a safe location (CBS News, 2017). By 
the time the shooter entered the classroom and fired multiple rounds, all 
of the students were already in a safe location thanks to the quick actions 
of the teacher. Another example, despite being a different type of attack 
than shooting, from the 9/11 World Trade Center Attack in 2001, 
highlights the importance of evacuation leaders that a security guard 
guided the evacuation of more than 2,700 employees and saved their 
lives (Sisk, 2019). Finally, in the Westgate active shooting in 2020, an 
off-duty Airforce member is credited with helping save 28 people by 
guiding them to a restaurant kitchen, hiding them, and securing all the 
access doors (Diaz-Gorsi, 2021). 

Thus, providing training to some personnel in establishments is a 
strategy with great potential to help save lives in the event of an active 
shooter. This is especially valuable for cases (e.g., public leisure/ 
convention places) where training all building occupants for these types 
of incidents is unfeasible for several reasons. For instance, past studies 
suggest that involving young students in active shooter training in
creases their feelings of fear and the impression that there is more 
likelihood of these events occurring (Peterson et al., 2015). Public malls, 
convention centers, and public leisure places such as casinos have 
different public users each day, making the training of all possible users 
impossible. This could be addressed to some extent by training only a 
subset of volunteer leaders for these incidents. Therefore, this study 
seeks to investigate the impact of trained evacuation leaders on the 
consequence of an active shooting event with respect to fatalities. 

2. Literature review 

This section discusses past studies in the field of computer simulation 
for active shooter incidents and preceding scientific efforts in modeling 
of evacuation leaders for emergency situations. The discussion in this 
section seeks to 1) highlight the plausibility of using computer simula
tions to study active shooter incidents by describing the advantages of 
agent-based modeling (ABM) over unfeasible real-life drills and 
reviewing previous scientific efforts in this field, and 2) review the 
current state of knowledge in modeling leaders in emergency situations 
and identify feasible approaches to simulate evacuation leaders and 
research gaps from past literature. 

2.1. Computer simulation of active shooter incidents 

Past research in mass shooting incidents primarily focuses on the 
sociological and statistical aspects of previous incidents, such as the 
motivations of the shooters; their relationships with the victims; the 
number of incidents in different years and regions (historical and 
demographical features of incidents); the number of casualties; and the 
genders, ages, and ethnicities of the shooters (Agnich, 2015; Haghani 
et al., 2022; Metzl & MacLeish, 2015; Muschert, 2007; Towers et al., 
2015; Zhu et al., 2020). Although these types of data and information 
elucidate the significance of this topic, they are not able to provide a 
pragmatic approach to mitigate the detrimental consequences of these 
incidents. Perhaps one limitation for research on pragmatic approaches 
may pertain to the impracticality of implementing experiments that 
involve the real responses of people. This limitation is twofold: 1) po
tential injuries may happen, and participants may experience trauma if 
such experiments occur without notice (Briggs & Kennedy, 2016); and 
2) difficulty to emulate accurate evacuation situations if early notice is 
given. Due to these limitations, computer simulations of active shooters 
become a practical approach to evaluate potential countermeasures to 
reduce fatal outcomes during these incidents. 

ABM is one of the most reliable simulation models because of its 
ability to realize heterogeneous behaviors to simulate complex in
teractions between autonomous agents (Bonabeau, 2002; Khodabandelu 
et al., 2020; Khodabandelu & Park, 2021). As a result, several recent 

studies have adopted ABM models for active shooter simulations to 
evaluate the effect on the reduction of fatalities due to factors such as 
fighting the shooter (Briggs & Kennedy, 2016; Park & Arteaga, 2019); 
victims’ behaviors (Abreu et al., 2019), controlling access and having 
concealed carry individuals (Anklam et al., 2015); deployment and 
coverage of in-place systems to detect shooters (Cho et al., 2019; Lovejoy 
et al., 2021); and spatial characteristics of the evacuation environment 
(Arteaga & Park, 2020). These studies provide valuable insights for the 
analysis of active shooter incidents, and they have highlighted the value 
of ABM for simulation of these incident types, for which conducting real- 
life drills is unfeasible. However, past research is limited to the analysis 
of active shooter incidents under several oversimplified assumptions of 
pedestrian dynamics and collective behavior. For instance, to the best 
knowledge of the authors, only one of the previous studies (Arteaga & 
Park, 2020) used a model of pedestrian dynamics to realistically simu
late critical evacuation phenomena such as bottlenecks at exits. None of 
the previous simulation-based studies consider that the behavior of 
victims can be highly influenced by the actions of other victims nearby. 
This can be a strong limitation, as collective behavior is a key consid
eration for an accurate representation of pedestrians in computer sim
ulations (Templeton et al., 2018). This research thus seeks to address the 
limitations of past studies by integrating a realistic model of pedestrian 
dynamics by modeling collective behavior in the presence of trained 
evacuation leaders. 

2.2. Modeling of leaders in emergency evacuations 

Past scientific efforts on the simulation of leadership behavior for 
emergency evacuations can be divided into two subgroups. Studies that 
model the leadership behavior from a physics or motional standpoint, 
and studies that model leadership behavior from an information-sharing 
perspective. The first group of studies extends well-known models of 
pedestrian motion, such as the social forces models of pedestrian dy
namics (SFM) (Helbing & Molnár, 1995) to incorporate the leader
–follower behavior (Hou et al., 2014; Ma et al., 2016; Xie et al., 2022; 
Yang et al., 2016). These studies take advantage of the vector notation of 
the SFM to alter the movement direction vector or driving force of pe
destrians and re-orient them towards an evacuation leader in their vi
cinity. This strategy enables the incorporation of the leader–follower 
behavior while maintaining a realistic model of pedestrian dynamics. 
However, a potential limitation of the strategies adopted by these 
studies is the apparent inability to extend these models for usage in large 
building configurations. All of these studies use a single-room configu
ration in their experiments and analyses, as the strategy of redirecting 
the direction vector of pedestrians towards leaders stops working once 
the leaders exit the room. 

