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Pedestrian movement simulation models are used in various areas, such as building evacuation, transportation engi-
neering, and safety management of large events. It also provides effective means to uncover underlying mechanisms of
collective behaviors. In this work, a modified heuristics-based model is presented. In this model, the potential collisions
in the moving process are explicitly considered. Meanwhile, a series of simulations is conducted in two typical scenarios
to demonstrate the influence of critical parameters on model performance. It is found that when facing a wide obstacle in
a corridor, the larger the visual radius, the earlier the pedestrian starts to make a detour. In addition, when a pedestrian
observes a large crowd walking toward him, he chooses to make a detour and moves in the flow in a uniform direction.
Furthermore, the model can reproduce the lane formation pedestrian flow phenomena in relatively high-density situations.
With the increase of pedestrian visual radius and the weight of potential collision resistance, more stable pedestrian lanes
and fewer moving-through-the-counterflow pedestrians can be observed. In terms of model validation, the density-speed
relationship of simulation results accords well with that of the published empirical data. Our results demonstrate that the
modified heuristics-based model can overcome the deficiency of the original model, and reproduce more realistic pedestrian

movement behavior.

Keywords: heuristics-based model, lane formation, pedestrian flow, potential collisions

PACS: 45.70.Vn, 07.05.Tp, 89.75.Fb

1. Introduction

Walking is one of the most basic transportation modes.
Pedestrians need to interact with environmental obstacles and
other pedestrians during walking. Pedestrian dynamics has
thus received increasing attention from various fields, in-
cluding building evacuation,[! transportation engineering, !
safety management of large events,’] urban design,!¥ ezc.
Empirical study and computer modeling of pedestrian move-
ment under various conditions have been conducted to explore
the mechanism and phenomenon of pedestrian dynamics in the
past few decades. In terms of empirical study, field surveys
and controlled laboratory experiments were conducted to col-
lect pedestrian movement data. Moreover, collective pedes-
trian flow behavior can be revealed and illustrated by sev-
eral basic indicators of pedestrian flow features, such as the
fundamental diagrams demonstrating the relationship between
pedestrian density and movement velocity or flow rate. %)

With continuous innovations by researchers, a large num-
ber of pedestrian traffic simulation models have been devel-
oped. Earlier attempts at modeling pedestrian dynamics at a
macroscopic level, which lacks pedestrian heterogeneity and
individual behavior.!®) According to different representation
methods of space and time, microscopic pedestrian traffic sim-
ulation models can be divided into discrete models and contin-
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uous models. With these models, many pedestrian flow phe-
nomena such as lane formation, the crowd passing through a
bottleneck, the crossing pedestrian flow at intersections can be
demonstrated. Representatives of discrete models include the
cellular automaton (CA) model"'% and the lattice gas (LG)

[11-131 The social force model (SFM) is the most recog-

model.
nized one in the continuous pedestrian traffic simulation mod-
els. The original social force model was proposed by Hel-
bing and Molnar,!"*! in which pedestrians are self-driven par-
ticles subjected to Newtonian mechanics. By perceiving and
responding to the surrounding environment, the interactions
between pedestrians and environment are described by vari-
ous forces, including the self-driving force, psychological re-
pulsive force and physical contact force. Since the pedestrians
are under relatively low density in the original SFM, the escape
panic version was then proposed, in which the normal contact
force and tangential sliding friction force were considered. !
Owing to the deficiency of the original SFM, some improve-
ments of the SFM have been put forward to improve the com-
putation efficiency and generate more realistic pedestrian be-

H6-18] For a com-

haviors, such as detour and self-stopping.
prehensive review of SFM and the improvements of models,
readers may refer to Ref. [19].

Practically, pedestrians change the moving velocity ac-

cording to intelligent collision prediction. Moussaid et al.!*!

