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In recent years, attacks against crowded places such as campuses and theaters have had a frequent and negative impact
on the security and stability of society. In such an event, the crowd will be subjected to high psychological stress and their
emotions will rapidly spread to others. This paper establishes the attack—escape evacuation simulation model (AEES-SFM),
based on the social force model, to consider emotion spreading under attack. In this model, (1) the attack—escape driving
force is considered for the interaction between an attacker and evacuees and (2) emotion spreading among the evacuees is
considered to modify the value of the psychological force. To validate the simulation, several experiments were carried
out at a university in China. Comparing the simulation and experimental results, it is found that the simulation results
are similar to the experimental results when considering emotion spreading. Therefore, the AEES-SFM is proved to be
effective. By comparing the results of the evacuation simulation without emotion spreading, the emotion spreading model
reduces the evacuation time and the number of casualties by about 30%, which is closer to the real experimental results.
The results are still applicable in the case of a 40-person evacuation. This paper provides theoretical support and practical

guidance for campus response to violent attacks.

Keywords: violent attacks, crowd evacuation, social force model, emotion spreading
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1. Introduction

Terrorist attacks tend to be organized, premeditated vio-
lent crimes, often occurring in venues with a high degree of
attention and a certain degree of political interest. Compared
with terrorist attacks, extreme violent attacks due to social
injustice or personal psychological reasons occur more fre-
quently in society. Although smaller in scale, the randomness
and unpredictability of individual events of extreme violence
pose greater challenges to emergency management. For ex-
ample, on 27 March 2023, an assailant killed six people at
Covenant School in Nashville, Tennessee. While these types
of violent crimes cause many deaths, they also leave horrible
memories for others, especially students, which can lead to
psychological problems such as anorexia and phobias.!!] Re-
searchers have studied different aspects with the aim of pre-
venting violent attacks and reducing casualties, but there are
fewer studies on emergency evacuation.

The fact that most of the violent attackers on campuses
are from outside the school and that the time, manner and
cause of the attack are randomized has led to the fact that
prevention policies aimed at students have had little effect on
the prevention of violent attacks.'?! Violent attacks inevitably
occur from time to time when prevention strategies are inef-
fective, and personal escape strategies play an important role
in minimizing the number of casualties. Unlike the United
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States, China has stringent gun control laws. As a result, at-
tackers now mostly utilize tools such as knives and axes to
attack at universities. 3! Therefore, with campuses at risk of
violent attacks, rapid and effective emergency evacuation is
critical to student safety.[®! When evacuating during a fire or
earthquake, staying away from fixed ‘sources of danger’ such
as buildings is all that is required to constitute a successful
evacuation. However, during a physical attack evacuees are
choosing their evacuation routes based on the attacker’s at-
tack behavior to remain out of the attacker’s range and reach
a relatively safe location. Successful evacuation is defined as
fleeing to a location unharmed by the attack. This leads to
the potential failure of conventional evacuation plans based on
fire-related scenes.!”!

Researchers have proposed many simulation models to
study the impact of attackers on crowd evacuation behav-
ior, with the social force model being used.!¥! Social force
modeling better describes the movement patterns of evacu-
ating crowds and interactions between crowds.*~!!l Liu in-
vestigated the effects of assailants and egress on the number
of casualties based on the social force model.'?! Arteaga and
Jee combined the social force model with the intelligent body
model to study the effect of building parameters on pedestrian
evacuation efficiency during a shooting incident in a build-
ing, and found that the width of the hall and the width of the
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door had the greatest positive effect on the evacuees’ escape
behavior.[!'3 Liu ez al. considered the impact of psychological
elements on the evacuation behaviors of evacuees as well as
interactions between the evacuees and their attackers by com-
bining the social force model with the Yerkes—Dodson law.[!4]
Researchers have conducted some studies on the effects of the
interaction between attackers and evacuees on evacuation dur-
ing violent attacks through simulation modeling, but model
accuracy could be further improved.

It is important to note that during an emergency evacu-
ation, evacuees can easily become highly stressed due to the
suddenness and danger of the event, thus preventing most peo-
ple from making rational decisions.!!>! However, the impact
on different people in the same dangerous situation is not the
same, which is reflected in the differences in the ability of dif-
ferent evacuees to receive information and their psychological
tolerance.!!% In violent attacks, the evacuees quickly gener-
ate significant nervous emotion and spread it to one another,
which has a higher effect on evacuation effectiveness.

In this paper, we consider the emotional spreading of the
evacuees and add the ‘attack—escape’ driving force based on
the social force model, simulating the ‘dynamic interaction’
between the evacuees and the attackers to establish the attack—
evacuation evacuation simulation model (AEES-SFM). Two
typical Chinese university classroom layouts are reproduced
in the simulation, and the AEES-SFM is applied to simulate
the evacuation behaviors of incoming attackers attacking the
two classrooms through different attack paths. The effective-
ness of the AEES-SFM is also verified by conducting attack
evacuation experiments in classrooms that are consistent with
the simulation scenarios.