The second group of studies assumes that leaders share information 
with other pedestrians during evacuation in order to help them evacuate 
more efficiently (Han & Liu, 2017; Pelechano & Badler, 2006; Qingge & 
Can, 2007). Examples of shared information include but are not limited 
to blocked exits, potential evacuation paths, and alternative exits. A 
potential advantage of these studies is that the information sharing 
strategy works well even for large building configurations. Regardless of 
the strategy used to model the leadership behavior, former studies have 
concluded that the presence of trained leaders has a positive effect on 
evacuation efficiency. 

Although past research has shown the value of trained evacuation 
leaders for emergency situations, findings from these studies may not 
apply entirely to active shooter incidents, as these types of incidents 
have unique characteristics that require special considerations for the 
role leaders take during evacuation. First, the existence of “hiding” as a 
potentially safe alternative in active shooter incidents differs from other 
emergencies, such as fires or earthquakes, where evacuating maximizes 
the victims’ safety. Second, in active shooter incidents, the threat is an 
autonomous agent that moves around while seeking to maximize dam
age and acts reactive to the movement of victims, as opposed to other 
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types of emergencies, such as natural disasters, in which the threat is 
independent of the actions of victims. Considering these factors, the risk 
condition depends on available routes and the varying levels of danger 
while evacuating, which all adds uncertainty in decision making. If 
trained evacuation leaders are present on an active shooting site, they 
are in the best position to make the most educated decisions regarding 
courses of action, as they account for potentially available resources 
such as geographical knowledge, escape routes, and may be able to 
identify the shooter’s location. To the best of our knowledge, no previ
ous study exists to evaluate the effect of trained evacuation leaders on 
victim safety during an active shooter incident. 

3. Research objective and scope 

The primary objective of this study is to investigate the effect of 
trained evacuation leaders on saving lives during an active shooter 
event. Specific parameters of interest are the number (that is, density or 
proportion) and positioning of trained evacuation leaders on the 
numbers of fatalities. In addition, this study evaluates scenarios with 
varying firing rates and range of the gun used by the shooter as well as 
the victims’ decision of running or hiding to draw generalized conclu
sions on the leaders’ impact on various scenarios. This study uses an 
ABM tool to develop statistically meaningful data from a large number 
of computer-based simulations. Particularly, the study adopts an agent- 
based behavior modeling technique (Bonabeau, 2002) that successfully 
offers an alternative means, instead of conducting unrealistic real-time 
drills, to simulate behaviors identified by past research (Arteaga & 
Park, 2020; Cho et al., 2019), thus demonstrating its effectiveness in 
active shooter events. 

The scope of this study includes the development of the simulation 
model, the design of the experimental setup to conduct the proposed 
evaluation, and the analysis of the results. The development of the 
simulation model involves the design of the behavioral rules that the 
agents (i.e., victims, leaders, and shooters) follow during the simulation, 
as well as the development of the social forces model of pedestrian dy
namics. This study focuses on the simulation of incidents that include a 
single active shooter, as past studies suggest that 95 % to 98 % of active 
shooter incidents involve a single perpetrator (Lankford, 2019). 

4. Methodology 

This section describes the developed ABM model and the experi
mental setup adopted to conduct the proposed evaluation. First, we 
describe the ABM model by detailing the actions of each agent (i.e., 
victim, leader, and shooter) that the agent follows during the simulation, 
the model of pedestrian dynamics used to model the victims’ move
ments, and additional behavioral rules incorporated into the model. 
After explaining the details of the agents in the simulation model, we 
present the experimental setup with various scenarios and changes in 
parameters to obtain a statistically meaningful number of datasets for 
subsequent scrutiny. 

4.1. ABM model 

This section details the behaviors of the victims, leaders, and shooter 
incorporated into the ABM model. The crowd modeling literature pro
poses several theories, such as the Panic, Emergent Norm, Social 
Attachment, Self-Categorization, and Protective Action Decisions the
ories, to explain the behavior of crowds in emergency situations 
(Shipman & Majumdar, 2018). The developed ABM model incorporates 
some of the behavioral aspects specified in these theories, especially 
those related to collective behavior. For instance, leaders providing in
structions to victims in their room and in other rooms visited during the 
evacuation can be associated with aspects of the Emergent Norm 
(Lemonik & Mikaila, 2013) and Social Attachment (Mawson, 2005) 
theories. In addition, the fact that evacuation leaders need to shift their 

self-perception as individuals and think of themselves as group guides 
can be associated with aspects of the Self-Categorization theory (Turner 
et al., 1994). Thus, the developed ABM models victims beyond a panic 
perspective, in which people are assumed to have mob mentally and 
behave irrationally, but instead it adopts a social and affiliate perspec
tive, which aligns better with current scientific understanding of 
behavior in emergency situations (Aguirre et al., 2011). 