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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proposed the heuristics-based model to replace the original
SFM, which can reproduce pedestrian behaviors more accu-
rately. Because of the good performance and simple rules,
the heuristics-based model has attracted increasing attention

21261 Although the model has been widely ap-

in recent years.!
plied, there remain deficiencies in theory and also in practi-
cal applications. To overcome the deficiency that the original
heuristics-based model fails to reproduce lane formation in the
dense crowds, Guo et al.!”’! proposed an improved model by
modifying the objective function of the target direction. Sim-
ulation results of pedestrian flow in a ring-shaped corridor ac-
cord with the experimental results. Wang and Shen*®! ex-
pressed self-driven forces through static friction in their modi-
fied model, which solves the theoretical problem of neglecting
contact force’s influences on pedestrians’ psychology and the
application problem of the unrealistic backward motion of the
last people repulsed by the preceding one.

Pedestrians may make evading decisions in advance ac-
cording to the empirical observations,?>3%! that is, potential
collisions should also be detected and considered in moving
path choice. In the study of Li et al.,3!) a pedestrian identifies
a potential conflict and responds to it as soon as the pedes-
trian with potential risk appears in the “response ranges” of
the subject pedestrian. The scenario was simulated by an im-
proved SFM where the long-range conflict avoidance force
was introduced. Similarly, to realistically represent pedes-
trians’ collision avoidance behavior, both time headway and
time-to-collision were viewed as indicators of potential col-
lisions, and the corresponding social forces are active if any
one of the indicators reaches thresholds.*>) However, only the
first collision on the chosen path was considered in the origi-
nal heuristics-based model, pedestrians were short-sighted. In
this paper, by modifying the cognitive heuristics, more real-
istic pedestrian movement behavior can be simulated and the
dynamic process of lane formation in bidirectional flows with
high density can be reproduced.

The remainder of this paper is organized as follows. Sec-
tion 2 presents the modified heuristics-based model. In Sec-
tion 3, the influence of parameters adjustment on model per-
formance is analyzed by a series of simulations in typical sce-
narios. In Section 4, the model is validated by comparing the
density-velocity relationship with empirical data and repro-
duction of lane formation phenomenon in bidirectional flows
with high density. Finally, in Section 5 some conclusions are
drawn from the research findings in the present work.

2. Heuristics-based pedestrian simulation model

In the original heuristics-based model proposed by Mous-
said et al.,[?"! pedestrian movement was mainly simulated by
self-driven force under normal conditions. The direction and

magnitude of the desired velocity are two key components de-
termined by two heuristics based on the visual information of
pedestrians. The first heuristics determines the desired veloc-
ity direction, concerning the trade-off between avoiding obsta-
cles and minimizing detours from the most direct route. The
second heuristics determines the desired velocity magnitude,
representing the distance from the nearest obstacle in the se-
lected walking direction that ensures a certain time to avoid
collisions. In the case of overcrowding, unintentional force af-
fects pedestrian movement in addition to the self-driven force.
The force results from physical interactions of this pedestrian
with other pedestrians and environmental walls. In this model,
pedestrian i is regarded as a circle with radius r;, and the mass
is m;. The combination of cognitive heuristics and contact
forces accounts for complex collective pedestrian dynamics,
represented as

dv; _ fi fij Siw
5 _E—FZE—i_ZE’ (1)

J w

where vg4es and v; are desired velocity and current velocity of
the pedestrian i, 7T is the relaxation time for adapting move-
ment behavior to avoid collisions, f;; is the contact force be-
tween pedestrian i and the neighboring pedestrian j, and f;,
is the contact force between pedestrian i and obstacle w. In
our modified heuristics-based model, the pedestrian move-
ment is still controlled by the self-driven force and contact
force. However, the self-driven force is reformulated in more
detail as follows.

2.1. Self-driven force

Pedestrians perceive and make decisions on movement
based on the information within the visual field. As shown
in Fig. 1, Ped; represents the subject pedestrian i, and v; is his
moving velocity. The visual field with the radius of R ranges to
the left and to the right by ¢ with respect to the line of sight H;.
M represents the neighboring pedestrian in the visual field of
the subject pedestrian. If the subject pedestrian walks along
the moving direction o at his desired speed |vges|, supposing
M walks in opposite direction with velocity v ;, they may meet
at some time in the future. Ped!""*® and M;‘“m represent the
future position of the subject pedestrian and his neighbor, re-
spectively. f (o) represents the distance between the present
position and the future position that the subject pedestrian i
meets his first collision in the chosen direction, and « is the
angle rotating from the chosen direction to the line of sight
H;. Theoretically, the collision can be from pedestrians or ob-
stacles, including walls. If no collision is expected to occur in
direction o, f (o) is set to be dmax representing the “horizon
distance” or visual field radius of the subject pedestrian.

