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An accurate assessment of the evacuation efficiency in case of disasters is of vital importance to the safety design of
buildings and street blocks. Hazard sources not only physically but psychologically affect the pedestrians, which may fur-
ther alter their behavioral patterns. This effect is especially significant in narrow spaces, such as corridors and alleys. This
study aims to integrate a non-spreading hazard source into the social force model following the results from a previous ex-
periment and simulation, and to simulate unidirectional pedestrian flows over various crowd densities and clarity–intensity
properties of the hazard source. The integration include a virtual repulsion force from the hazard source and a decay on the
social force term. The simulations reveal (i) that the hazard source creates virtual bottlenecks that suppress the flow, (ii) that
the inter-pedestrian push forms a stabilisation phase on the flow-density curve within medium-to-high densities, and (iii)
that the pedestrians are prone to a less orderly and stable pattern of movement in low clarity–intensity scenarios, possibly
with lateral collisions passing the hazard source.

Keywords: evacuation, social force model, hazard source, unidirectional pedestrian flow
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1. Introduction
The required safe egress time (RSET) and the available

safe egress time (ASET) are a commonly used pair of concepts
that describe the conditions for evacuation.[1–3] RSET refers to
the time duration from the start of an emergency event to a suc-
cessful escape from a given space. The components of RSET
are described in Eq. (1). ASET, in the meantime, refers to the
time duration from the start of an emergency event until the
time point when evacuation becomes impossible. An effective
evacuation must satisfy the condition RSET < ASET.

RSET = trec + tpre + tmove, (1)

where trec is the recognition of an emergency, tpre is the prepa-
rations for evacuation, tmove the physical movement until a safe
egress.

There have been many researches dedicated to the assess-
ment of RSET. The grid-based model[4] and the social force
model[5] are the two mostly used models for the simulation of
pedestrian dynamics. The grid-based model assumes one or
more grid-based fields that determine the movement of agents
over the discretised space. One of the most classical mod-
els of this type is the cellular automaton model. The social
force model, inspired by Newton’s second law F = ma, is
composed of the self-driving force, the social force and the
contact force on pedestrians within a continuous space, and

solves the movement of pedestrians through differential equa-
tions. The classical social force model is explained in detail
in Subsection 2.1. Since their introduction, these simulation
models have been constantly modified and improved by the
research community. These researches include focuses on the
bottlenecks,[6] the stairways,[7] the rescuer,[8] the signs,[9] the
direction and speed strategies,[10] the surrounding crowd,[11]

the socio-cultural backgrounds,[12] etc. Yue et al.[13] used the
cellular automaton approach and discovered that the pedes-
trians keep a certain spatial distance from the boundaries of
walkway, that they prefer to choose a wider movement aisle
in classroom, and that the evacuation time is dominated by the
narrowest one of series-connected bottlenecks. Another simu-
lation study from the same first author modelled a mixed exit
selection strategy in a multi-exit scenario, and found that there
is a critical density to distinguish whether a pedestrian jam
occurs in the evacuation and whether an exit selection strat-
egy is in effect.[14] Wu et al.[15] introduced a heuristic model
based on the Voronoi diagram and successfully reproduced
some typical phenomena. Jia et al.[16] used the social force
model approach and found that the evading and surpassing be-
havior increases the evacuation time, but that a circle-shaped
obstacle induces a relatively higher bottleneck passing capac-
ity.

The unidirectional flow is a common evacuation scenario
where pedestrians move in one direction through a given aisle,
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usually a corridor, a road or an alley. Many researches have
been dedicated to the modelling of the unidirectional flow,
such as the overtaking behavior,[17,18] the effects of visual
hindrance,[19] the presence of trolleys,[20] the presence of dis-
abled individuals,[21] etc. Furthermore, one-way control is
commonly applied to extremely dense crowds, especially dur-
ing special events. These crowds are prone to stampedes
once the crowd stability is disrupted, e.g., Shanghai 2014,[22]

Mecca 2015,[23] Seoul 2022.[24] The study of unidirectional
pedestrian flows is therefore of great significance.