4.1.1. Victims’ behavior 
This study models victims’ behavior based on the run, hide, and fight 

tactics, which provide a reasonable framework for simulation of victims’ 
actions, as described by previous studies (Anklam et al., 2015; Cho et al., 
2019). As the simulation runs over time, victims may make multiple 
decisions among their feasible options per their situation over time 
progression. The simulation starts with a shooting event; therefore, this 
study sets certain behaviors as default while allowing behavioral 
changes over time. Victims start running as soon as they hear gunshots. 
Although in reality may exist an information gathering period, espe
cially for people who may be distant, in which victims take some time to 
become aware or react to the situation, the simulation assumed this time 
period as zero to standardize the outcome of multiple simulations. In 
addition, this study incorporates the hiding option by setting it at 20 % 
for initial analysis with additional follow-up analyses with the hiding 
proportion parameter. This proportion of hiding victims was set based 
on the analysis of materials from past active shooter incidents, such as 
interviews, documentaries, and victim’s testimonies (Benitez et al., 
2016; Browne et al., 2017; Burke, 2022). In these materials, it was 
noticeable that most victims of these incidents tend to run, but at the 
same time, an appreciable proportion of victims prefer to shelter in 
place. Besides the 20 % default proportion of hiding victims, this study 
tested other proportions (10 % to 40 %) of hiding victims to evaluate 
their effect on the simulation outcome, as described in the Results and 
Discussion section. 

The simulation model does not include a fighting behavior for vic
tims for two main reasons. First, the fighting behavior may cause the 
simulation to conclude early when the shooter is subdued, which hin
ders the observation of the effect of trained evacuation leaders on vic
tims’ safety. As such, this defeats the purpose of this research’s 
objective. Second, run and hide are the primary actions recommended 
by the FBI in the event of an active shooter, as fighting should be used 
only as a last resource when facing imminent danger (FBI, 2022). 
Likewise, we exclude the freezing behavior for two reasons. The number 
is so small being insignificant for analysis, and freezing parties will not 
necessarily follow the leaders’ guidance, which would only add 
complexity to the analysis without any benefit in the course of study 
toward accomplishing the objective. 

The above descriptions pertain to two victim behaviors in two cases, 
as the default mode in the simulation. The simulation also takes into 
account victims’ behavior in the presence of trained evacuation leaders. 
With simulation progression, victims, while following their default be
haviors, continue to seek an evacuation leader. Fig. 1 illustrates three 
behaviors that victims may take upon availability of a leader. As dis
cussed previously, trained leaders have a superior ability to make the 
most educated decision of course of action (see the leaders’ behavior 
section) as they are assumed to be trained to leverage resources such as 
geographical knowledge, escape routes, and possibly the shooter’s 
location. Victims follow the leader, as shown in Fig. 1(a), given the 
condition that the leader makes the best educated actionable decision. 
Victims find a leader and follow the leader by switching the original 
route, if needed, as shown in Fig. 1(b). Finally, when the evacuation 
leader switches to a safer evacuation route, victims continue following 
them through this new route, as illustrated in Fig. 1(c). If a leader is not 
present, victims follow the original run and hide tactics. Victims who do 
not have an evacuation leader may find one while running throughout 
the building and change their behavior accordingly. 

These leader and victim behaviors incorporate the collaborative and 
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herding behavior usually manifested during emergency situations 
(Dezecache et al., 2017; Templeton et al., 2018). This research thus uses 
ABMs developed in past studies as reference (Arteaga & Park, 2020; Cho 
et al., 2019), and expands the behavioral rules of victims to take the 
presence of evacuation leaders into account and conduct the proposed 
investigation. 

To add the realism of human evacuation dynamics, it is important to 
account for the effect of crowd dynamics, especially when modeling a 
computer simulation for emergent evacuation. When running along a 
straight path (e.g., corridor), people can maintain consistent speeds 
given that the speed variation among people is not highly considerable, 
so the modeling of evacuation dynamics may not be critical. However, in 
indoor evaluation scenarios, speed variations are expected due to many 
possible bottleneck effects at geographical changes on the map (e.g., 
turning, passing through doors and entrances, and merging of spaces). In 
this regard, this study models the motion of victims using the Social 
Forces Model (SFM) of pedestrian dynamics (Helbing & Molnár, 1995), 
which account for various parameters (e.g., density, direction, and in
teractions with nearby people) to accurately describe human escape 
dynamics. The use of SFM enables realistic modeling of key evacuation 
phenomena such as clogging doors and exits and the faster-is-slower 
effect (Parisi & Dorso, 2007; Suzuno et al., 2013). Similar to Arteaga 
and Park (2020), this study adopted the SFM parameters specified in 
Moussaïd et al. (2009), which are based on experiments in a laboratory 
environment with real humans. This study modified the pedestrian 
desired speed to better reflect that people tend to walk faster in emer
gency scenarios. In addition, people have variations in speeds, which 
further impacts the pedestrian dynamics in a crowd. To further account 
for this speed difference, we set the desired speeds based on a normal 
distribution with a mean 1.9 m/s and standard deviation 0.4 m/s, where 
1.9 m/s corresponds to the speed at which an average adult human 
switches from walking to running (Kram et al., 1997). 

As detailed in the literature review section, a group of past studies 
have proposed modified versions of the SFM to incorporate leadership 
behavior in pedestrians (Hou et al., 2014; Ma et al., 2016; Xie et al., 
2022; Yang et al., 2016); however, these studies are limited by the na
ture of their SFM development, which has been tested only in single- 
room configurations and cannot be easily adopted to our simulation 
scenarios. Therefore, this study uses an alternative strategy corre
sponding to the second group of the leadership behavior modeling, 
which consists of leaders sharing information with victims. Shared in
formation can include the safest route to evacuate the building as well as 
the best course of action (i.e., running or hiding) to safeguard one’s life. 