In the original heuristics-based model, the chosen direc-
tion ¢ is computed through Eq. (2) by minimizing the distance
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d () to the target point:
d(00) = dy + £ (@) = 2dlma f (@) cos (00— @), (2)

where o is the direction of the target point, which is the angle
included between the line of sight H; and the direction of de-
sired velocity vges. The vector vges of desired velocity points
from the present position of the subject pedestrian to his target
point.

®
T
i
i

1

I

[
— — —— Line of sight

Target point

Fig. 1. Illustration of cognitive heuristics in original heuristics-based model.

In our modified model, a pedestrian has limited choices
of walking direction in the visual field. The view angle 2¢
is discretized into N sub-angles with a value of = 2¢/N.
Accordingly, the angle of direction k is o = —¢ + k- j3,
k=0,1,2,...,N, as shown in Fig. 2.

-— 9 Alternative = &
moving direction

— —— Line of sight Ped;

Fig. 2. Schematic diagram of a pedestrian’s visual field discretized into
N + 1 alternative directions.

In the original heuristics-based model, the heuristic de-
termining the desired velocity direction of pedestrian is mod-
ified in our model. Specifically, the modified heuristic is “A
pedestrian chooses the direction that allows the most direct
path to the destination, by considering both the presence of
closer obstacles and the potential collisions caused by farther
obstacles”. The utility maximization approach is adopted to
determine the moving direction at the next time step for each
pedestrian. Specifically, the utility of each alternative direc-
tion is calculated based on the modified heuristic as presented

below.

Uk = c0&37e,norm (k) + wp?p,norm (k) ’ 3

where @ and @, are the weight parameters, f jom (k) and
Jfpnorm (k) are normalized effective forward distance in the tar-
get direction and resistance force from the potential collision
in the direction k, respectively. These factors are explained in
detail below.

2.1.1. Effective forward distance in target direction

In most of existing pedestrian simulation models, the
moving target is described as a fixed target point. Once the
target point is inappropriately placed, unrealistic pedestrian
trajectories can occur in simulations. Taking pedestrian move-
ment in a corridor as an example, when the target point is set
to be a middle point of one end, and pedestrians move down
from the other end of the corridor, pedestrians on the sides of
the corridor gradually walk toward the middle of the corridor.
However, we observe that pedestrians tend to walk down the
corridor by keeping the current walking direction less changed
if no obstruction needs to be avoided.?%! Therefore, the tar-
get direction is used in our model to replace the target point
in some scenarios, such as in a corridor. Specifically, target
direction is the vector starting from the mass center of the sub-
ject pedestrian, which is parallel to the corridor direction and
points to his forward direction as shown in Fig. 3.

Target

H; direction Q Ped;

Ped; Q Target H

direction J

Fig. 3. Schematic diagram of target direction for pedestrians in a corridor
scenario.

—-—- Target point
———— Line of sight

Fig. 4. Schematic diagram of effective forward distance in target direction
of a pedestrian.

To represent the movement in the direction k toward des-
tination, the effective forward distance in the target direction
fe (k) is defined and calculated from the following equation:

Je (k) = f (k) cos (0 — k). @
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Here, f (k) represents the distance to the first collision in the
direction k, which is also the maximum forward distance at the
next time step in the direction k; f; (k) is the projection length
of f (k) along the target direction; oy is the angle included be-
tween the line of sight H; and the target direction as shown in
Fig. 4.

The algorithm to detect the first collision in the direction
k is illustrated in Fig. 5. Firstly, searched are all the obstacles

Search all neighbors
of pedestrian 7

\ 4

and neighboring pedestrians for the subject pedestrian within
his visual field, by considering that the closer neighbors can
obstruct some far neighbors. Then, assuming all the visible
neighbors to keep their current moving direction unchanged,
the collision point in the direction & for each of them is calcu-
lated. Lastly, the collision point with the shortest distance is

defined as the first collision in the direction k.

