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Abstract

For the development of a sustainable transportation system, a modal shift from automobiles to walking or transit is encouraged. In
order to design a more convenient and comfortable walking environment, a sound modeling of pedestrian flow is necessary. Most of
the previously developed pedestrian flow models well described the macroscopic features of unidirectional pedestrian flow.
However, in pedestrian counter-flow, interactions among conflicting pedestrians are so complicated and existing flow models fall
short in explaining some features of pedestrian behaviors. A spontaneous lane formation, which helps to reduce conflicts and increase
travel speeds, is a commonly observed feature of a crowded pedestrian flow. This paper develops a social-force based pedestrian
model, which can explain the lane formation phenomenon. From the simulation results, it turns out that the ‘following effect” and
‘evasive effect’ mainly contribute to the lane formation. Higher capacity and travel speed are obtained when pedestrians are more

congregated.
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1. Introduction

For the development of a sustainable transportation system, a
modal shift from automobiles to walking or transit is encouraged
(Kim and Ulfarsson, 2008; Ha ef al., 2011; Kim et al., 2013; Lee
and Park, 2014; Henao et al., 2015; Piatkowski et al., 2015). One
of the strategies to boost the modal shift is to provide a more
convenient and comfortable walking environment, which requires
sound understanding and modeling of pedestrian behaviors,
especially for the design and operation of pedestrian facilities.
Compared to the numerous vehicle motion models developed
since 1930s, (Greenshields, 1934; Lighthill and Whitham, 1955;
Gazis et al., 1959; Benekohal and Treiterer, 1988; Newell, 2002),
pedestrian models are relatively recent and a few. Models of
pedestrian flow have adopted two different approaches; one
considers pedestrians as a fluid-like medium (Henderson, 1971)
and the other considers pedestrians as a set of individual agents
(Helbing and Molnar, 1995; Blue and Adler, 1998). Henderson
(1971) has measured speed-density distribution functions for
crowd fluids and a good agreement is obtained with Maxwell-
Boltzmann theory. However, despite this analogy, the fluid dynamic
approach falls short in describing microscopic characteristics
of individual pedestrians such as frequent path change and
conflict avoiding movements, so accordingly much attention has
been paid to the agent-based approach.

The agent-based model consists of a social-force model and a
cellular automata model. The earliest force model was proposed
by Okazaki (1979), who has developed a magnetic force model
to analyze pedestrian movements adopting a motion equation in
magnetic fields. In 1995, Helbing and Molnar proposed a so-
called social-force model which assumes that pedestrian movements
are affected by external conditions, internal motivations, and
random errors. The social-force model describes the movements
of pedestrians with a force vector composed of a vector pointing
towards the pedestrian’s destination and repulsive force to avoid
close contacts with other pedestrians. Because the social-force
model can reproduce significant features of pedestrian flow and
is flexible enough to incorporate many factors that affect pedestrian
movements, many researchers developed their own social-force
models (Hoogendoom, 2003; Johansson and Helbing, 2008; Parisi
et al., 2009; Chraibi et al., 2010).

Cellular automata model divides pedestrian space into small
fixed cells and a pedestrian who occupies one cell at a time can
move to other cells by intuitively predetermined movement rules.
In vehicular movement, the cellular automata model already has
been applied and shown to be a good approximation of the
macroscopic features of traffic flow, while maintaining its
simplicity (Nagel and Schreckenberg, 1992; Krauss ef al., 1997).
Application of cellular automata models in pedestrian flows also
began in the late 1990s. Blue and Adler (1998) have applied the
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cellular automata model onto unidirectional pedestrian flow and
have shown that the fundamental diagram derived from
pedestrian simulation is similar to the fundamental diagram of
vehicular traffic. Extended analyses of cellular automata based
pedestrian flow include Muramatsu ef al. (1999), Blue and Adler
(2001), Tajima et al. (2002), Isobe et al. (2004), Guo and Huang
(2012).