4.1.2. Leaders’ behavior 
In the ABM model, leaders help nearby victims on 1) determining 

whether running or hiding is the safest course of action, and 2) finding 

an evacuation route to safely exit the building. We based these two as
pects on a review of past work in active shooter training, in which we 
identified that key roles for leaders during evacuation are helping vic
tims on decision making and finding evacuation routes (Jonson et al., 
2020; Tucker & Hemphill, 2020; Zhu et al., 2022). The simulation model 
assumes that the leaders have received a training that enables them to 1) 
be highly familiar with the building layout and know all the evacuation 
routes and 2) identify whether it is safer to hide or run based on the 
position of the shooter. The ability of the evacuation leaders to know the 
exact position of the shooter may seem like a strong assumption; how
ever, it is feasible that a leader can estimate the shooter’s position based 
on the training and knowledge they have gained, communication with 
other leaders, and the potential availability of in-place shooter detection 
systems (SDS, 2018), which are commercially available and have proven 
to be a reliable technology to detect the location of a shooter. In addi
tion, there has been considerable on-going research (Akman et al., 2018; 
Cho et al., 2019; Li et al., 2019; Lovejoy et al., 2021; Lu et al., 2021) and 
industrial (SDS, 2018) activities to identify shooters or unique in
dividuals, making this assumption reasonable in our designed simula
tion model. By knowing the position of the shooter, leaders can leverage 
their knowledge/experience/familiarity about the site to assess whether 
running or hiding is the safest alternative. Leaders run and direct victims 
to do so when there exists a safe evacuation route, otherwise, they hide 
until finding an ideal time to run. 

To set an analytical or objective procedure for action decision 
making, we used a route risk assessment model adopted from a past 
study (Masoumi et al., 2019). The leaders are modeled to use this risk 
model to check the risk of all routes, if multiple, and decide the best 
course of action. The risk of an evacuation route r (Riskr) is formulated as 
a function of the distance (Distr) between the route and the shooter, as 
shown in Equation (1), to reflect the reduced risk level over the distance. 

Riskr =

{ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(FR − Distr)/FR

√
if Distr < FR

0 otherwise
(1)  

where FR is the firearm range of the gun used by the shooter. This risk 
assessment model is based on the given distance of a given point; 
however, an evacuation route is composed of multiple points, p, in its 
route. Accordingly, we check all points and find the minimum of all the 
distances, Distp, between the shooter and the points in the route that are 
visible to the shooter as shown in Equation (2). This minimum distance, 
when used in the risk equation, produces the largest risk in that route, 
which is the critical value the leaders need to consider. 

Distr = min
ʀ {

Distp for all points p visible to the shooter
})

(2) 

At the beginning of the simulation, leaders make an assessment of 
whether running or hiding is the best course of action when the shooter 

Fig. 1. Modeling of victims’ behavior in presence of trained evacuation leaders: (a) victims following the nearest leader, (b) victims identifying a leader while 
evacuating, and (c) leader and victims switching to a safer route. 
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starts shooting. If there exists a safe evacuation route, which corre
sponds to a route with zero risk level, the leaders run and direct victims 
to follow such a route; otherwise, leaders hide and direct their victims to 
do so when there is no safe evacuation route. Over the course of time, 
leaders continue to use the route risk function to look for a safer route for 
evacuation. If a better route is found, leaders switch to the route with the 
lowest risk level. This is continuously evaluated, and the result is re
flected as the shooter moves around during the simulation until the 
simulation ends. Such a model is important because the effectiveness of 
leaders’ presence is evaluated across computer simulations, which 
should operate based on the same principles for consistency and reliable 
evaluation. 

4.1.3. Shooter behavior 
Shooters inflict harm on victims depending on several factors, such 

as the characteristics of the gun (e.g., gun type, firing rate, firearm 
range, magazine capacity, and ammunition type) and his/her specific 
skills (e.g., shooting accuracy). An attempt to incorporate all these fac
tors in a simulation study is unfeasible and unreliable. It would require 
comprehensive ballistic models for different types of guns and shooter 
skills, which, as a result, would produce varying and thus not mean
ingful results. In addition, such a simulation would only add unnec
essary complexity to the investigation of this research, focusing on the 
leader’s impact on the safety of victims. Therefore, the study uses only 
two parameters (i.e., the firing rate and firearm range), as they 
reasonably reflect the characteristics of the gun-related parameters (e.g., 
gun type, magazine capacity, and ammunition type). For the firing rate 
and firearm range, this study includes an analysis that demonstrates that 
the use of different values for these factors may alter the fatality result 
on a single simulation, but it does not affect the overall trends that this 

study seeks to understand by evaluating scenarios based on consistent 
settings. The parameter values tested in this analysis are detailed in the 
Experimental Setup section. 

In addition to hardware-related characteristics of the shooter, the 
study models the shooter as an autonomous agent in the ABM model. At 
the onset, the shooter starts to kill the closest victim in his/her field of 
view while visiting all the closest spaces/rooms in the building 
sequentially. Beyond killing victims who are in the line of sight, the 
study incorporates killing hidden people supported by past incidents, 
noting that shooters do not simply kill victims within their sight, but 
they also scan the building looking for hiding victims (Blair & Schweit, 
2014; FOX News, 2018; Zhu et al., 2022). Specifically, this study models 
a proportion of victims as hiding instead of modeling all victims as 
running, and the simulation accounts for corresponding differences. 
Hiding victims have reduced chances of getting killed while they are still 
vulnerable to being found and shot. Therefore, we introduced an addi
tional parameter in the simulation to model the probability of the 
shooter killing a hiding victim, which can also be understood as the 
probability of the shooter finding a victim after scanning his/her sur
roundings. Similar to the firing rate and firearm range, different values 
were tested for this parameter, as described in the Experimental Setup 
section. The simulation ends when the shooter has killed all the people 
in the building or after 5 min, which, based on a previous study (Anklam 
et al., 2015), is the average time it takes for law enforcement to arrive in 
these types of incidents. 