Calculate distances

between pedestrian
and his neighbors

Sort the neighbors and
P check their visibility
according to the distance

Finding-visible-neighbors loop

Yes

Visible
neighbor

4—No

The first neighbor?

s obstructed by other
checked neighbors?

Invisible
neighbor

Calculate the collision
P point on direction k for p point with the shortest
each visible neighbor

Obtain the collision

distance on direction k

Fig. 5. Flowchart of determining the first collision in direction k.

2.1.2. Effective forward distance on target direction

In fact, both the first collision and the potential collisions
in the selected direction will affect the subject pedestrian’s ve-
locity decision. Cristin ef al.*3) suggested that pedestrians can
prospect future collisions and adapt their behavior to the out-
come. Thus, the resistance force from a potential collision in
the direction k is calculated from the following equation:

p
folk)y=Y e, (5)
J

where n;, is the number of pedestrians who may have potential
collisions with the subject pedestrian i in the direction &, and
d;;j is the distance between the position of the subject pedes-
trian and the position of the corresponding pedestrians at the
current time step. These pedestrians are detected as follows.
Firstly, perpendicular distance from the mass center of pedes-
trian j to the direction k is less than the body radius r of the
pedestrian, that is, dh; ; < r. In addition, there is a conflict in
the moving directions of the subject pedestrian i and the neigh-
boring pedestrian j. Specifically, the relative angle between v;

and v; is greater than 90°; that is, 6; ; < 90°, as shown in
Fig. 6.

+ = - —» Target direction
— ——— Line of sight Ped

Fig. 6. Schematic diagram of factors used in potential collision detection in
direction k.

For calculation, f.(k) and f;,(k) are normalized for each
alternative direction k as shown below:

?e,norm (k) = efe(k)/edmaxv (6)
fp,norm ((X) = fP (k) /eonp' @)
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The direction with the maximum utility value is selected
as the desired direction 0. Like the original heuristics-based
model, the desired speed of the subject pedestrian at time ¢
is given by vyes (f) = min (v, dy/7), where dj, is the distance
between the subject pedestrian i and the first obstacle in the
desired direction tges at time ¢, and 7 is the relaxation time
for pedestrians to adapt their desired behavior by continuously
adjusting their current walking behavior in the case of an un-
expected obstacle.

Once the moving direction at the next time step is se-
lected, the change in the actual velocity at time ¢ can be de-
termined by the acceleration equation as follows:

dv; ok
— = (|vdes| 71/( _'Ui> /77 (8)

dr |”i |

Thus, the self-driven force can be finally determined as

vi) / . )

dv; ok
f,' = m,'y :mi<|vdes ’Tik’ -

2.2. Contact force

In the case of overcrowding, pedestrians may have body
contact. Thus, the contact force needs to be considered to rep-
resent the physical interactions between pedestrians. Like the
original heuristics-based model, physical interactions with a
neighboring pedestrian and an obstacle can be represented,
respectively, by the contact force f;; and f;,, which are ex-

pressed as
fij = Kg(ri+r;—dij)nj, (10)
Fiw = Kg (ri—diw) M- (11)
(a)

3 10
5 )

OSit %o 1 4 6
] 0 .
4 (2 2 2) " A% 06'\“0“

The contact force is calculated from Eqs. (10) and (11), where
K is a constant parameter; g (x) = 0 if the subject pedestrian
i and the neighboring pedestrian j do not have body contact,
otherwise it equals the argument x; d;; is the distance between
two pedestrians’ centers of mass; 72;; is the normalized vector
pointing from pedestrian j to i; d;, is the perpendicular dis-
tance of pedestrian i to the obstacle, and n;, is the direction
perpendicular to it.

3. Numerical analysis on model parameters

To better understand the influences of f;(c) and f, (o) on
the whole simulation model performance, the values of corre-
sponding weight parameters are adjusted in typical scenarios.
Parameters used in the model are K = 5000, T = 0.5, r = 0.2,
m =280, N =36, ¢ =90°, ®. =0.5, and p = 0.5. Simulation
results are analyzed as follows.

3.1. Interaction with obstacles

Figure 7 represents a simulation scenario that a pedestrian
has to detour around a wide obstacle during the movement in
a corridor.