Whether it is through the social-force model or the cellular
automata model, the main concerns of the researchers are to
simulate as closely as possible the real features of pedestrian
movement. The features that characterize pedestrian movement
which differ from vehicular movements are 1) pedestrians can
move in a two-dimensional space (no exclusively designated
lane for one direction movement) 2) counter-flows co-exist in the
same space and collision avoidance is dependent upon individual’s
discernment. Recently, simulating pedestrian counter-flow has
attracted considerable attention. Lam et al (2002) have found
that flow composition affects the capacity and speed of pedestrian
flows in both direction. Takimoto et al. (2002) investigated the
effects of a partition line in pedestrian counter-flow and have
shown that the partition line enhances the critical density. These
results suggests that pedestrian counter-flow is more inefficient
than unidirectional flow because of the conflicts between opposing
direction pedestrians. However, recent studies on counter-flow
show contradicting results that counter-flow can be more efficient
than unidirectional flow. Zhang et al. (2012) observed that the
bidirectional fundamental diagram is insensitive to flow composition
around high densities, which can be explained by the spontaneous
formation of lanes that helps to reduce the conflicts. In fact, the
effects of lane formation was already observed by Helbing ef al.
(2005), who have found through experiment that the bidirectional
pedestrian flow rate can be higher than the unidirectional pedestrian
flow rate for similar densities. Flotterdd and G, Lammel (2015)
have derived a bidirectional fundamental diagram through micro-
simulation and argued that ‘“bidirectional flows with lane
formation being more efficient than unidirectional flows and
bidirectional flows without lane formation being less effective
than unidirectional flows”.

Lane formation is an interesting phenomenon that characterizes
pedestrian flow. It would be a natural and intuitive measure to
avoid jamming transition and maintain free flow travel speed
even in a dense counter-flow. The objective of this paper is to
understand the effects of lane formation on the pedestrian flow
characteristics. To this end, we first develop a modified social-
force model with evasive effect and following effect which, we
consider, are specific human behavioral elements that contribute
to the lane formation. And then, through simulation of the
modified social-force model, we analyze the effects of lane
formation on the capacity and travel speed of pedestrian flow.

2. Model Development

The pedestrian model to be developed in this paper is based on
the ‘generalized-force model’ by Helbing et al. (2000).

— 1100 —
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7dt T, +ZJ(¢z)f;]+ZWf;W (1)

This model assumes that a pedestrian’s movement in a crowd,

N, is determined by a mixture of socio-psychological and
physical forces. The pedestrian i/ of mass m; wants to move with
a certain desired speed v/ in a certain direction e/, generally
which is the destination direction. Therefore the acceleration that
the pedestrian would resume after a certain characteristic time t
dv,  vi(D)el()—v({) .
T —77 . However, at the same time, the
pedestrian may tend to maintain a velocity-dependent distance
from another pedestrian j and walls . To include this tendency
as the ‘interaction forces’, f;; and f; are added at the second and
third right-hand side terms of eq. (1). The interaction forces can
be explained as follows. The tendency that two pedestrians (7 and
j) want to stay away from each other can be expressed as a
repulsive force

would be

A, exp[(r,—d,)/B]n, 2)

where A4; and B, are coefficients, r, = (r,+r), r; and 7, are the
radius of pedestrian 7 and j, respectively, d, = [s,—s)| , s; and s; are
the position of pedestrian i and j, respectively, and n,, = (1, ;)
= (s,—s,)/d, is the normalized vector pointing from pedestrian j
to i. When the pedestrians contact each other, in other words,
d,<r,; , the model assumes two additional forces, a ‘body force’
counteracting body compression and a ‘sliding friction’ impeding
relative tangential force. These two forces are represented as
o(r,—d,)n, and o(r,~d,)Av,t, , respectively, where ¢, = (-, n,) ,
AV, = (v,—v))-t;, ¢ and o are constants. Finally, the interaction
force can be represented as

.f;j = {Al exp[(rlj_dlj)/Bl]+ (Pg(rlj_dlj)}nlj+ wg(ru_d{/)Av:jtu (3)

where the function g(x) is zero when x <0 and is x when x > 0.
Analogously, the interaction with the walls can also be
represented as follows.

Sow = {4, expl(r,=diw)/B,1+ 0g(ri—diyw) } niy— 0g(ri—d,y) )
Vi tw)tiw

where n;; denotes the direction perpendicular to the wall, #;, the

direction tangential to the wall and A4,, B; are coefficients.