4.1.4. Building layout 
This study used the building layout shown in Fig. 2, which has been 

previously used by Cho et al. (2019), and it is based on a portion of a 
school setting model. This is a 40 m-by-40 m building layout with two 

Fig. 2. Building layout used in the simulation model.  
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entrances/exits located on the north and east sides. This layout in
corporates a convenient level of complexity to conduct the proposed 
evaluation, as it additionally contains several rooms and in
terconnections, which provides multiple and complex evacuation routes 
for the victims. 

Fig. 2 shows a snapshot of the building layout at the first simulation 
step, in which victims and leaders are randomly positioned in the 
available rooms. This figure also provides illustrative examples about 
several scenarios that distinguish the presence and absence of leaders. 
For instance, the evacuation routes for the upper rooms (Rooms 1 and 5) 
experience high-risk levels due to their closeness to the shooter while 
Room 1 does not have safe evacuation routes and Room 5 does. The 
leader in Room 1 therefore determines that hiding is the best course of 
action, as there is no safe evacuation route. Although this option still 
may not be safe, as the shooter can enter the room and kill victims, it is 
the best option at the time of decision making. On the other hand, the 
leader in Rooms 5 evaluates two available routes and identifies that one 
of them is a safe route while the other is unsafe. Then, the leader runs 
along the safe route and directs victims to follow. This is illustrated in 
Fig. 2 with the arrow crossing Room 6 starting from Room 5. These 
examples provide comparable scenarios that highlight the presence of 
leaders who leverage their trained resources (e.g., knowledge of the 
building layout, alternative evacuation route, and shooter’s position) to 
better help victims in evacuation. 

Fig. 2 also illustrates an additional scenario in which victims in Room 
4 significantly benefit from the guidance of a leader. In Room 4, the 
leader identifies that there is a safe evacuation route by crossing through 
Room 7, as denoted by the dashed arrows. The leader from Room 4 also 
helps victims from Room 7 to a large extent. As the leader and people 
from Room 4 escape through Room 7, people from Room 7 join this 
leader’s group and follow the same evacuation route. This scenario 
further highlights the benefits that leaders provide for safe evacuation. 
On the other hand, without a leader, the victims in Room 2 and 7 may 
not take the best course of action due to inability to leverage the same 
resources available to trained leaders. 

4.2. Experimental setup 

To evaluate the effect of trained evacuation leaders on the safety of 
victims during an active shooter incident, this study analyses 2,820 
simulation executions (94 scenarios repeated 30 times each for statis
tical significance) with respect to seven parameters, including the 
number of leaders, leaders’ positioning, occupancy density, firing rate, 
firearm range, proportion of hiding victims, and probability of killing 
hiding victims. The study first conducts a primary investigation on the 
first three parameters to analyze the effect of leaders’ presence in 
various environments. The different simulation scenarios in this primary 
investigation are described below:  

(i) Number of leaders: The number of leaders varied from zero to 
eight in increments of two. The maximum number of eight 
leaders corresponds to the number of rooms in the building layout 
used in this study.  

(ii) Positioning strategy for the leaders: Two positioning strategies 
were evaluated: uniform and non-uniform. Uniform positioning 
means that the simulation places the available leaders evenly in 
different rooms to maximize the coverage of victims with a 
leader. Non-uniform positioning means that leaders are randomly 
placed within the available rooms without seeking an even dis
tribution of leaders, which may result in two or more leaders 
placed in the same room. In such a scenario, one major observ
able difference compared with the uniform scenario is a possible 
change of decision. It is possible that a safe route is identified and 
one of the leaders starts to escape with followers; however, if the 
situation changes (e.g., the shooter is approaching), the second 

leader can change the decision and guide those who are still in the 
room differently.  

(iii) Density of people in the building: The tested densities of people 
include 0.14, 0.34, and 0.54 people/m2. These densities corre
spond to 14, 34, and 54 people in a 10 m-by-10 m room. The 0.54 
people/m2 value corresponds to the minimum space per student 
designated in the classroom design standards from the New York 
State (NY.GOV, 2010). 

The primary investigation explored environmental parameters about 
the leader. The secondary investigation aims to enhance the findings 
from the first investigation by conducting a sensitivity analysis on the 
last four parameters of the aforementioned seven parameters. This set of 
parameters pertains to the shooter and victims, which can be different in 
various shooting scenarios. Therefore, the second study investigates the 
shooter-and-victim-related parameters to account for its variability with 
respect to the impact of leaders in evacuation. Each parameter was 
evaluated for four different numbers of leaders, which varied from zero 
to eight in increments of two. The parameters tested in the secondary 
investigation are as follows:  

(i) Firing rate: the tested firing rates varied from one to four rounds 
per second. These values are based on conventional firing rates 
for standard and modified versions of the AR-15 rifle (Andersen, 
2022), which is a gun that has been repeatedly used in past active 
shooter incidents (Smith, 2016).  

(ii) Firearm range: this analysis tested four firearm ranges, varying 
from 30 m to 60 m at increments on 10 m. These values are based 
on a previous study by Briggs and Kennedy (2016).  

(iii) Proportion of hiding victims: given that specific guidance does 
not exist from past studies for the proportion of hiding victims, 
we tested 10 %, 20 %, 30 %, and 40 % as potential proportions of 
hiding victims based on the analysis of materials from past active 
shooter incidents such as interviews, documentaries, and victim’s 
testimonies (Benitez et al., 2016; Browne et al., 2017; Burke, 
2022).  

(iv) Probability of killing hiding victims: this analysis tested 20 %, 30 
%, 40 %, and 50 % as potential probabilities for the shooter 
killing hiding victims, which are assumed based on the analysis of 
materials from past active shooter incidents, similar to the pre
vious parameter. 