&~

Q Pedestrian @ Obstacle ==-»Moving direction

Fig. 7. Simulation scenario that a pedestrian is moving in a corridor with a
wide obstacle.

(b)

(d)

Fig. 8. Pedestrian trajectories in corridor with a wide obstacle, simulated by original heuristics-based model and our modified model: (a)
three-dimensional spatial-temporal trajectory simulated by original model, (b) two-dimensional trajectory simulated by original model, (c) three-
dimensional spatial-temporal trajectory simulated by our modified model, and (d) two-dimensional trajectory simulated by our modified model.
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First, we compare the simulated pedestrian trajectories by
the original heuristics-based model and our modified model.
In this scenario, R = 5. The simulation results are shown in
Fig. 8. Since the original heuristics-based model lacks the
consideration of future collision, the pedestrian in the model is
short-sighted. Therefore, the pedestrian tends to make evading
decisions until he is very close to the obstacle, unrealistic wan-
dering behavior in front of the obstacle can also be observed
as shown in Figs. 8(a) and 8(b). However, the pedestrian tra-
jectory simulated by our modified model is more realistic as
shown in Figs. 8(c) and 8(d).

In addition, a series of test simulations is conducted to
evaluate the sensitivity of the parameter R, where R is set to
be 1 m—8 m. The pedestrian trajectory is recorded by different
colors according to the value of R as shown in Fig. 9. It is
shown that the larger the value of R, the earlier the pedestrian
will make the detour decision.

00 ~T O U Lo DD —
BEBEBBEBE

\ ‘

(b) g

Fig. 9. Pedestrian trajectories simulated by (a) original heuristics-based
model and (b) our modified model with different visual radii for various
values of R.

3.2. Interaction with moving pedestrians

Figure 10 represents another simulation scenario that
a pedestrian moves in the bidirectional flows, a group of
pedestrians moving in the opposite direction coming toward
him. Theoretically, the subject pedestrian may have two path
choices. The first one is to directly move through the crowd.
This path seems more direct, but he may experience strong
resistance due to the frequent collision avoidance in the “pass-
ing through” process. The other choice is to make a detour and
follow the pedestrians in the uniform flow, reducing the need
for head-on collision avoidance.

In this scenario, a larger group of pedestrians are gen-
erated in the upper right part of the corridor, moving down
the corridor from right to left. Meanwhile, a small group of
pedestrians are generated in the lower left part of the corridor,
moving from left to right. In the present scenario, R = 5. Fig-
ure 11 shows the simulation results of the original heuristics-
based model and our modified model. It is found that the sub-
ject pedestrian in the original heuristics-based model moves
directly through the crowd with opposite moving direction.
However, an obvious detour can be observed in the simulated

trajectory of the subject pedestrian in our model. The behavior
of “avoiding potential collision in the counter flow” simulated
by our modified model seems to be more realistic.

. S o8
o SYog8

T %

Pedestrian that moving - -+ Moving direction

from left to right

Pedestrian that moving
from right to left

Fig. 10. Schematic diagram of simulation scenario that a single pedestrian
interacts with other pedestrians in bidirectional flows.

Fig. 11. Model performance of simulation scenario shown in Fig. 10 and
schematic moving path of the subject pedestrian. Panels (a) and (c) display
pedestrian trajectories simulated by original heuristics-based model and our
modified model, respectively, with blue solid circles representing the trajec-
tory of the subject pedestrian, red solid circles the trajectories of pedestri-
ans moving in the opposite direction, and green solid circles the trajectories
of pedestrians moving in the uniform direction. Panels (b) and (d) show a
schematic moving path of the subject pedestrian simulated by the original
heuristics-based model and by our modified model, respectively.

4. Modeling of pedestrian behavior

To evaluate model’s ability to model the pedestrian be-
havior, simulations of some basic scenarios are conducted.
The other parameters in our model are as follows: k = 5000,
7=0.5s,r=02m,m=80kg, R=5m, N =36, and ¢ =90°.

4.1. Lane formation in the bidirectional flow

Pedestrian crowd is a complex system, which can per-
form various self-organization phenomena. Thus, a commonly
used method to evaluate the performance of pedestrian simu-
lation models is to reproduce the emergence of empirically ob-
served collective patterns of motion. The formation of pedes-
trian lanes in the bidirectional pedestrian flow is one of the
most important phenomena, where individuals avoid moving
pedestrians in the counterflow and share the available space
by forming lanes of uniform moving directions.