The psychological state of pedestrians is receiving ele-
vated attention in evacuation studies,[25–30] and ultimately af-
fects their behavioral patterns. Apart from the physical effects
such as casualties, heat and/or the hindrance on visibility, the
hazard source has an impact on the psychological state of the
pedestrians. Instinctively, the pedestrians tend to keep a dis-
tance from the hazard source. This instinct to keep away from
the hazard source closely influences the movement patterns,
the speed and the trajectory, which further critically influence
tmove. In the case of unidirectional flows, this involves the
flow, or the number of pedestrians passing through per unit
time. The unidirectional flow is usually linked with narrow
spaces, such as corridors and alleys. Combined with the in-
stinct to keep away from the hazard source, the pedestrians
can be more aggressive in such scenarios to obtain a priori-
tised escape from the hazard source, hence the inter-pedestrian
competition for space is a contributor to the crowd move-
ment pattern.[31] Many previous studies investigated the be-
havioral features with the presence of hazards, including both
case studies and experiments. For example, one study par-
ticularly analyzed the evacuation behaviors during a Shang-
hai high-rise building fire in 2010;[32] another study modelled
the evacuation time through 9/11 investigations;[33] there have
also been researchers combing through multiple fire cases to
create databases and/or patterns of evacuation behaviors;[34,35]

other studies tested the behavioral patterns in particular sce-
narios through experiments.[36,37]

One of our separate articles used the brain activation level
as a metric for the psychological dynamics of the pedestrians,
and concluded (i) that the prefrontal cortex is more activated
with higher clarity within lower ranges of intensity, and the
opposite is applied within higher ranges of intensity, while the
activation is elevated with higher intensity within all ranges of
clarity, and (ii) that the left half is generally not less activated
than the right half, and the difference peaks within medium
ranges of intensity and a high clarity.[38] The mention of the
psychological impacts in the title of this article refers to the na-
ture of the investigated behavioral features that they are reflec-
tions of the pedestrians’ psychological dynamics when faced
with hazard sources.

Among these studies is an experiment[39] that tested the
participants’ responses in a virtual train station that contained
a fire manifested in various sensory forms. Every sensory form
was associated with a pair of clarity–intensity scores (ranging
from 0 to 100) through a questionnaire, denoting how clearly
the situation was presented to the participants, and how intense
the hazard stimuli were. The clarity dimension represents the
extent to which the pedestrians are able to understand the sit-
uation from the environmental cues of the hazard source, and
the intensity dimension refers to the physical strength level
which the pedestrians perceive. For example, a loud siren
without explicit information on the hazard is high on inten-
sity but low on clarity; a piece of plain text stating the explicit
hazard situation is high on clarity but low on intensity. Fig-
ure 1 illustrates the clarity–intensity scores for every stand-
alone and coupled sensory forms. The experiment recorded
the pre-evacuation delay time and the speed elevation, and
quadratically regressed them with clarity–intensity scores (de-
noted by C and I). Equations (2) and (3) are the respective
results. Note that f̃ denotes the average stride frequency dur-
ing the evacuation movement divided by the baseline stride
frequency, used as a proxy for the speed elevation. These re-
sults were further integrated into the social force model, where
a virtual repulsion force was assumed from the hazard source
to simulate the pedestrians’ desire to keep away from it.[40]

The model was validated with the experiment in single-user
scenarios, and later tested in multi-pedestrian room evacuation
scenarios, where the trajectory patterns and evacuation times
were analysed.

tpre = 15.53 ·
(
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100

)2

−30.90 ·
(

I
100

)2

+26.55 · C
100

· I
100
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100

+11.76 · I
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+17.24 s, (2)

f̃ = 0.540 ·
(

C
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)2
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I
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)2

−1.114 · C
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Fig. 1. The clarity–intensity scores of the 15 stimuli from the previous
experiment.[29] The data are plotted in magenta for stand-alone sensory
forms, and blue for their pairwise combinations.
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However, the room evacuation bears differences from the
unidirectional flow. For example, the exit of the room usually
forms a bottleneck, which does not apply to aisles; the width
of the aisle is usually more limited than the size of rooms,
leaving less space to dodge the hazard source. This study aims
to follow and improve the extended social force model from
the previous simulation, and apply it to unidirectional pedes-
trian flows. The patterns of the flow and the physical contact
forces are subsequently analysed, offering insights into the ef-
ficiency and the stampede risk, respectively. It should also
be noted that previous studies on the hazard source usually
focused on its influence on the pedestrians’ physical abilities
and/or rational decisions, and often in a spreading form,[41–43]

while this study focuses on the behavioral manifestation of
their psychological first responses faced with, for simplicity,
a non-spreading hazard source. Whereas some of the previ-
ous studies paid some attention to the pedestrians’ behavioral
feature to keep away from the hazard source,[44,45] this study
also considers the aggressiveness, namely the concession on
the territorial effect as well, which is an important component
in spatially limited settings.