Each of the simulation scenarios were repeated 30 times to ensure 
that the observed effects are a result of the evaluated parameters with 
statistical significance and not a product of randomness. Thus, the rep
etitions of the 94 simulation scenarios resulted in a total of 2,820 
simulation executions. The 94 simulation scenarios are computed as 
follows. The primary investigation included five varying numbers of 
leaders, and three varying densities of people that resulted in a total of 
30 different simulation scenarios. The secondary investigation tested 
four different values for each of the four parameters, which were eval
uated with four different numbers of leaders, resulting in 64 simulated 
scenarios. The number of scenarios from both investigations add up to 
94. 

5. Results and discussion 

This section presents data obtained from our 2,820 simulations and 
its results followed by analysis. To observe the leader’s impact during 
the evacuation, all results were compared with respect to the proportion 
of fatal victims. The use of fatal victim proportion is a fairer comparison 
because it is a normalized parameter, allowing relative comparison, 
unlike the number of fatal victims on an absolute scale. The following 
subsequent sections present the results and discussion for the primary 
and secondary investigations, separately. The primary investigation 
directly changes the parameters related to leaders; therefore, obtained 
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data and results following various statistical analyses allow us to observe 
the impact of the leader during evacuation. The secondary investigation 
changes the parameters associated with the shooter and victim. This 
additional investigation allows us to observe the impact of these pa
rameters on the leader during evacuation. 

5.1. Primary investigation 

To understand the effect of trained evacuation leaders on the safety 
of victims during an active shooter incident, the primary investigation 
evaluated five different numbers of leaders (i.e., zero, two, four, six, and 
eight) using two different positioning strategies (i.e., uniform and non- 
uniform). We first conducted this evaluation at a baseline building oc
cupancy of 0.14 people/m2. We then increased the building occupancy 
to 0.34 and 0.54 people/m2 to observe how the increase in density of 
people affects the observed benefits of having trained evacuation 
leaders. 

Table 1 shows descriptive statistics of the simulation results for the 
primary investigation. The descriptive statistics include the mean and 
standard deviation (SD) of the proportion of fatal victims for different 
numbers of leaders under uniform and non-uniform positioning strate
gies at a baseline building occupancy of 0.14 people/m2. We computed 
these descriptive statistics across the 30 simulation repetitions for each 
of the studied scenarios. The “% Decrease” columns show the percentage 
decrease in proportion of fatal victims with respect to the zero-leader 
case. This particular value indicates the percentage decrease of the 
fatal victim ratio with an increase in the number of leaders in the 
available space. 

In both uniform and non-uniform cases, the mean proportion of fatal 
victims decreases with a greater number of leaders. While this generality 
is true, our observation yielded a number of intriguing results. The 
positive impact (reflected in % decrease in the fatal victim ratio) on the 
uniform positioning case is more considerable than that of the non- 
uniform positioning case. This is understood generally with smaller 
standard deviations and larger percent decreases for the uniform posi
tioning case, compared with the non-uniform positioning case. Despite 
reduced impact with the non-uniform positioning case, the results 
clearly present positive evidence of leaders’ presence in evacuation even 
when the leaders’ positioning strategy is not well devised but randomly 
placed in the available space. 

Generally, we found a larger variance with the non-uniform case, as 
shown by the SD columns in Table 1. This can be confirmed in Fig. 3, 
which illustrates the distribution of the proportion of fatal victims for 
different numbers of leaders positioned uniformly (a) and non-uniformly 
(b) in the building. The larger variance for the non-uniform case is the 
result of the uneven assignment of leaders in rooms, which could 
generate scenarios with multiple leaders in a room at a cost of missing a 
leader in another room. Multiple leaders in a room largely add two 
varying effects: 1) multiple leaders can be beneficial for scenarios where 
one leader exits a room first but fails to safely complete the evacuation 
for all followers due to situational changes with the risk with a moving 
shooter. In such a situation, a second leader may help save more people, 

especially when changing a decision is necessary. For example, a second 
leader who has remained in the room can guide the rest of the victims 
through alternative routes. On the other hand, placing multiple leaders 
in the same room can be disadvantageous for scenarios where the extra 
leaders could assist victims in other rooms. Multiple leaders in a given 
room may offer additional benefits for the victims, but these benefits are 
outweighed by the additional risk the victims in other rooms experience. 
Thus, these advantages and disadvantages of multiple leaders in the 
same room produce a larger variability in the simulation results due to 
the imbalance in the coverage of victims. Comparing variances of the 
two uniform and non-uniform cases at high numbers of leaders (e.g., 4, 
6, and 8 leaders), the variances become larger. This implies that such 
situations accounting for the advantages and disadvantages are more 
frequently encountered, and the effect is included in the variance term in 
a statistical analysis over multiple simulation runs. 

Fig. 3 also expands the results of Table 1 in terms of the decrease in 
proportion of fatal victims caused by the presence of trained leaders. The 
solid lines that connect the medians of the different distributions show a 
downward trend in the proportion of fatal victims as the number of 
leaders increases. This downward trend is noticeable for both the uni
form and non-uniform positioning of leaders; however, the uniform 
positioning exhibits a steeper and more consistent decrease than the 
non-uniform positioning. This result suggests that uniformly distributing 
trained evacuation leaders throughout the building spaces results in 
enhanced benefits for victims’ safety, but even if this is not possible, the 
non-uniform positioning of leaders also offer important benefits. 

Additional analyses with different densities: The results in Table 1 
and Fig. 3 correspond to simulation scenarios using a baseline density of 
people of 0.14 people/m2. The following discussion corresponds to the 
evaluation of scenarios with densities of people increased to 0.34 and 
0.54 people/m2 in order to observe the variation in the effect of evac
uation leaders on victims’ safety as the building occupancy increases. 