In the Helbing model, pedestrians basically tend to move
towards their destination, where there are less conflicts with
adjacent pedestrians. That is, only repulsive force is considered
to account for the interaction between pedestrians. This assumption
might be well fitted in the ‘Escape panic’ situation, which is
originally intended for Helbing model. When panicking pedestrians
rush over toward the exit, they would not fully consider the
conflict of each other, indicating that their goal might be to leave
the panic situation itself. Therefore, relying only on repulsive
force was acceptable in the Helbing model to explicate its
intended panic situations.

However, in a pedestrian counter-flow with normal situation,
the same destination pedestrians intuitively tend to congregate,
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which helps to avoid conflicts with opposite pedestrians and
proceed without friction. We assume that this congregation effect
is a direct cause of lane formation that makes the pedestrians
flow more efficiently. To account for the congregation effect, we
assume that pedestrians consider the position, movement direction,
and the distance of adjacent pedestrians traveling to the same/
opposite direction and then determine their paths ahead.

In this paper, we have added ‘Following effect’ and ‘Evasive
effect’ to the original Helbing model to explain the pedestrian
counter-flow. These two effects account for the behavior of
pedestrians to follow others, while avoiding those who are opposing
them. There are several researches, which have included these
effects in order to depict the flow of moving objects like pedestrians,
army ants, and so on (Burstedde ef a/., 2001; Couzin ef al., 2003;
Ko et al., 2013, Shuaib et al., 2013).

These effects are added in the present model by considering the
‘moving direction’ and ‘relative displacement’ of other pedestrians.
The moving direction refers to the unit vector that is pointing
towards the pedestrian’s direction of movement. It is required to
understand how a pedestrian would move in the near future. On
the other hand, relative displacement means the difference of
each pedestrian’s current location. It is necessary for obtaining
the present position of pedestrians in order to follow or evade.
By considering both moving direction and relative displacement,
the present model is able to depict the behavior of pedestrians
more comprehensively.

2.1 Following Effect

When the pedestrian flow is crowded, the space that a
pedestrian i can move would be limited and so he/she tends to
follow the motions of the pedestrians ahead. In most cases, the
pedestrians located behind the pedestrian / would rarely affect i’s
movement. We assume that the pedestrian is following the
direction of other pedestrians located ahead, who have the same
destination with him/her. We also suppose that the tendency to
follow the direction of others would be higher if the pedestrian to
follow is located closer to him/her. If we denote the unit velocity
vector of the same destination pedestrian j as v;, the force that
pedestrian / would like to follow the direction of pedestrian j is

C7 exp[(rw_dw)/Dl]v] (5)

C; and D; are coefficients which need to be calibrated. If we
assume that pedestrian i’s movement is not affected by the
moving direction of pedestrian ; (that is v;) but by the relative
displacement between pedestrian i and j, Eq. (5) can be transformed
to

E, exp[(r,—d,)/F] follow,*" (6)

lorr

where follow,”" is a unit vector perpendicular to pedestrian i’s
unit velocity vector, v;. According to the relative displacement,
whether pedestrian j is located on the left-side or right-side of
pedestrian i’s direction, this force leads pedestrian i to steer his/
her direction to follow the leader, pedestrian j. E; and F; are
coefficients which need to be calibrated.
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Fig. 1. Follow Effect to the Pedestrians in Same Direction: (a) Fol-
low the Vector, (b) Follow the Location

The two following-effect forces are modeled to have a linear
relationship, therefore the total following-effect force is

Follow effect; = {C; exp[(r;—d;)/D;1v,+ Eexp[(r,~d,)/F}]
follow,” "} xd, %)

where, d,= 1 if pedestrian j has same destination with pedestrian
i,and d, = 0, otherwise.

2.2 Evasive Effect

In crowded conditions, a pedestrian not only follows the same
direction pedestrian but also tends to evade the opposite direction
pedestrian located in front of him. This evasive movement is
often considered as an essential factor for determining the Level
of Service (LOS) for a certain pedestrian flow. Kim et al. (2014)
have defined five different evasive movements in pedestrian
flow, and established criteria of determining the LOS regarding
the number of evasive movements occurred. To model the evasive
movement, we employ ref; and evade,””’

The former, ref, represents that pedestrian i would evade
opposite pedestrian j according to the moving direction. That is,
if the opposite pedestrian j’s unit velocity vector is v;, ref; is the
reflective vector of v; where the normal-line is the direction of
pedestrian i, v;. This effect can be modeled as Eq. (8). C; and D,
are coefficients which need to be calibrated.