This paper is a supplementary study to the previous
one.[40] The referenced study focused on evacuation with haz-
ard sources in wide spaces and used the room evacuation sce-
nario as a typical setting; this study focuses on narrow spaces
and uses the unidirectional flow with limited width as a typ-
ical setting. This study further considers the spatial com-
petition with a more stimulated psychological level in nar-
row spaces. Both types of spaces are common structures in
crowded places, and these two studies are supplementary to
each other with the purpose of improving the evacuation model
to a more accurate level.

This model introduces a virtual repulsion force from
the hazard source towards the pedestrians which depicts the
pedestrians’ desire to keep away from the hazard source. This
repulsion force is quantitatively controlled by the clarity–
intensity properties of the hazard source based on empirical
data from a previous experiment, and reflects the risk level
perceived by the pedestrians. This model further introduces a
decay on the social force terms that represents the pedestrians’
spatial aggressiveness with their stimulated psychological sta-
tus, controlled by the amplitude of the virtual repulsion force
from the hazard source (the perceived risk). When no hazard
is present, the virtual repulsion force is taken as 0, and the de-
cay coefficient on the social force terms is restored to 1 which
means preserving the original values of the social force terms.
The model is hence consistent with the classical social force
model in this case.

2. Methods
2.1. Classical social force model

The classical social force model, for the i-th pedestrian, is
composed of the driving force 𝐹 d

i , the inter-pedestrian force
𝐹i j, the pedestrian-obstacle force 𝐹iw and fluctuation 𝐹fluc

(Eq. (4). Following Newton’s second law F = ma, the resul-
tant force on the i-th pedestrian, 𝐹i, forms a differential equa-
tion set with his/her motion status, i.e., the position vector 𝑟i

and the velocity vector 𝑣i (Eqs. (5) and (6)). Ri and mi refers to
the spatial radius and mass of the i-th pedestrian, respectively.

𝐹i = 𝐹 d
i +∑

j ̸=i
𝐹i j +∑

w
𝐹iw +𝐹fluc, (4)

d𝑣i

dt
=

𝐹i

mi
, (5)

d𝑟i

dt
= 𝑣i. (6)

The driving force (𝐹 d
i ) describes the pedestrian’s desire

for a certain velocity. It is determined by a desired speed (vd),
a desired directional unit vector (𝑒i) and a characteristic adap-
tation time (τ) (Eq. (7)).

𝐹 d
i = mi

vd𝑒i −𝑣i

τ
. (7)

The inter-pedestrian force (𝐹i j) models the force applied
to the i-th pedestrian from the j-th pedestrian, where i ̸= j. It
consists of a social force term modelling the territorial effect,
an elastic collision term in the normal direction and a friction
term in the tangential direction (Eq. (8)). The territorial effect
describes the pedestrians’ intention to avoid physical collision
with the crowd. The social force term is formulated as an ex-
ponential repulsion force in the normal direction, dependent
on the inter-pedestrian distance di j =‖ 𝑟i−𝑟 j ‖−Ri−R j, with
A and B controlling the amplitude and range (Eq. (9)). Equa-
tion (10) is an angular weight function that describes the effect
of the field of view. The elastic collision term (Eq. (11)) and
the friction term (Eq. (12)) are only present with physical con-
tact, i.e., di j < 0. Both terms are proportional to the depth
of physical contact. The friction term is additionally propor-
tional to the tangential relative velocity. The unit normal and
tangential vectors are denoted by 𝑛i j and 𝑡i j, respectively.