2. Modeling
2.1. Social force model and previous modified models

The social force model proposed by Helbing brought a

[17]

new development to simulation modeling,'" ! as shown in the

following equation:

. 0\ 00 (1) .
80, Vi ()€ () — i (D)
dr T;
+ Y fit Y fw, (1)
i W

where m; is the mass of the individual, v; denotes the velocity
vector of the individual, v?() denotes the magnitude of the de-
sired velocity of the individual, €?(¢) denotes the direction of
the desired velocity of the individual, f;; denotes the interac-
tion between the individual i and the other individual j, which
includes both contact and non-contact forces, and f; denotes
the interaction between the individual and an obstacle such as
a wall, which also consists of both contact and non-contact
forces.

Since the interactions between personnel and personnel
and between personnel and obstacles are very similar in the
social force model, Eq. (1) is rewritten here by replacing the
original categorization according to the source of the force
with the categorization according to the nature of the force
to obtain

dov;
miT; = Fp, + Fs; + Fg;, 2

where Fp; denotes the self-driving force of individual i, F;
denotes the psychological force on individual , ¢ denotes time,
m; denotes the mass of person i, and v; is the velocity of per-
son i. The self-driving force Fp; is given by
0
Fp; = miw, 3)
T
where v? denotes the desired velocity of evacuee i, v;(t) is
the velocity of person i at moment ¢ and 7 is the characteristic
time.
The psychological force Fy; is the vector sum of the psy-
chological forces that evacuee i is subjected to by all other
evacuees j as well as the obstacle w, as shown in Eq. (4), while

the social force F;; generated by other evacuees j is shown in
Eq. (5);

Fsi = Zj Fsii+Y . Fsi, )
1+cos 6;;

FSl.j:AeEij/B l‘i’(l*)t) 3

(—m; j)' (%)
Here A and B are constants that measure the strength and range
of action of the psychological force, €; denotes the distance
between evacuees i and j,

&j=dij—ri—rj, (6

where r; and r; are the radii of evacuees i and j, and d;; is the
distance between the centers of mass of i and j. The direction
of Fg;; is denoted by —mn;;, which is a unit vector pointing
from evacuee j to evacuee i. The parameter A characterizes
the anisotropy of the social force. 6;; denotes the angle be-
tween the vectors v; and n;;. The psychological force F;,
generated by the obstacle w can be obtained similarly.

The contact of evacuee i with other people or obstacles
generates a physical force Fi;, where the physical force Fg; is
shown in Eq. (7). Where evacuee i is subjected to an obstacle
such as a wall, w generates a physical force Fg;, as shown in
Eq. (3);

FGi:Zj Feij+ Y., Foiw: @)
FGivw = Kg(&w)Miw + 18 (&) (—Viw - tiw) i, (3)
where kK and u are normal quantities indicating the strength
of the elastic force and friction force, respectively, v;, denotes

the velocity of evacuee i to obstacle w and ¢;,, denotes the tan-
gential unit vector between evacuee i and obstacle w. Physical
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forces are generated only when an evacuee is in physical con-
tact with an obstacle, so the function g(&;,) is greater than &,
and 0. Fg;; is found identically.

Gao et al.!'81 improved the social force model by divid-
ing the psychological forces in the social force model into
collision-avoidance force and time-headway force and pro-
posed the expected collision time, as shown below:

Fy; = Fy; + Fy, 9)
-
L
Fg: _ml‘L'7 TV <7, (10)
0, TH > 1,
Vij - 1
UMY
F§ = K (11)
0, 7€ >,
where
dii-cos8| —1/(2R)? — (d;; -sin0)?
n_ |d-cos6| —\/(2R) — 4 P
[vil
dij-cos@| — 1/ (2R)* — (d;; - sin@)?
TC:|” | \/| | Y . (13)
Vl'j

Ding et al.!"! modified the determination condition of
psychological force on this basis to eliminate the oscillation
phenomenon in the social force model, as shown below:

—vjj —|—\/'UJ2-I- +2ai(d;jcos ¢ — \/(Zr)2 —(d;;sin 0)?)

TC =
a i ’
(14
where cos ¢ and sin ¢ are given by
dji-vji
CosSp = ————
[ dji || vji |
. dji-vji
sinQ = ——————. (15)
| dji || vji |

The collision-avoidance psychological force describes the
collision avoidance distance between evacuees i and j with
psychological factors. When evacuees face attacks the pres-
ence of the attacker will cause evacuees to panic too much
and the need to maintain a proper safe distance from the at-
tacker is more urgent; they are more inclined to maintain a
proper safe distance from the attacker to avoid violent at-
tacks and then choose the right time to escape. Therefore, in
this paper, the interactions between attackers and evacuees are
captured by improving the collision-avoidance psychological
force and adding the attack—escape driving force to the social
force model.

2.2. Model of emotion spreading

The presence of attackers complicates crowd evacuation
behavior. Interviews with participants have shown that people

tend to be influenced by the emotions of others when facing
a violent attack, leading to further panic and confusion.?"]
Therefore, this paper establishes a model for the spread of
evacuees’ nervousness so that the simulation is more in line
with their actual behavior.