To better describe the evolution of lane formation in bidi-
rectional pedestrian flow, Yamori’s band index **! is employed
in this study. Its value ranges from O to 1, representing a trans-
formation of highly ordered into a disorganized state of the
bidirectional flow at time ¢. It is computed as follows.

094501-6
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(i) The corridor is segmented into several rows with the
same width bg as suggested in Ref. [20], we use by = 0.3 m.
(ii) For each row j in the corridor, calculated is the num-

riod of 62 s—100 s after simulation is used to observe pedes-
trian lane formation pattern in the three simulation cases. The
lane formation is weakened and unstable in simulation case A,

ber of pedestrians moving in each of the directions (that is,  thus high level of band index is rarely observed and its span is

moving down the corridor from left to right and from right to ~ short. With the increase of pedestrian’s visual radius and the

left) within row j. The numbr of pedestrians moving from left ~ consideration of potential collision in simulation case B, more

to right and that from right to left are denoted as nj; and nj,  stable pedestrian lanes can be observed. Moreover, in simula-

respectively. Then the band index for row j is computed from  tion case C, the weight of potential collision resistance is fur-

Eq. (12). If there is no pedestrian in row j, Y; (f) issettobe 0.  ther increased, and the pedestrian visual radius is the longest

in the simulation cases. It is clear that two pedestrian lanes are

Yi(t) = |nji—np|/ (nj+np). (I2) " formed.

(iii) The band index for the entire corridor is then given
by the average value of ¥;(z), that is, Y (t) = ¥/, ¥; (1) /K,

where K is the total number of rows of the corridor.

Figure 13 shows the simulation snapshots of the three
simulation cases. Figure 14 shows the collection of pedestrian
movement trajectories in the three simulations. Pedestrians
can successfully avoid other pedestrians and walls in all three

Band index simulation cases, and pedestrian moving lanes can be observed
-é 10 1.0000 licit] I . lati A 1 fe dd
E 0.8750 exXp 1cit y. In simu ation case A, more lanes are torme y-
i 8 0.7500 namically, and the pedestrians change lanes more frequently.
e 0.6250 - :
g 6 0.5000 Furthermore, more stable pedestrian lanes can be observed in
3 4 0.3750 simulation case B, and hardly any pedestrian moves through
~
2 0.2500 the counterflow in simulation case C.
E o 0.1250
4 .
0 ® ® ® o0
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B 0.3750 rate of 3 p/s randomly at each end of the corridor from the beginning of the
- . . .
2 0.2500 simulation and then walked down the corridor.
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Fig. 12. Band index value of each row in the corridor of three simulation
cases: (a) simulation A: @. =1, @, =0, and R =2 m; (b) simulation B:
@. = 0.5, @y = 0.5, and R = 3 m; and (c) simulation C: @, = 0.3, @, =0.7,
and R =8 m.

Our model reproduces a pedestrian lane formation behav-
ior. Specifically, three simulation cases are used to simulate
the bidirectional flow in a corridor with a width of 3 m and a
length of 12 m, they being i) simulation A: @, =1, @, =0, and
R =2 m; ii) simulation B: @, = 0.5, @, = 0.5, and R =3 m;
iii) simulation C: @, = 0.3, @, = 0.7, and R = 8 m. Figure 12
represents the band index value of each row in the corridor of
the three simulation cases. At the beginning of the simula-
tion, the pedestrians in two directions do not meet each other,
small value of band index can be detected. Accordingly, pe-

(c)

Fig. 14. Trajectories of pedestrians moving from left to right (red lines) and
from right to left (green lines) in three simulation cases of the bidirectional
pedestrian flow: (a) simulation A: @ = 1, @, =0, and R = 2 m; (b) sim-
ulation B: @, = 0.5, @, = 0.5, and R = 3 m; (c) simulation C: @w.= 0.3,
wp =0.7,and R =8 m.
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4.2. Density and velocity relationship in unidirectional
flow

The fundamental diagram presents the basic relationship
between density and speed or flow rate, which is frequently
used in previous studies to evaluate the credibility of pedes-
trian simulation models. In this work, the unidirectional flow
through a corridor is studied. As shown in Fig. 15, the length
and width of corridor are L = 12 m and W = 3 m, respectively,
and there is a door with width d at the right end of the corri-
dor; its value ranges from 1 m to 2 m. A measurement area of
2 mx2 m located in the central part of the corridor is used to
extract the flow data.