Fig. 4 shows the effect of the number of leaders on the proportion of 
fatal victims for different densities of people in the building. Fig. 4 in
dicates that increasing the building occupancy changes the simulation 
outcomes on an absolute scale, but it does not significantly change the 
overall trends in reduction of fatalities in a leaders’ presence. This 
confirms the same positive benefits of the leader’s presence onsite we 
discussed previously. This also concludes that increasing the density of 
people does not significantly change the overall trends that result from 
the positioning strategy for leaders. Based on the results, even deploying 
a small number of leaders can make a difference by reducing the fatality 
rates by 10 % to 20 % in both uniform and non-uniform cases, which are 
commonly observed in all density cases. In addition, Fig. 4 presents a 
seemingly counterintuitive result. The plots show a decrease in the 
proportion of fatal victims with an increased density. However, this is a 
reasonable result, as this experiment increased the density of people 
without increasing the ability of the shooter to harm more of them, 
which results in a lower proportion of fatalities. It is important to note 
that most mass shooting cases in U.S. history are caused by one shooter. 

In terms of variability of simulation results, Fig. 4 shows that cases 
with higher densities of people had a slightly higher variability of the 
simulation outcomes. This can be understood intuitively for two reasons: 
1) more people mean more variations in escaping and 2) being shot 
depends on factors, such as proximity to shooter and proximity to escape 
route, and these factors can vary, resulting in more varying effects with 
higher densities. An additional insight provided by Fig. 4 is the consis
tent low variability of results for the scenarios with eight leaders uni
formly positioned in the building. In these scenarios, a leader is available 
in every room, which reduces the randomness associated with leader 
assignments to rooms and produces more consistent proportions of fatal 
victims as simulation outputs. Generally, for uniform leader placement 
cases, the results tend to be more consistent in terms of variability. 

Although the results presented in this section pertain to specific mass 
shooting scenarios, the findings discussed so far are consistent with the 
results of past studies in other evacuation studies (Hou et al., 2014; Ma 

Table 1 
Proportion of fatal victims for different number and positioning strategies for 
leaders.  

Number of 
Leaders 

Proportion of Fatal Victims 

Uniform Positioning Non-uniform Positioning 

Mean SD % 
Decrease 

Mean SD % 
Decrease 

0  0.51  0.03 –  0.52  0.04 – 
2  0.47  0.05 7.2 %  0.47  0.04 10.0 % 
4  0.41  0.05 19.4 %  0.44  0.06 15.5 % 
6  0.38  0.04 25.2 %  0.40  0.06 22.0 % 
8  0.33  0.01 34.5 %  0.39  0.06 23.8 %  
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et al., 2016; Pelechano & Badler, 2006). Even a few trained evacuation 
leaders can produce considerable benefits for evacuation safety. These 
findings align with the results in Table 1 and Fig. 3, which show that 
even two evacuation leaders can provide a 7 % to 10 % reduction in the 
proportion of fatalities. Also, further increasing the number of leaders by 
a margin of two results in 15 % to 19 % reduction in the proportion of 
fatalities. 

5.2. Secondary investigation 

The primary investigation pertained to leaders’ presence and its 
impact on fatalities in a mass shooting event. We conducted this study by 
statistically analyzing its impact with respect to parameters associated 
with the leaders’ presence. In doing so, the developed ABM model 
needed to set certain simulation parameters associated with shooters 
and victims to fixed values because inclusion of too many controlling 
parameters would not produce meaningful results. As discussed in the 
experiment setup section, the secondary study investigates the shooter- 
and-victim-related parameters to account for its variability with respect 
to the impact of leaders during evacuation. This investigation presents 
the impact of leaders’ presence with respect to four parameters (i.e., the 
gun firing rate, the firearm range, the proportion of hiding victims, and 

the probability of killing hiding victims). The simulations and results are 
based on a density of people of 0.14 people/m2 and uniform positioning 
of leaders. 

Fig. 5 presents the simulation results between the proportion of fa
talities and the number of trained evacuation leaders across four varying 
parameters ((a) gun firing rates, (b) firearm ranges, (c) proportion of 
hiding victims, and (d) probabilities of killing a hiding victim). This 
figure shows a general decreasing trend in the proportion of fatal victims 
as the number of leaders increases. This decreasing trend is consistent 
regardless of the values used for the four evaluated parameters, which 
confirms the same findings about the effect of leaders’ presence 
observed in the primary investigation even when considered with the 
parameters of the secondary investigation. Changing the values of these 
parameters leads to an upward or downward shift in the proportion of 
fatalities but does not affect the overall decreasing trends. Thus, the 
parameter values influence the simulation outcome but not the overall 
trends of interest in this study. 

The gun firing rate, shown in Fig. 5(a), is the parameter that pro
duces the most noticeable shifts in the proportion of killed victims, 
which is an expected result, as this parameter directly influences the 
number of victims that the shooter can harm. On the other hand, the 
firearm range, shown in Fig. 5(b), produces a less noticeable shift in the 

Fig. 3. Effect of the number of leaders on the proportion of fatalities.  

Fig. 4. Effect of the number of leaders on the proportion of fatal victims for different building occupancy levels.  

C. Arteaga et al.                                                                                                                                                                                                                                 



Safety Science 158 (2023) 105967

9

proportions of fatal victims, especially for values above the 30 m range. 
This is a reasonable result given the size of the building layout used in 
this study, but this parameter could have a more significant effect in 
larger building layouts. The results of these two parameters suggest that 
the gun firing rate parameter is more critical than the gun range 
parameter, especially in a relatively small building. 