When the nervous emotion of pedestrian evacuation is
higher, the degree of tolerance for crowding and collision is
also higher, and the requirement for personal space is also re-
duced. Under the support of this theory, the psychological
force in the social force model is modified to obtain

F{=(1—¢q(1))Fs, (16)

where the parameter ¢; (¢) indicates the nervous emotion dur-
ing evacuation of individual i at the moment . Within the
value range of (0,1), when g = 0 the individual will move ac-
cording to the full value of the psychological force, and when
g =1 the individual will not be affected by the psychological
force. Since the psychological force has the effect of coun-
teracting the self-driving force to slow down the acceleration,
the larger the value of ¢ is the more tolerant the pedestrian
is to the collision behavior. The model references the spiral
transmission model proposed by Bosse et al.?1:*?! in 2009 for
a discussion of the transmission of nervous emotion between
pedestrians during evacuation.

In an interactive process, each pedestrian has the identity
of both the sender and the receiver of the psychological state,
which forms the basic framework for the mutual dissemination
of psychological factors in the evacuation process. As shown
in Fig. 1(a), the information related to the sender of the ner-
vous emotion is labeled with the subscript S, and the informa-
tion related to the receiver is labeled with the subscript R. As
shown in Fig. 1(b) for the interaction process between a single
nervous emotion sender and a single receiver in an evacuation,
under each moment ¢ each person has the current evacuation
nervous emotion measures gs and gg. For the propagators of
psychological state, according to individuals’ different person-
ality traits and behavioral preferences, who possess different
expression tendencies, those who are more inclined to express
their internal states have a greater influence on the surround-
ing pedestrians. The degree of an individual’s preference for
expression is represented by the parameter € € (0, 1). For
the receiver of the psychological state, according to each per-
son’s personality traits, the ability to recognize the psycholog-
ical state conveyed by the surrounding pedestrians is different.
For example, pedestrians who are sensitive and observant at
heart can obtain more information from the gestures, voices,
facial expressions and other factors of the surrounding pedes-
trians, and are more able to experience the changes in the ner-
vous emotions of the surrounding pedestrians during evacua-
tion, while some pedestrians can only feel the current changes
in urgency for evacuation through the pushing and shoving and
acceleration of pedestrians. The receiver’s sensitivity to the

128901-3
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psychological states of others is represented by the parameter
Og € (0, 1). Both psychological expression preference €5 and
degree of psychological sensitivity O are closely related to an
individual’s personality traits, which will be more different be-
tween people but less related to the environment. To complete
the process of transmitting the psychological state of nervous
emotion from the sender to the receiver during evacuation, it is
also necessary to consider the channel strength of the psycho-
logical state spread . Intuitively, with the increase in distance
between pedestrians, the effect of the sender is bound to decay.
Therefore, in this paper, the channel strength of the spread of
the psychological state between pedestrians is simply defined
as the inverse of the distance

Olsg = 17

1

|dsr|

Based on the above analysis, we define the intensity of the
influence of the psychological state ysg between individuals as
in Eq. (18). If ysg = 0, it means that the current group of in-
dividuals shows no interactions of psychological states at all.
If ¥sr = 1, the current receiver is maximally influenced by the
propagator of that psychological state. It is evident that when
sk is not 0, the receivers can all feel each other’s nervous
emotion during evacuation from the sender, and the higher the
value of Ysgr, the more influenced they are. Then at this time,
the change in the situation of the receiver’s nervous emotion
during evacuation can be described by Eq. (19), where § de-
notes the degree of urgency that the receiver expects to achieve
under the influence of others

Ysr = EsOtsRrOR, (18)
dq(t)

” = &sasrOr (G —q () = Ysr(§ —q(t)). (19)
s

The degree of urgency of the evacuation behavior is only
an artificial definition of the psychological state, and a value
between 0 and 1 is only symbolic and cannot be used as a
real quantitative evaluation index. Consequently, it is not suf-
ficient to categorize pedestrians’ psychological states as high
or low; rather, the effect on the recipient should be consid-
ered simultaneously from the perspectives of ‘emergency’ and
‘non-emergency’. Different individuals have different recep-
tive preferences for different types of psychological states, for
example some pedestrians are more likely to be affected by
the agitation and excitement of the pedestrians around them
and become impatient, while others are more likely to feel the
calmness of the people around them and become more relaxed.
Therefore, the effect of the influence of the communicator’s
psychological state is categorized here in terms of positive and
negative, which are denoted by gy and gp, respectively. Fig-
ure 1(b) briefly illustrates the effect of the nervous evacuation
emotion of the sender of the psychological state on the receiver

in different trend directions, where equal proportionality logic
was chosen for calculating the change values.

[Senderl lReceiver|

€ « é 1
0 0 g
£
(o)
5}
Channel 4
Sender Receiver E
5}
Z

0
Fig. 1. Nervous emotion spreading of pedestrians: (a) emotion spread-
ing between pedestrians and (b) changes in nervous emotion during
evacuation.