Ciexpl(r,—d,)/D,]ref, ®)

The latter, evade,”’, represents that pedestrian i’s evasive
movement is affected by the relative displacement between
pedestrian 7 and j. The vector evade, " is a unit vector perpendicular
to pedestrian /’s unit velocity vector, v;. It points to the right-side
or left-side of pedestrian j’s movement, according to the pedestrian i’s

location.

Eexpl(r,—d,)/F)evade,”" ©)
evade,”’ represents that pedestrian i is heading to the direction
which would lead him/her to evade pedestrian j. E; and F; are
coefficients which need to be calibrated.

An interesting situation is when the pedestrians i/ and j are
located in direct opposite of each other. Since there is no angle of
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Fig. 2. Evasive Effect to the Pedestrians in Opposite Direction: (a)
Evade by Vector, (b) Evade by Location

incidence, ref; would be impractical to simulate evasive
movements. In this case, we have modeled evade. ™" to direct to
the right-side or left-side randomly. This assumption is
acceptable because, when there is no information for one to
decide on which side to evade, it would be practical for one to
evade by chance.

Therefore the total evasive-effect force is
Evasive effect; = {C, exp[(r,—d,)/D,ref,+
E, exp[(r,—d,)/F levade,” "} xd/
(10)

where, d’=1 if pedestrian j has different destination with
pedestrian i, and d’ = 0, otherwise.

2.3 Overall Model

In the original Helbing model, the interaction force has been
limited to only repulsive force, regardless of direction. However,
the pedestrian in present model has additional terms, following
effect and evasive effect. The following effect is adjusted to
those who have the same destination, while the evasive effect is
adjusted to the pedestrians who have opposite destination.
Finally, the modified social-force model is represented as

BFR-DML-360-075-075 and Of Target
70 T T T T T T T
ok
— 50
E
€
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Py L I . L L I L
[/} 01 02 03 04 0s 06 o7 o8 09
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0 0
mld—VI — mIVI (t)el (t)_vl(t)
T;

" +Z]($1){f”+F0//0w effect,+

Evasive effect,;} +> wfiw

(n

Where,

[y = {4l expl(r,—d,)/ B+ pg(r,—d,) }n,+ a’g(rzz_dzz)AV_;rtu
Follow effect; = {C, exp[(r,—d,)/D;lv,+ E, exp[(r,~d,)/F}]
Sollow,” "} xd,

Evasive effect; = {C, exp[(r,~d,)/D,ref,+ E[(r,—d,)/F}]

/
evade,” "} x d/

The coefficient 4; in the original interaction force (f;) has been
replaced by A4,", which needs to be calibrated also. This change of
coefficient is to balance the additional two effects developed in this

paper.
3. Calibration of the Coefficients

The coefficients of the model are calibrated by Genetic
Algorithm to emulate the real-world pedestrian flow. We have
used the data acquired by Zhang et al (2012) (The authors
gratefully acknowledge for sharing the data, and it is publicly
shared at http:/www.asim.uni-wuppertal.de/datenbank/own-
experiments/corridor/2d-bidirectional.html), which has been
experimented in Germany, 2009. Zhang et al. (2012) have
observed pedestrians walking in an 8 m length, 3.6 m width
walkway, and have collected the data of pedestrian ID, unit time
(0.0625s), and each pedestrian’s X, y, z coordinates. The data set
used in calibration was named as ‘BFR-DML-360-075-075" by

Table 1. Traffic Situation and Geometric Condition

Pedestrians heading Left | Pedestrians heading Right |  Geometry

Number: 62 pedestrians | Number: 65 pedestrians Flat walloway

Flow rate: 32 ped/min/m | Flow rate: 34 ped/min/m (Length 8 m,
: : Width 3.6 m)

1100

' 8

Sum of Square Error (SSE)

. 888888838

Fig. 3. Data Used for Calibration (a) and Minimization of SSE (b)
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Table 2. Calibration Result of Each Coefficient
A?’ Cr Dr Er E
Calibration Result | 1,632 12 0.35 500 0.82

Zhang et al. (2012).