𝐹i j = 𝐹 s
i j +𝐹 e

i j +𝐹 f
i j, (8)

𝐹 s
i j = Aexp

(
−

di j

B

)
·g(𝑟 j −𝑟i,𝑣i) ·𝑛i j, (9)

g(𝑥1,𝑥2) = λ +(1−λ )
1+ cos⟨𝑥1,𝑥2⟩

2
, (10)

𝐹 e
i j = k ·G(−di j) ·𝑛i j, (11)

𝐹 f
i j = κ ·G(−di j) · ((𝑣 j −𝑣i) · 𝑡i j) · 𝑡i j, (12)

G(x) = max(0,x) , (13)

𝑛i j = (𝑟i −𝑟 j)/ ‖ 𝑟i −𝑟 j ‖, (14)
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𝑡i j =
(
−n2

i j,n
1
i j
)
. (15)

The pedestrian-obstacle force (𝐹iw) models the force ap-
plied to the i-th pedestrian from an obstacle w, usually a wall.
The formation of 𝐹iw is equivalent to replacing the j-th pedes-
trian in 𝐹i j with a virtual pedestrian with zero velocity and
zero radius. This virtual pedestrian is positioned at the near-
est point of the obstacle to the i-th pedestrian, denoted as
𝑟w. The pedestrian-obstacle distance accordingly changes to
diw =‖ 𝑟i −𝑟w ‖ −Ri. The unit normal and tangential vectors
are denoted by 𝑛iw and 𝑡iw, respectively. Equations (16)–(19)
describe the composition of 𝐹iw.

𝐹iw = 𝐹 s
iw +𝐹 e

iw +𝐹 f
iw, (16)

𝐹 s
iw = Aexp

(
−diw

B

)
·g(𝑟w −𝑟i,𝑣i) ·𝑛iw, (17)

𝐹 e
iw = k ·G(−diw) ·𝑛iw, (18)

𝐹 f
iw =−κ ·G(−diw) · (𝑣i · 𝑡iw) · 𝑡iw, (19)

𝑛iw = (𝑟i −𝑟w)/ ‖ 𝑟i −𝑟w ‖, (20)

𝑡iw =
(
−n2

iw,n
1
iw
)
. (21)

2.2. The hazard source

A non-spreading hazard source is assumed at a fixed posi-
tion 𝑟h with radius Rh. The clarity and intensity properties are
denoted by C and I, respectively. Following the notations from
the previous studies,[39,40] C and I are dimensionless scalars
ranging from 0 to 100.

Following the extension to the social force model pro-
posed by the previous simulation,[40] a virtual repulsion force
in the normal direction is assumed on the i-th pedestrian from
the hazard source. This virtual repulsion force is dependent
on the distance between the hazard source and the i-th pedes-
trian (dih =‖ 𝑟i − 𝑟h ‖ −Ri − Rh). Equation (22) shows the
formation of this repulsion force with α and β controlling the
amplitude and spatial range of the force, respectively.

𝐹ih = α exp
(
−dih

β

)
·𝑛ih (22)

α = p(exp(µ)− exp(−qµ)) , (23)

µ = 0.540 ·
(

C
100

)2

+0.658 ·
(

I
100

)2

−1.114 · C
100

· I
100

+0.172 · C
100

+0.097 · I
100

, (24)

𝑛ih = (𝑟i −𝑟h)/ ‖ 𝑟i −𝑟h ‖ . (25)

Based on the model from this previous simulation,[40]

an aggressiveness mechanism is further supplemented to it
that models the psychological impact of the hazard source on
pedestrians towards the surrounding crowd. Another previous
study proposed that the perceived environmental risk boosts

the aggressiveness of pedestrians, and modelled it as the pri-
ority of resolving conflicts in a cellular automaton model.[31]

Zhang et al.[46] concluded through an experiment that high
stress levels of pedestrians lead to greater competitiveness.
Şahin et al.[47] discovered via an experiment that psychologi-
cal factors, including stress and panic, contribute to the com-
petitiveness of the pedestrians. Despite the terminological
variations, the stimulated psychological state is reflected in
this study as the virtual repulsion force from the hazard source,
which, according the aforementioned literatures, elevates the
competitiveness of the pedestrians. Several other studies used
the extent of pedestrian pushes as the behavioral manifesta-
tion of competitiveness[48,49] and as such, in the case of the
social force model, the competitiveness can be represented as
a decay on the social force terms. The repulsion forces in this
study, 𝐹 s

i j and 𝐹 s
iw, are consistent with the repulsion forces in

the classical social force model which represent the territorial
effect, i.e., collision avoidance. In the cases of high competi-
tiveness, the pedestrians physically push one another, causing
collisions. The perceived environmental risk is directly linked
with the hazard source, for which the aforementioned repul-
sion force, 𝐹ih, is used as a quantitative indicator. An expo-
nential decay, controlled by the value of 𝐹ih, is assumed on
the social force terms, as listed in Eqs. (26) and (27).