Considering the direction of the ‘urgency’ trend, in the
range of (0,1), the communicator’s psychological state in-
creases from O to gs. For the receiver of the psychological
state, the existing state is 1 — gg, then according to the logic
of equal proportionality, the upsurge value in the current re-
ceiver’s nervousness is gs(1 — gg), so the result for upsurge
of nervousness during evacuation can be obtained as shown
in Eq. (20). Similarly, considering the ‘non-urgent’ trend, the
propagator’s psychological state changes from 1 to gs; at this
time, the psychological state of the receiver of the existing de-
cline in the space of gg, in the logic of equal proportionality
of the receiver of the decline in nervousness, is (1 — gs)gg, sO
that the decline in nervousness during the evacuation can be
obtained as shown in Eq. (21)

Gu=qr+qs(1—qr)=1-(1—gs)(1—gr), (20)

gp = qr — (1 —qs) qr = q4sqr- 21

On this basis, the degree of preference for acceptance of pos-
itive and negative change P is defined according to the indi-
vidual’s personality, and is used to characterize the receiver’s
tendency to accept the two trends of ‘nervousness’ and ‘non-
nervousness’ after being informed of the propagator’s psycho-
logical state. Finally, the expected nervousness during evacu-
ation is obtained by

4 = Brgp + (1 —PBr)dp
= Br(1—=(1—gs)(1—gr))+(1—Br)gsqr. (22)

The nervous emotion of a single individual during evacuation
is affected by all individuals within a certain range at each mo-
ment. In the model, only the influence of other pedestrians’
psychological states within 5 m of the individual is consid-
ered. Individuals whose psychological state can influence the
receivers are denoted as the set G. Note that this set does not
include the receivers themselves. At this point, the receiver’s
nervous evacuation emotion changes equation from Eq. (19)
to

dCIR(t) _ Z dCIR(t)

dt s dr g
= ¥ vr[Br(1—(1—gs)(1—qr))
S€G
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+ (1= Br) qsqxr|- (23)

The psychological state receiver needs to perform one
calculation for each psychological sender of nervous evacua-
tion emotion, which is very computationally intensive. The
calculation is simplified here by a weighted average of the
sender’s nervous evacuation emotion under the degree of in-
fluence 7, and by replacing each individual’s unique evacua-
tion nervous emotion value with the new mean value, which is

denoted here as g*; it is computed by
* Ysr E50sROR

q = qs = ~ - < 4s
Y Ysr Y. €50srOR
56 g6 5€C g6

EsOlsR
- Y esasg )
€6 &

Simplifying Eq. (18) by using ¢* as the current nervous

= Y rsr[Br(1—(1—¢") (1 —4qr))

SeG
+(1-Br)q"qr].- (25)
Note that currently for any propagator within the set G,
the value in parentheses in Eq. (25) is the same. Therefore,
the current emotional acceptance strength parameter Jx of the
receiver is defined here, and the method of calculation is as
shown in Eq. (26), which ultimately yields the state of the
pedestrian’s nervous emotion during evacuation over time un-
der the influence of the other pedestrians in the surrounding
area, i.e., as shown in Eq. (27). Table 1 systematically shows

the meaning of the symbols appearing in Subsection 2.2

) ; . : W= Y TR, (26)
emotion during evacuation for each psychological state prop- G
agator within the set G, we obtain dgg(t) _ L1 N (1
d = W[Br(1—(1—¢") (1 —qr))
dqR(l) . Z dqR(l) t
ey At s + (1= Br)q"qr]. 27)
Table 1. Parameter interpretation for the model of nervous emotion spreading.
Parameter Value Meaning

q 0,1) Quantitative value of evacuation nervous emotion

dsp / Distance between sender and receiver

& 0,1) The propensity of the sender to express psychological states
sg 1/dsg Channel strength between sender and receiver

Or 0,1) Receiver’s sensitivity to others’ psychological states

Br 0,1) Receiver’s degree of preference for the reception of nervous emotion

Ysr E50spOR Level of impact between sender and receiver

G dsg <5m The set of all senders S that influence the receiver R

YR Y Ysr The sum of the levels of influence of all S in G

S€G
q Y ):Ssgsg qs Nervous evacuation emotion-weighted mean of all S in G
SEG e STk
qu 1—(1—¢")(1—qgr) Receiver’s nervous evacuation emotion reaches a maximum
4dp q qr Receiver’s nervous evacuation emotion decreases to a minimum

2.3. Attack—escape simulation model

The presence of an attacker in a violent attack has a sig-
nificant impact on crowd evacuation, with dynamic interac-
tions and even brief confrontations with the attacker during
the crowd evacuation process. When people face violent at-
tacks, they often also experience a spreading of nervous emo-
tion, leading to further panic and confusion, which seriously
affects evacuation efficiency and the safety of evacuees. Based
on the above phenomenon, the attack—escape evacuation sim-
ulation model is proposed to simulate the evacuation behavior
of crowds under violent attacks.

2.3.1. Attacker simulation model

In a violent attack incident, the attacker’s attacking be-
havior generally manifests itself as a continuous indiscrimi-
nate attack. In this paper, we adopt a close-range attack strat-
egy, in which the attacker will directly attack the target person

if the distance between the attacker and the target person is
close enough. If an evacuee escapes the range of the attacker,
the attacker will refrain from chasing and attacking the evac-
uee and will instead attack someone else nearby. If the dis-
tance between the attacker and the nearest person is greater,
the attacker will attempt to chase that targeted person with a
determined speed to slash. The evacuation behavior ends when
all evacuees have escaped from the room in the building. The
attacker simulation model is established accordingly.