With this data, we have obtained the density-flow rate relationship
(fundamental diagram) of the experiment. Since the fundamental
diagram shows the basic characteristics of the traffic flow, it
would be suitable if the present model produces the fundamental
diagram analogous to that of experimental data. In this sense, the
present model has been set to the same traffic situation and
geometric condition as the experimental data, listed in Table 1.
The resemblance between simulation results and experimental
data would support that the present model emulates the traffic
flow in real-world. The entrance of pedestrians for both directions
are assumed to follow Poisson distribution.

The calibration has been conducted to obtain optimal coefficients
such that the model’s fundamental diagram best fits to the
experimental data. This could be achieved by minimizing the
Sum of Square Errors (SSE) of a linear regression with the
present model and experimental data, as shown in Fig. 3(a). The
range of each coefficient for calibration varied by 4,' being
1,500~2,000, C; and E; being 0~500, D; and F; being 0~1.
Moreover, 4,', C;, and E; have been rounded to the nearest
integer, while D; and F; were rounded to the nearest second
decimal. The condition of genetic algorithm has been set for 30
population size, ranking selection with 60% survival rate, 10%
mutation rate and 50 iterations. In Fig. 3(b), the SSE has been
stabilized between iteration 43~50, so we have chosen the
coefficients of iteration 50, as in Table 2.

4. Validation and Simulation Analysis

4.1 Validation

The fundamental diagrams of the Helbing model, experimental
data, and present model are depicted in Fig. 4. The fundamental
diagram of the present model turned out to be analogous to that
of the experimental data. The density and flow rate of two data
are distributed analogously, and the speed, which is the gradient
of the fundamental diagram, were both calculated as about 1.3 m/s.
This result implies that the present model has realistically
emulated the pedestrian flow in the real-world.

However, the result of the Helbing model indicates that there
existed more traffic jam compared to the real-world data and
present model. The maximum density reached up to 2 ped/m?,

Fundamental Diagram of Dweloped l\loael and Relmd Data

: 00 §° %y

000

0@0%‘% o° ]

Flow rate (ped/min/m)

¢ Helbing Model
*  Experimental Data |
®  Present Model

0 0.2 Ul.-i {!.IB D..B ‘; 1I2 1..4 1.IB 1?8 2
Density (ped/m?)
Fig. 4 Fundamental Diagram of Present Model and Related Data

while the flow rate appeared to be 90 ped/min/m in maximum.
The speed of the Helbing model has been calculated lower than
the present model’s one. This implies that the Helbing model has
experienced more traffic congestion than the other two results.
These differences were thought to be affected by additional
effects included in the present model. We have determined that
the following and evasive movements helped pedestrians avoid
conflict between each other, which had improved the overall
traffic condition of the walkway. Moreover, since the model has
been calibrated with real-world data, the present model seems to
have emulated the real-world pedestrians more effectively.

Another validation process has been conducted by comparing
the statistical estimates of the present model and experimental
data. In this process, the performance of the present model could
be statistically analyzed by repeating each simulation for 200
times. We have obtained the mean and variance of flow rate,
speed and density as listed in Table 3. Then, the estimates of the
present model and the Helbing model are compared with the
values obtained by real-word experiment.

The mean values of the present model were calculated to be
more similar to the result of real-world data than the mean values
of the Helbing model. Also, the variances of the present model
were smaller than that of the Helbing model. Meanwhile, the
Helbing model had higher flow rates and lower speed and
density compared to the present model, which also implies that
the Helbing model has experienced statistically significant traffic
jam compared to the present model.

4.2 Model Performance
In the validation process, both the following effect and evasive

Table 3. Statistical validation of Present Model

Present Model Helbing Model
Real-world - -
Mean Variance Mean Variance
Flow rate (ped/min/m) 42.76 40.89 3.33 46.55 16.31
Speed (m/s) 1.3 1.10 0.0038 0.93 0.0111
Density (ped/m?) 0.53 0.53 0.0026 0.9 0.032

Vol. 20, No. 4/ April 2016 - 1103 -
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Fig. 5. Evasive Movement and Following Pedestrians in Various Situations

effect were thought to be responsible for the improvement. These
effects were influencing the pedestrians to avoid the conflict of
each other and advance toward the destination more easily as
seen through the snapshots of our simulation in Fig. 5.