𝐹 *
i j = exp(−γ ‖ 𝐹ih ‖)𝐹 s

i j +𝐹 e
i j +𝐹 f

i j, (26)

𝐹 *
iw = exp(−γ ‖ 𝐹ih ‖)𝐹 s

iw +𝐹 e
iw +𝐹 f

iw. (27)

The extended social force model is formed as

𝐹i = 𝐹 d
i +∑

j ̸=i
𝐹 *

i j +∑
w
𝐹 *

iw +𝐹ih +𝐹fluc. (28)

2.3. Simulation settings

The values of some of the parameters are listed in Table 1.

Table 1. Some of the simulation parameters.

Parameter Value First appearance

Ri 0.2 m Subsection 2.1

mi 𝒩
(

65 kg,(5 kg)2
)

Eq. (5)

vd 1.5 m/s Eq. (7)
τ 0.5 s Eq. (7)
A 2000 N Eq. (9)
B 0.08 m Eq. (9)
λ 0.1 Eq. (10)
k 1.2×105 N/m Eq. (11)
κ 2.4×105 N · s ·m−2 Eq. (12)
Rh 0.3 m Subsection 2.2
β 1 m Eq. (22)
p 2600 N Eq. (23)
q 5 Eq. (23)
γ 0.02 N−1 Eq. (26)

The desired direction for the i-th pedestrian, 𝑒i in Eq. (7),
points upwards if not blocked by the hazard source; other-
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wise it points to the closest direction that bypasses the haz-
ard source. The fluctuation term, 𝐹fluc in Eqs. (4) and (28),
conforms to a uniform distribution on direction, with its am-
plitude conforming to a zero-centred normal distribution with
σ = 100 N. Namely,

𝐹fluc = ( f cosθ , f sinθ) , (29)

f ∼𝒩
(

0,(100 N)2
)
, (30)

θ ∼ 𝒰 (0,2π) . (31)

The evacuation scenario is set as a 5-m-wide unidirec-
tional flow moving upwards within a length of 10 m. For ev-
ery pedestrian leaving the simulation area through the upper
boundary, a new pedestrian is generated at the lower bound-
ary, maintaining the number of pedestrians in the simulation
area at a fixed value. The hazard source is placed at the centre
of the simulation area. 60 parameter combinations are tested
with, of which the compositions are listed below.

(i) Number of pedestrians (10 choices): 5–50 in intervals
of 5, or equivalently in terms of pedestrian density, 0.1 m−2–
1.0 m−2 in intervals of 0.1 m−2.

(ii) Clarity–intensity combinations (6 sets): see Fig. 2,
where the combinations (blue, inheriting a previous simula-
tion) roughly cover the data range (red) from a previous ex-
periment. The selection of clarity–intensity combinations is
consistent with the previous work.[40]

100806040200

Clarity

100

80

60

40

20

0

In
te
n
si
ty

Fig. 2. The clarity–intensity combinations. The 15 red circles denote
the experiment data, while the 6 blue ones represent the combinations
used in the simulations inheriting a previous research.

The movement patterns stabilise around 10 s after the
simulation starts. To ensure consistent patterns, the movement
data is extracted between 20 s–70 s for analysis. The simu-
lation is, for every parameter combination, repeated 50 times
with different random seeds in order to alleviate fluctuation,
making the total recording time to be 2500 s for every param-
eter combination. The flow and inter-pedestrian contact forces
are subsequently analysed in Section 3.

3. Results
3.1. Flow

The flow is calculated by averaging the number of pedes-
trians over time that leave the simulation area through the up-
per boundary. Assuming that all pedestrians move at the de-
sired speed, equation (32) displays the theoretical flow without
the hazard source or any bottlenecks, where W and ρ denote
the width and density of the crowd, respectively. The theoret-
ical flow conforms to a linear relation with the crowd density,
given fixed width and desired speed.