When the attack event occurs, the attacker k will choose
the nearest evacuee i as the target of the attack, and in the
characteristic time 7 the attacker chases, moving in the direc-
tion of the evacuee i with the desired speed by adjusting his
actual speed, i.e., this is subject to the effect of the self-driving
force. The self-driving force Fp; of the attacker k is given by

v — v (t)

Fpp = my (28)
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During the attack, the attacker needs to constantly chase and
cut the evacuees, so the psychological and physical forces gen-
erated by the evacuees are negligible for the attacker, who will
focus on the forces with the obstacle w. During the attack
on the evacuees, the attacker needs to keep a certain distance
from the obstacle to avoid possible physical contact, and will
also be subjected to a certain amount of elasticity and friction
when physical contact with the obstacle occurs. The vector
sum f,,, of the psychological and physical forces generated by
the obstacle w to which the attacker k is subjected is

fow =Y, Foiw+ Y, Fstw- (29)

The set of equations for the evacuation simulation model
for attacker k is given by

dv
Fx = mk(T: = Fpi + fiw,
v,?f'vk(t)

Fpy = me———
Fgy = ,Ug(gkw)nkw + Kg(gkw)(_vkw : tkw)tkw>

1+cos 6y,

Fpy = Ac®/B 1A+ (1-2) >

Mgy,  (30)
where k and U are normal quantities representing the strength
of the elastic and frictional forces, respectively. A and B are
constants measuring the strength and range of action of the
psychological force. vy, denotes the velocity of attacker k at
the obstacle w. t,, denotes the tangential unit vector between
attacker k and obstacle w. ny,, is a function that is generated by
the physical contact between the individual and the obstacle.
Physical forces are generated only when a person is in phys-
ical contact with an obstacle, therefore the function g(&,,) is
the greater of &,, and 0. 7y, is a unit vector pointing from
attacker k to obstacle w. &, denotes the distance between at-
tacker k and obstacle w.

2.3.2. Evacuee simulation model

People tend to choose the nearest exit to escape from fires.
However, evacuees in a violent attack often assess risk factors
based on the actual attack, avoid the attacker’s location and
choose an appropriate evacuation route. The shortest evacua-
tion route at this time is not necessarily the safest evacuation
route.

The attacker and the evacuee are defined as a circle with
a radius of 0.2 m interacting in a room in a building. Calcu-
lations yield the conditions for evacuee i to be cut in contact
with attacker k shown in Eq. (26)

|dyi| - sin@ < 2r, 3D

where r denotes the body radius between the attacker and the
evacuee, and the expected time for evacuee i to be chased by
attacker k is denoted as TC. When |dy;| sin ¢ < 2r, the evacuee

comes into physical contact with the attacker, at which point
the attacker will injure the evacuee, evacuee i will be killed
or injured and the evacuation will end, with the evacuee no
longer being subject to the attack—escape driving force. The
attack—escape drive occurs when evacuees i judge that they
will be chased and cut down by an attacker k£ within time 7.
The judgment conditions at this point are analyzed below. In
the analysis, using evacuee i as the reference system, the abso-
lute velocity vy, of attacker k is converted to the relative veloc-
ity vy; under the reference system of evacuee i. At this point,
the attacker k moves relative to i in three states, i.e., chasing
i, moving away from i and keeping the relative distance from
i unchanged, which corresponds to the three states of v;dy;
greater than 0, less than 0 and equal to 0, respectively.

When vy;dy; < 0, evacuee i and attacker k will be far away
from each other, the evacuee will not be chased and killed
and will choose a suitable evacuation path to escape; when
viidy; > 0, the attacker k is chasing the approaching person i
or keeping a fixed relative distance between the two, and the
expected time to be chased and killed is denoted as 7C. When
TC is greater than the expected chase threshold 7, it means that
the distance between the two is large enough that the attacker
k may choose the closer evacuee j as the target of the attack,
and therefore there is no need to consider the attack—escape
drive force of the attacker k for the evacuee i. When 7€ <7,
the attacker k will chase and kill the evacuee i within the ex-
pected time threshold, and then the evacuee i will be subject to
the ‘chase-and-run’ drive. At this point, the possible states of
motion are shown in Fig. 2.

Fig. 2. State of motion between evacuee i and attacker k.

If the evacuee i is in a violent attack event and has not yet
been attacked, he or she will observe whether they are the tar-
get of the attacker’s attack. If they are, the attack—escape driv-
ing force will be generated. At this point, the critical state will
be |dy;|sin @ < 2r, and the judgment state will be vy;dy;> 0 and
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TC€<t. Atthis point, the evacuee i will be hacked or killed dur-
ing physical contact with the attacker. The attack—escape drive
force FY; is determined by the distance and desired speed be-
tween attacker k and evacuee i,

[0 —vi(1)] - v - dg
T

Fy; =m; “dy;. (32)

In violent attacks, evacuees are under extreme psychological
stress due to the presence of the attacker, and the psychologi-
cal power of evacuees to maintain a certain distance from other
evacuees and obstacles is drastically reduced compared with
normal conditions. Therefore, based on the social force model,
the model for spread of nervous emotion during evacuation
proposed in Subsection 2.2 is introduced to the psychologi-
cal force of evacuees, which more realistically responds to the
evacuation state of pedestrians, and the psychological force
F; of evacuee i during the occurrence of slashing is given by

Fsi=(1—-q(1))Fs. (33)

In summary, when evacuee i is attacked in a violent at-
tack event and is the target of the attacker, then the evacuee

simulation model equation set is

dov;
F, = miTI' = Fp; + Fg;+F; + F,,
v}
i

P — (1)

FD,-:m
T

Fgi = Zj Feij+Y.,, Foiw,

[0 —v;(t)] - vgi - dii

)

Fgxi = m; p 'dki7
Fy = (1=q(0) B
G50 _ e b1~ (1-4) (1~ g)

+ (1-Br) g 4r], (34)

where v? denotes the desired velocity of evacuee i, v;(f) is
the velocity of individual i at moment ¢, 7 is the characteristic
time, dy; represents the distance between attacker k and evac-
uee i and vy; represents the velocity of the attacker towards the
evacuee (i.e., the velocity of the assailant minus the velocity
of the evacuee).