A series of simulations is conducted, in which pedestri-
ans walk down the corridor from left to right. Different den-
sity conditions can be achieved by adjusting the entering flow
rate of pedestrians and door width d. In addition, the general
density and average of instantaneous movement velocity of all
the pedestrians within the measurement area are recorded ev-
ery 5 s. The model parameters are @, = 0.5, ®, = 0.5, and
R=5m.

g ! |

el |Mcasurcmcnt| g ~

I | area | en

= | I

_____ J
2m

| |
! L=12m '

Fig. 15. Schematic diagram of experiment scene and measurement area.
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Fig. 16. Relationship between density and movement velocity in simula-
tion of the unidirectional pedestrian flow in a corridor by our model and its
comparison with published empirical data sets.

The results are plotted in Fig. 16, and compared with

35.36] The overall distribution of

published empirical data sets. !
the simulation data points by our model is reasonably con-
sistent with that of these observation results, especially ac-
cording with the empirical data from the study of Mori and
Tsukaguchi.?®! The data in this study are obtained by ob-
serving the pedestrian flow in sidewalks, which can represent
pedestrian behavior under normal conditions. However, fluc-

tuations in velocity can be observed at the same density levels

(see the varied lengths of error bars in Fig. 16). The fluctua-
tions may be due to the difference in initial moving speeds of
pedestrians in different simulation cases.

5. Conclusions

A modified heuristics-based model is presented in this
work to reproduce more realistic pedestrian movement behav-
ior, especially in high-density scenarios where potential col-
lision needs to be considered. Firstly, a modified heuristic is
proposed and stated as follows: “A pedestrian chooses the di-
rection that allows the most direct path to destination by con-
sidering both the presence of closer obstacles and potential
collision caused by farther obstacles.” Based on this heuris-
tic, the following modifications are made in our model: (I) a
discrete choice model and a utility maximization approach are
adopted to choose velocity direction at each time step; (II) new
target direction vector is used to replace the one pointing to
the destination point from the pedestrian’s mess center in cer-
tain scenarios (e.g. a corridor or a passageway), contributing to
more realistic moving trajectories; (IIT) effective forward dis-
tance in the target direction is defined and used in the heuristics
function, which focuses on the efficiency of approaching the
target while avoiding the first collision; (IV) potential collision
from far obstacles is taken into consideration in the velocity
direction choice, and represented by a resistance force in the
heuristics function.

The influences of the parameters in the modified model
are analyzed by conducting a series of simulations in some
typical scenarios. Realistic avoidance behavior when encoun-
tering a wide obstacle in a corridor can be reproduced by our
modified model. It is found that the larger the visual radius,
the earlier the pedestrian starts to make a detour. In the second
simulation scenario, a pedestrian observes a group of pedes-
trians moving toward him. In our modified model, the subject
pedestrian makes a detour and moved in the flow with the uni-
form direction, but not moving through the crowd with the
opposite moving direction.

The model is also validated by comparing the simulation
results with published empirical data about density-speed re-
lationship of pedestrian crowds and modeling lane formation
pedestrian flow phenomena in a relatively high-density situ-
ation. The pedestrian lanes can dynamically be formulated
in the bidirectional flow. With the increase of pedestrian vi-
sual radius and the weight of potential collision resistance,
more stable pedestrian lanes and less moving-through-the-
counterflow pedestrians can be observed. In addition, the dis-
tribution of density—velocity in simulations accords well with
that of the empirical data. The results show that the current
model can overcome the deficiency of the original heuristics-
based model, demonstrating a remarkable ability to repro-
duce realistic pedestrian movement behavior. Further studies
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should be carried out to characterize the pedestrians’ adaptive

behavior to future collisions, and the empirical data can further

refine our modified model.
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