J =
W · vd ·∆t ·ρ

∆t
=W · vd ·ρ. (32)

Figure 3 shows the flow–density curves with regard to
clarity–intensity combinations. The theoretical free flow from
Eq. (32) is taken as the baseline. It is seen that higher clar-
ity and intensity suppress the flow at all values of crowd den-
sity. The flow increases within low-to-medium density ranges,
and stabilises within medium-to-high density ranges. The flow
curve for low clarity and intensity ((C, I) = (20,20)), although
continuing to grow into high density ranges, goes into a clear
flattening trend and would likely enter the stabilization phase
with even higher densities.
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Fig. 3. The flow–density curves with regard to clarity–intensity combi-
nations, with ‘baseline’ being the theoretical free flow.

Figure 4 illustrates the snapshots of several cases with
2 sets of clarity–intensity combinations and 3 sets of pedes-
trian numbers, taken at 20 s of the simulation timeline. The
hazard source generates virtual bottlenecks against the walls
through the repulsion force defined by Eq. (22). Higher clar-
ity and intensity are associated with stronger repulsion forces,
tightening the virtual bottlenecks and further suppressing the
flow. The virtual bottlenecks become saturated beyond a criti-
cal number of pedestrians, causing the flow to enter the stabil-
isation phase.

028901-5



Chin. Phys. B 33, 028901 (2024)

↼C↪I↽/↼↪↽↪ N/ ↼C↪I↽/↼↪↽↪ N/ ↼C↪I↽/↼↪↽↪ N/

↼C↪I↽/↼↪↽↪ N/ ↼C↪I↽/↼↪↽↪ N/ ↼C↪I↽/↼↪↽↪ N/

(a) (b) (c)

(d) (e) (f)

Fig. 4. Snapshots of the simulation with 2 sets of clarity–intensity combi-
nations and 3 sets of pedestrian numbers. The length and direction of the
magenta arrows represent the velocities.

It should be noted that the flow-density curves in Fig. 3
bear differences from typical fundamental diagrams, where
there is a peak flow at a certain density, beyond which the
flow enters a dropping phase. This difference could be at-
tributed to the formations of the respective bottlenecks. In
a typical fundamental diagram, the bottleneck is framed by
hard boundaries which could be blocked by excessive conges-
tion; in this study, however, the virtual repulsion force from
the hazard source could in turn, unlike hard boundaries, be
counteracted by congestion-caused collisions, which pushes
the pedestrians through. This pushing force, however, neither
further raises the flow with high densities, indicating a satura-
tion being reached. These collisions, or inter-pedestrian con-
tact forces, are further analysed in Subsection 3.2.

3.2. Inter-pedestrian contact force

The pedestrian-level collisions are categorised into 2
types with the first being collisions at the virtual bottlenecks,
and the second being those at the sides of the hazard source.
The first type is usually characterised with a cluster of pedes-
trians packed together with near-zero speed, among whom the
social distances are virtually cancelled. The second type is
characterised with usually two moving pedestrians passing the
hazard source side by side with a lateral collision, but not nec-
essarily with physical contact with the pedestrians in front or
behind. An example of the first type can be seen in Fig. 4(f),
and the second type is observable in Fig. 4(c).

The norm of sum of the elastic collision force (𝐹 e
i j from

Eq. (11)) and the friction force (𝐹 f
i j from Eq. (12)) is adopted

as the contact force between the pedestrians i and j, denoted
by Fc

i j in Eq. (33).

Fc
i j =‖ 𝐹 e

i j +𝐹 f
i j ‖ . (33)

The temporal average force within an area S is defined by
dividing the accumulative impulse within S over time. Equa-
tion (34) defines this concept as FS, where t1 = 20 s and
t2 = 70 s represent the start and end of the analysed data stream
as mentioned in Subsection 2.3. Taking S as 0.01 m×0.01 m
grids, examples of the heat maps of FS are illustrated in Fig. 5.

FS =
1

t2 − t1

∫ t2

t1
∑

(𝑟i+𝑟 j)/2∈S
Fc

i j (t)dt. (34)

It is found from Fig. 5 that the contact force is deposited
mainly at the virtual bottlenecks, reflected in Fig. 4. The con-
tact force is also deposited at the sides of the hazard source
in low clarity–intensity scenarios ((C, I) = (20,20)). The haz-
ard source, in these scenarios, generates relatively weak repul-
sion forces, making the pedestrians fail to form strict single-
file flows passing the hazard source. This results in lateral
collisions, found in parts of Fig. 4(c), to accumulate in this
area, forming this specific pattern. It is also discovered that
although higher densities generally accumulate larger impulse
than lower densities do, the spatial distributions remain simi-
lar, given the clarity–intensity combination.