A flow diagram of whether evacuee i is subject to the
attack—escape driving force is shown in Fig. 3.

Begin to determine if evacuees are subject to the ]

[ “attack-escape” drive force.

Whether or not

the attacker
was found

No

Not subject to the “attack-
escape” drive force

The position is
unchanged

e

I

Yes

Whether or not
the attacker
was attacked

Yes

Start evacuation

Is the attacker
getting closer

Yes

Subject to the “attack-
escape” drive force

Continuing
evacuation

No

Fig. 3. Flowchart of the conditions for the generation of the attack—escape driving force.

3. Validation and simulation
3.1. Evacuation experiments under attack

We chose experimental locations in two classrooms of a
university in China, as shown in Fig. 4. Figure 4(a) shows the
standard classroom layout, with each row of tables horizon-
tally spaced 0.6 m apart and each column of tables vertically
spaced 1.4 m apart. Figure 4(b) shows an exam classroom lay-
out, with each row of tables horizontally spaced 0.4 m apart

and each column of tables vertically spaced 1.2 m. The ex-
periment is divided into four groups. The arrangement of the
classroom tables and chairs as well as the attacker’s path of
attack served as the independent variables in the experiments.

The experiment received ethical approval from the Ethics
Committee of the People’s Public Security University of
China. One hundred students aged 18-20 years (80 male, 20

female) voluntarily participated and were randomly divided
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Fig. 4. Classroom floor plan for violent attack evacuation experiment:
(a) standard classroom and (b) examination classroom.
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Fig. 5. Live views of the violent attack evacuation experiment in the

classroom.
into 10 groups of 10. Each participant received $50 after the
experiment. Evacuees were familiarized with the experimen-
tal site and given a 10-min break after each experiment to mit-
igate fatigue. The experiment was recorded using two fluorite
cameras atop a 2-m high air conditioner, which underwent fo-
cal length calibrations before the experiment. Each evacuee
wore a distinct colored hat and occupied a designated posi-
tion. Books were placed on tables to recreate a classroom sce-
nario. The attacker used a 0.5-m model silicone machete to

enter through the front or back door and pursued a predeter-
mined route until the last evacuee left, ending the experiment.
Experiments 1-4 were conducted sequentially for each group
and repeated 40 times in total. A diagram of the experimental
procedure is shown in Fig. 5.

3.2. Simulation 1: Validation based on the classroom
attack evacuation experiment considering emotion
spreading

3.2.1. Simulation setup

Experimental scenarios were reproduced in the simula-
tion, as shown in Fig. 6. The colored circles in the room are
evacuees while the black circle at the door represents the at-
tacker. Figure 6(a) shows the simulated standard classroom
layout and Fig. 6(b) the simulated examination classroom lay-
out.
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Fig. 6. Schematic of the simulated environment (colored circles in the
room are evacuees, the black circle is the attacker): (a) standard class-
room and (b) examination classroom.

In the simulation program, 10 evacuees and one attacker
are set in the classroom. The attacker adopts two attack strate-
gies: entering from the front door and entering from the back
door to attack the two classrooms, respectively, with a total of
four simulation programs, as shown in Table 2, and the aver-
age value was taken after 30 simulations of each program.

Table 2. Evacuation simulation design for violent attack in a classroom.

Simulation number  Classroom type Attack route

1 Standard layout

Attacker enters from the front door, chases and slashes along the designated path,

and then exits by the back door

Attacker enters from the back door, chases and slashes along the designated path,

and then exits by the front door

Attacker enters from the front door, chases and slashes along the designated path,

and then exits by the back door

2 Standard layout
3 Examination layout
4 Examination layout

Attacker enters from the back door, chases and slashes along the designated path,

and then exits by the front door

3.2.2. Setup of parameters for emotion spreading
model

In the nervous emotion model, the values of Bg and 7Ysg
determine the psychological tolerance of the evacuees to a cer-
tain extent. Therefore, it is necessary to determine the range
of values of fBg and ysg before the simulation. Considering
that the individual parameters are the same when the simu-
lation is performed by the four simulation programs, simula-
tion program 4 is selected for the determination of the nervous

emotion parameter during evacuation. As mentioned earlier,
the closer Br and ysg are to 1, the higher the nervous emo-
tion of the evacuating pedestrian is. Through interviews with
subjects who participated in such experiments, we learned that
when a violent attack incident occurred in the classroom evac-
uees were very likely to express their emotions externally un-
der extreme nervous conditions; at the same time, they were
very likely to feel the emotional changes of the people around
them, which resulted in their evacuation behaviors being in-
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fluenced by others. Therefore, in this paper the value of fg is
determined based on a value of 0.9 for & and 0.