Although Fig. 5(c) presents a slight decrease in the proportion of 
fatalities with an increased proportion of hiding victims with low 
numbers of leaders, the differences are not significant, considering the 
variations. This decrease is seen only for low numbers of leaders and 
diminishes as the number of leaders increases, to the point that the effect 
converges to null for numbers of eight leaders. This is due to the fact that 
the proportion of hiding victims only affects the behavior of victims 
when they do not have a trained evacuation leader nearby. Thus, for the 
eight-leader scenario, all victims follow the course of action indicated by 
their leader, and no victim is influenced by the proportion of hiding 
victims’ parameter. In reality, persistently hiding victims may exist, but 
the leaders’ assistance should help a hiding victims; therefore, our 
general results can still be considered valid. This is an interesting result, 
as the convergence in fatalities for a high number of leaders suggests 
that the impact of leaders is obvious for victims both in hiding and non- 
hiding states. Finally, the probability of killing hiding victims, shown in 
Fig. 5(d), affects the proportion of fatal victims but not to a large extent. 
This is because there is always a large proportion of victims running 
(instead of hiding) either by the indication of their leader or by a random 

assignment. Thus, the parameter for the probability of killing hiding 
victims only affects a reduced subset of the victims, which in turn pro
duces a low effect on the proportion of fatal victims as shown in Fig. 5 
(d). 

In summary, the results of the secondary investigation indicate that 
the decrease in proportion of fatal victims due to the presence of trained 
evacuation leaders is consistent regardless of the parameter values used 
in the simulation. Thus, the trends and insights observed in this study are 
meaningful and sound despite the parameter values used in the devel
oped ABM model. 

6. Conclusions 

This study evaluated the number and positioning of trained evacu
ation leaders on the proportion of fatal victims during an active shooter 
incident. Due to the infeasibility of conducting real-life drills of active 
shooter incidents, this study leveraged an ABM technique to conduct the 
proposed evaluation. The developed simulation model includes an 
information-sharing strategy to model the leadership behavior and the 
Social Forces model of pedestrian dynamics to model the motion of 
victims while evacuating the building. The proposed evaluation was 
conducted by running 2,820 simulation executions for 94 designed 
scenarios with a different number of leaders, positioning strategies, and 
densities of people and further observing their effect on the proportion 
of fatal victims. In addition, we evaluated different shooter and victim- 

Fig. 5. Effect of different parameters values on the simulation outcome.  
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related parameters to show that they influence the outcome of the 
simulations. Although such parameters change the fatality results in an 
absolute scale, we observed the positive benefits reflected in the overall 
decreasing trend by trained evacuation leaders. The results of the con
ducted investigation provide three valuable insights. First, even a few 
evacuation leaders, compared to none, can considerably reduce the 
number of fatalities. Second, a uniform positioning of leaders offers the 
greatest benefits for victims’ safety. However, even if leaders are non- 
uniformly positioned, they still enable a significant reduction in the 
number of fatalities. Third, the benefits of evacuation leaders for vic
tims’ safety are consistent even for high levels of building occupancy. 

The insights provided by this study can open the door to further 
studies and discussions about the importance of evacuation leaders for 
the safety of victims of active shooting incidents. Evacuation leaders can 
be especially valuable for cases where training all potential victims of 
these incidents is unfeasible due to 1) the significant stress and psy
chological repercussions that exposure to the training of active shooter 
incidents can impose, especially children, and 2) the impossibility of 
knowing in advance the visitors of a facility, such as commercial and 
public buildings. Caution must be exercised when interpreting the in
sights of this and similar computer simulation studies for active shooter 
incidents, as these are the results of pure numerical simulations. 
Providing a validation baseline for these studies is an unfeasible task, as 
it is unfeasible to compare the obtained insights with outcomes of real- 
life incidents. However, despite the pure numerical nature of the 
simulation and results provided by this study, we found that 1) the 
coherent results that support the benefit of leaders’ presence are 
observed across different simulation parameters even with a lower 
number of leaders present, 2) the study’s results support past studies in 
leader-assisted evacuation for other types of emergency situations with 
several unique insights applied to shooting scenarios, and 3) the most 
reliable benefit is observed when each room is covered by at least one 
leader due to the reduced variability of unpredictable behaviors by 
victims. 

Although this study aims at incorporating as much realism as 
possible in the developed simulation model, there are some modeling 
assumptions that can be further studied in future research to enable 
better simulation capabilities. First, this study assumed that victims only 
communicate with their evacuation leader, but in reality, there exists 
inter-communication between victims, which may affect the outcome of 
an evacuation. Future efforts can therefore focus on integrating more 
sophisticated and realistic mechanisms of intercommunication between 
victims. Second, this study assumed that the evacuation leaders are well- 
trained individuals able to respond in case of an active shooter incident. 
In reality, however, there can be spontaneous leaders or first responders 
that, despite a lack of specific active shooter training, may impact be
haviors of others. In these cases, the simulation may need to account for 
the potential imperfect training of these spontaneous leaders and their 
effect on the outcome of the incidents. Third, the simulation assumed 
active shooter events involving a single perpetrator; however, scenarios 
with multiple perpetrators are feasible in reality despite being rare. 
Therefore, future work can focus on evaluating the extent at which 
multiple perpetrators increase the risk of victims during evacuation 
guided by trained leaders and its impact on decision-making, conse
quence of the event, and others. Finally, future studies can investigate 
and incorporate more sophisticated risk-assessment models into the 
simulation. Specifically, risk models that dictate victim’s decision 
making and choice of evacuation routes based on environmental clues, 
such as hearing gunshots or victims yelling, can help increase the 
modeling capabilities of the simulation. 
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