Figure 6 shows the spatial sum of the contact force over
the simulation area, namely ∑S FS. It is seen that the summed
force is elevated with the density, and with the clarity–intensity
scores in a general sense. There is, however, an exception
with (C, I) = (20,20) where the summed force goes through
a drastic lift within high density ranges and exceeds those
with higher clarity–intensity scores. This phenomenon could
be explained by the aforementioned lateral collisions in low
clarity–intensity scenarios, shown in Fig. 5. Although there
are fewer collisions at the virtual bottlenecks in these scenar-
ios, the lateral collisions at the sides of the hazard source con-
tribute a considerable proportion to the summed force, which
are absent with higher clarity–intensity scores. Within closer
ranges from the hazard source, the desire to evade the haz-
ard source exceeds the desire to gain positional advantages.
With low clarity–intensity combinations, the desire to evade
the hazard source does not prevail, hence the lateral collisions.
The pedestrians are almost stationary at the virtual bottlenecks
where they can be pushed from every direction. They move at
stable speeds when passing the hazard source where the push
comes from the lateral direction.
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(d) The colour map
0 N 1 N

Fig. 5. Examples of the heat maps of the temporal average contact force FS under various parameter combinations, taking S as 0.01 m×0.01 m grids.
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Fig. 6. The spatial sum of the contact force over pedestrian density,
with regard to clarity–intensity combinations.

Figure 7 illustrates the pedestrian-level collision patterns.
The curves in Fig. 7(a) describe the average number of pedes-
trian pairs with physical contact at any time point. This num-
ber is escalated with higher densities and clarity–intensity

scores, which fits the general instinct. Figure 7(b) depicts
the mean contact force over contact pairs, namely, figure 6
divided by Fig. 7(a). The data points are excluded for con-
tact pair < 0.3, due to large fluctuations caused by near-zero
divisors. The stabilisation trends of Fig. 7(b) are consistent
with those of Fig. 3, indicating a connection between the flow
and the mean contact force. It is however contrary to the gen-
eral instinct that low clarity–intensity scores raise the mean
contact force. The existence of the hazard source disrupts the
pedestrian flow, but low clarity–intensity scores lack the ’de-
terrence’ (namely a strong repulsion force) to force the pedes-
trians into an orderly and stable manner of movement. The
consequent strong collisions may be responsible for the ele-
vated mean contact force. This suggests that the stampede risk
should be carefully considered when the hazard source is un-
clear, and even if it is relatively weak. Another contributor to
this phenomenon is that high clarity–intensity scores expand
the spatial range where pedestrians collide with each other,
which results in an increased number of slight collisions at the
outer rings of the virtual bottlenecks. This pattern could lower
the average contact force over all contact pairs.
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Fig. 7. The pedestrian level collision patterns. (a) The average number
of pedestrian pairs with physical contact. (b) The mean contact force
over contact pairs.

4. Discussion

This study models the psychological impacts of a non-
spreading hazard source, with clarity and intensity properties,
on the pedestrians within the social force model framework,
and reveals the patterns of its influence on the unidirectional
pedestrian flow. Inheriting the previous experiment[39] and
simulation,[40] this study considers (i) a virtual repulsion force
from the hazard source, constructed in an exponential form,
that portrays the pedestrians’ desire to distance themselves
from the hazard source, and (ii) the aggressiveness towards
other pedestrians, modelled as a exponential decay of the so-
cial force term, controlled by the virtual repulsion force. Uni-
directional pedestrian flows are subsequently simulated over
pedestrian densities and the clarity–intensity combinations,
and the patterns of the flow and the physical contact forces
are analysed.