Figure 7 illustrates how the evacuation time decreases as
the value of Bg increases when ¢ is 0.1. When fg takes a
value of 0.9, the evacuation time is reduced by 10.8% com-
pared with when Bg equals 0.1. When the value of g reaches
0.7, its effect on the evacuation time begins to decrease, proba-
bly because when g = 0.7 the evacuating individual has been
extremely susceptible to accepting the nervous emotions of
the people around them during evacuation so that he or she
reaches a higher level of nervous emotion, thus speeding up
the evacuation. When By increases further, the effect on the
nervous emotion of evacuees is relatively reduced, resulting
in a smaller decrease in evacuation time. When ¢ = 0.9, the
effect of Bz on the evacuation time is very small because the
evacuating individual already has very high level of nervous
emotion in the initial state and because the effect of Bz on the
individual’s nervous emotion is small. This results in a slight
reduction in the evacuation time, which also illustrates the va-
lidity of the mechanism of the spread of nervous emotion dur-
ing evacuation.

10.5
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Fig. 7. Changes in evacuation time for different nervous emotion recep-
tion preferences and initial levels of nervous emotion.

3.2.3. Simulation results

In this paper, the AEES-SFM is implemented using MAT-
LAB 2021b. The mainframe CPU has a frequency of 2.5 GHz
with Windows 11 64-bit being the operating system; 16 GB
of RAM is available. The simulation program computes once
every 0.02 s with a pedestrian radius of 0.2 m.

3.2.3.1. Evacuation time

The simulation results for reaction time are shown in
Fig. 8(a) and those for evacuation time are shown in Fig. 8(b).

As shown in Fig. 8(a), there is a significant difference
in reaction times between simulations where the attacker en-
ters through the front door (simulations 1 and 3) and those
where the attacker enters through the back door (simulations
2 and 4). When the attacker enters through the front door,
evacuees detect the danger immediately and react quickly.

Conversely, when the attacker enters through the back door,
evacuees can‘t detect the danger in time and react only when
the attacker is close, resulting in a longer reaction time. As
shown in Fig. 8(b), evacuation times for simulations 1 and 2
are greater than those for simulations 3 and 4. This may be
due to the layout of the examination classroom, where desks
are evenly spaced, providing evacuees with more evacuation
routes and allowing for flexible evacuation. In the standard
layout, desks are grouped, creating a ‘barrier’ between evac-
uees and the attacker, making it harder for the attacker to ap-
proach directly but also limiting evacuation routes, potentially
leading to longer evacuation times due to ‘confrontations’ with
the attacker. There is no positive correlation between reaction
time and evacuation time in the simulations. Quick reactions
do not always result in faster evacuation. When the attacker
enters through the front door, evacuees react quickly but evac-
uation times are not necessarily shorter than when the attacker
enters through the back door. This may be because evacuees
start evacuating from a greater distance and choose routes dy-
namically, potentially leading to confrontations with the at-
tacker and longer evacuation times.
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Fig. 8. Simulation results: (a) reaction time simulation results and
(b) evacuation time simulation results.

3.2.3.2. Casualties

Figure 9 compares the simulation results for casualties,
reaction time and evacuation time. It shows that simulations
1 and 2 had more casualties than simulations 3 and 4. This

128901-9



Chin. Phys. B 33, 128901 (2024)

may be due to the layout of the exam classroom, where tables
and chairs are individually placed allowing evacuees to choose
their evacuation direction freely. Compared with the standard
layout, individuals are less influenced by others and have more
evacuation routes, enabling quick and flexible movement to-
wards exits upon detecting an attacker, thus reducing casual-
ties. An attacker entering through the back door caused more
casualties than when entering through the front door, as people
were unable to react in time, increasing casualties. This may
also explain why evacuation times for simulations 2 and 4 are
shorter than those for simulations 1 and 3, respectively. The
evacuation time is inversely related to the number of casualties
in the same layout. Simulations 1 and 2 had longer reaction
times than simulations 3 and 4 due to the decentralized barri-
ers and more routes for attack and evacuation, allowing both
attacker and evacuees to move quickly. Reaction time closely
relates to the number of casualties and has a significant impact
on evacuation success, with shorter reaction times resulting in

fewer victims.
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Fig. 9. Comparison of mean values of evacuation time, reaction time
and casualty simulation results.

3.2.3.3. Exit choice

This simulation modeled selection of an evacuation exit
(Fig. 10). In the standard classroom layout, evacuees tended
to choose the door from which the attacker entered as an es-
cape exit, with simulation 1 averaging 3.8 evacuees from the
front door and simulation 2 averaging 2.3. In contrast, in the
exam classroom layout, evacuees chose the opposite door to
the attacker’s entry, with simulation 3 averaging 2.5 evacuees
from the front door and simulation 4 averaging 4.1. This dif-
ference may be related to desk placement. In the standard
layout, evacuees were influenced by the side-by-side desk ar-
rangement and chose the door from which the attacker entered.
In the exam layout, desks were individually arranged, provid-
ing more evacuation path choices and allowing evacuees to
choose their evacuation direction at the first opportunity.

5.0
—=— Front door
Back door
4.5F

4.0f
3.5F
3.0f

2.5 o

2.0

Number of exit choice (num)

1 2 3 4
Simulation number

Fig. 10. Variation of the mean value of the simulation results for the
number exit choices of evacuees.

3.2.4. Comparison of experimental and simulation re-
sults

Figure 11 compares the experimental findings for evac-
uation time and casualty count with the simulation results,
eliminating extreme values. The extreme values in the exper-
imental data were deleted and compared with the simulation
results since the simulation was unable to accurately replicate
the phenomenon of confrontation between the evacuees and
the movement of the attacker in the actual experiment. The
modeling and experimental findings for evacuation time and
number of casualties, as seen in the figure, are rather similar
and within the acceptable range.

14} B8 Evacuation time of experiment results |
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Fig. 11. Comparison of mean values of simulation results for evacuation
time, reaction time and casualties.

After the Kolmogorov—Smirnov test, simulation results
and experimental results for evacuation time (excluding ex-
treme values) conformed to a normal distribution, while the
number of casualties did not conform to a normal distribution.
Therefore the z-test was used for evacuation time, while the in-
dependent samples Mann—Whitney test was used for the num-
ber of casualties to determine whether the differences between
the simulated and experimental data were significant. The
experimental and simulation data were imported into SPSS
Statistics 26 for analysis. Table 3 shows the results of the test;
the P-value is greater than 0.05, which indicates that there is
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no significant difference between the experimental data and
the simulation results.

Table 3. The P-value for the significant difference test between experi-
mental and simulation results.

Category P-value Whether or not it is significant
Evacuation time 0.090 No
Casualty situation 0.490 No

3.3. Simulation 2: The effect of emotion spread based on
simulation results

Once the AEES-SFM has been validated, we went on to
simulate the effect of psychological factors on the AEES-SFM
in evacuation effectiveness. Snapshots of the simulation pro-
cess are shown in Fig. 12.
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Fig. 12. Snapshots of the simulation: (a) simulation at 4 s and (b) sim-
ulation at 16 s.

Several simulations were carried out under two different
conditions — evacuation of 10 and 40 people. The simulation
results are shown in Fig. 13.

Trends in casualty numbers and evacuation times show
similar characteristics as the number of evacuees rises, regard-
less of psychological influences. However, the influence of
psychological factors on evacuation effectiveness varies with
different attack modes and classroom layouts. With 10 evac-
uees, psychological factors slightly reduced evacuation time
by up to 30% and casualties by nearly 34%. With 40 evac-
uees, psychological factors have a greater impact, especially
when the attacker enters through the front door in the exam
classroom layout. This is because evacuees can start to evac-
uate promptly and accelerate the process under stronger psy-
chological effects, leading to a greater reduction in evacua-
tion time and casualties than when the attacker enters through
the back door. In the exam classroom layout, obstacles (desks
and chairs) are more dispersed, providing evacuees with more
choices of evacuation route. Nervousness allows them to
choose different routes to evade the attacker and accelerate
evacuation. Simulation 3 showed the most significant change
after considering psychological factors, with substantial de-
creases in evacuation time and casualties. The results prove
the effectiveness of the mechanism of spread of nervous emo-
tion during evacuation.
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Fig. 13. Effect of nervous emotion on evacuation effectiveness: (a) evacua-
tion results for 10 people and (b) evacuation results for 40 people.

4. Conclusion

In this paper, we propose an attack—escape simulation
model, which considers the nerves of the evacuees and im-
proves the social force model in two aspects: the evacuees and
the attackers. Two classroom layouts are used as simulation
environments to realize the model. The validity of the model
was verified by comparing the experimental results with the
simulation results by conducting experiments involving vio-
lent attack. In addition, the comparison between the simula-
tion results for 10 and 40 people shows that the influence of
emotions on the evacuation results becomes larger as the num-
ber of people increases, proving the validity of the model of
emotion spreading.

Our results show that (1) there is no association between
the length of time it takes to evacuate and the number of ca-
sualties, suggesting that the reaction time of those being evac-
vated has a significant influence on whether they can do so
successfully; (2) dispersed placement of desks and chairs in
the classroom is more convenient for the evacuation of person-
nel and effectively reduces the number of casualties; (3) there
is a relationship between the attacker’s attack route and the
number of casualties: higher casualties were inflicted by the
attacker coming through the classroom’s back entrance, indi-
cating that the attacker’s original location had a greater bear-
ing on the number of injuries; (4) with the same attack strategy
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and different classroom layouts, the evacuees reflected oppo-
site exit selection tendencies, which were mainly related to the
placement of desks and chairs in the classroom.

There are some limitations to our study. (1) Due to the
limitations of the experimental conditions, the subjects in the
experiment were all college students in good physical con-
dition, and primary and secondary school students were not
involved. Compared with primary and secondary school stu-
dents, college students are more versatile in thinking and act
more quickly. (2) The simulation and experiments are local-
ized scenes that do not involve evacuation behavior outside the
classroom and there is only one attacker, which may be differ-
ent from reality. In the future, we will use virtual reality to
conduct more realistic global evacuation experiments among
subjects of different age groups and use the obtained experi-
mental data to analyze the characteristics of individual evacu-
ation behaviors as well as to adjust the parameters in the sim-
ulation model to further study the law of students’ evacuation
behaviors in the context of violent attacks, and to provide as-
sistance for the development of emergency response plans for
violent attacks on campuses and students’ evacuation drills.
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