Higher clarity and intensity suppress the flow at all val-
ues of crowd density, impeding the traffic efficiency. The flow
increases within low-to-medium density ranges, and stabilises
within medium-to-high density ranges. The rising phase is ex-

tended with low clarity and intensity before the stabilisation
phase kicks in. The pedestrians are clogged at the virtual bot-
tlenecks generated by the hazard source, explaining the pat-
terns of the flow. The absence of hard boundaries of the vir-
tual bottlenecks, however, could account for the absence of the
dropping phase in flow–density fundamental diagrams, where
the repulsion force from the hazard source could be counter-
acted by inter-pedestrian pushing forces. Although the max-
imum overall density stops at 1 m−2, the local density at the
virtual bottlenecks goes much higher. On the other hand, the
incoming pedestrians behind tend not to physically push for-
ward, leaving some extent of social distance (see Fig. 4). This
implies that even if more pedestrians enter the simulation area,
they would most likely wait in the rear area, which exerts very
little influence on the traffic conditions at the virtual bottle-
necks. Further investigation into the inter-pedestrian contact
force reveals that it is indeed deposited mainly at the virtual
bottlenecks. In the cases of low clarity–intensity scores, the
contact force is also deposited at the sides of the hazard source
by lateral collisions. The number of pedestrian pairs with
physical contact rises with both density and clarity–intensity
scores. The spatial sum of the contact force follows a similar
trend except for low clarity and intensity, where the summed
contact force goes into a sharp lift within high densities, con-
tributed by the lateral collisions. The mean contact force per
contact pair stabilises within the density ranges similar to the
flow, indicating a connection between them. The mean contact
force, contrary to the general instinct however, rises with low
clarity–intensity scores, suggesting a less orderly and stable
manner of movement, which thus requires careful considera-
tions on the stampede risk.
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Fig. 8. The decay term over the distance from the hazard source, with
regard to clarity–intensity combinations.

It is also noted from Fig. 4 that the pedestrians are packed
together at the virtual bottlenecks with physical collisions
among one another with high clarity–intensity combinations,
which boosts the local density. The local density is influenced
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by the social distances among the pedestrians, which is de-
termined by the exponential decay on the social force terms.
Figure 8 shows the decay term over the distance from the haz-
ard source. At the half-width of the corridor (2.5 m), the de-
cay term is significantly greater with (C, I) = (20,20) than
with medium-to-high clarity–intensity combinations, denoting
a larger portion of the social forces preserved. Under this cir-
cumstance, the local densities at the virtual bottlenecks and at
the sides of the hazard source are lower, and a different colli-
sion pattern is displayed.

However, some of the assumptions in this study still need
to be validated or amended by extensive and meticulously
designed experiments in the future, such as the exponential
form of the aggressiveness caused by the hazard source. The
psychological influences of spreading and/or moving hazard
sources on the crowd should be investigated by future re-
searches through extensive and solid experiments. The het-
erogeneity of the pedestrians is another aspect that needs to
be covered with respect to their responses towards designated
hazard sources. Placing the hazard source at the centre part
of the corridor is an abstraction of scenarios where the haz-
ard occupies a majority width of an evacuation route, blocking
the evacuation crowd, which however may not be universal for
all narrow-space scenarios, and future studies should investi-
gate various distribution patterns of the hazard source and its
impacts on the pedestrians.

5. Conclusion
A non-spreading hazard source with clarity and intensity

properties is integrated into the social force model. A virtual
repulsion force from the hazard source and an exponential de-
cay of the social force term are considered that are associated
with the clarity–intensity scores. A unidirectional pedestrian
flow is subsequently simulated over various pedestrian densi-
ties and clarity–intensity scores. It is revealed that the haz-
ard source creates virtual bottlenecks that suppress the flow.
The inter-pedestrian push, within medium-to-high densities,
counteracts the virtual repulsion force from the hazard source,
forming a stabilisation phase on the flow-density curve. It is
also found that the pedestrians are prone to lateral collisions
passing the hazard source in low clarity–intensity scenarios,
which significantly lifts the total contact force within high den-
sity ranges. The mean contact force over contact pairs, how-
ever, rises with low clarity–intensity scores, suggesting a less
orderly and stable manner of movement.

In a practical sense, this study reveals that it could be
helpful to cut off the hazard source from the crowd. This could
avoid the virtual repulsion forces along with the virtual bottle-
necks, and restore the flow to a more efficient level. While
hazard sources with high clarity and intensity get the attention
in most cases, those with low clarity–intensity scores should

be carefully dealt with as well. Mandatory single-file controls
may be helpful in these cases to alleviate the physical contact
among the pedestrians, and hence the stampede risk.
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