In Fig. 5(a), pedestrian counter-flow of each heading to the
right and left are imminent to collision when the unit time (t;) is
10. However, the pedestrian labeled as ‘1’ reacts mainly to the
nearest opposite pedestrian ‘2°, while the pedestrian 2’ also
takes account of the opposite pedestrian ‘1°, respectively. The
evasive effect leads to both pedestrians changing their route to
avoid collision. Moreover, other pedestrians that were following
pedestrian ‘1’ and ‘2’ also avoid the collision as well. This has
been achieved by the following effect. When unit time (t,) is 11,
pedestrians who were heading to the same destination with
pedestrian ‘1’ follow the leader by moving to the right-side of the
walkway. Similarly, opposite pedestrians including ‘2’ also
move to the right-side. This results in the formulation of a
spontaneous lane of pedestrian flow in unit time (t;) 13.

Of course, the ‘Keep Right’ rule was not included in the
present model, so such right-sided lane was just a coincidence.
Nonetheless, the formation of lanes has been generally emulated,
whether people were located on the right-side or left-side of the
walkway. Fig. 5(b) and Fig 5(c) show these cases where left-
sided lane or formation of three lanes occurred. In this context,
lane formation is expected to increase the overall capacity.

To investigate the effect of lane formation for different directional
flow rate, we have tested five different flowrate ratios, 1:9, 2:8,
3:7, 4:6, and 5:5. Regarding four traffic characteristics, the
results are presented in Table 4. While the three characteristics
(flow rate, speed and density) are well established indicators for
determining the traffic, a newly suggested value, ‘Collision’, has
been adopted in this paper. We have defined the pedestrians to
have experienced a collision when the distance with any other
pedestrian is under 0.1 m. Then, the number of collisions per
pedestrian during the simulation has been regarded as the traffic
characteristic ‘Collision’.

— 1104 —

Kim ef al (2014) have found that the lateral distance of
personal space is 0.49 m, while the longitudinal distance is 0.65 m
in Korea. The Korean Highway Capacity Manual (2013) also
defines the personal space of pedestrian to be 0.2 m? In this
sense, it is acceptable to assume that a pedestrian has experienced
collision by being closer than 0.Im with any other pedestrian.
The mean and variance of each characteristic have been obtained
by repeating each simulation 10 times.

According to Table 4, when the flow rate ratio is heavily
imbalanced (like the 1:9 scenario), there are little differences in
the mean of flow rate, speed and density between the present
model and the Helbing model. However, when the flow rate ratio
is more equivalent (as the 5:5 scenario), the speed of the Helbing
model is lower than the speed of the present model, while the
density of the Helbing model is higher than the density of the
present model. This implies that the Helbing model experienced
more traffic congestion than the present model

By altering the flow rate ratio from the imbalanced to the
equivalent scenario, the mean collision of the present model has
remained stable around 10, which indicates that the pedestrians
in the present model have experienced a stabilized travel
regardless of flow rate ratio. Moreover, the variance of collision
in the present model has generally decreased. To sum up, the
pedestrians in the present model had uniform collision while its
variance became smaller when the flow rate ratio became equivalent.

Overall results in Table 4 imply that in unidirectional pedestrian
flow, lane formation occurs rarely in both models, indicating little
difference between the two models. However, in a bidirectional
counter-flow, the present model can well replicate the phenomenon
of lane formation.

Meanwhile, lane formation could be quantitatively analyzed
by the ‘Order Parameter’. Here, we have adopted the order
parameter used by Delhommelle (2005) to detect the formation
of lanes in driven liquids and colloids. The value of ¢, is equal to
1 for a given pedestrian i, if the distance between i and opposite
pedestrian j is larger than the distance between two nearest

KSCE Journal of Civil Engineering
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Table 4. Traffic Characteristics According to the Flow Rate Ratio

Flow rate ratio . . . . .
Traffic characteristics 1:9 2:8 37 4:6 3:3
Mean Present 13.29 22.82 32.73 37.47 41.34
Flow rate Helbing 13.02 25.28 35.89 39.89 42.00
(ped/min/m) Variance Present 188.59 317.59 459.85 515.63 637.87
Helbing 265.31 384.40 465.51 591.50 665.61
Present 1.18 1.22 1.17 1.16 1.09
Mean -
Speed Helbing 1.10 1.01 0.86 0.76 0.71
(m/s) Variance Present 0.1 0.09 0.16 0.18 0.22
Helbing 0.11 0.13 0.12 0.12 0.12
Present 0.17 0.29 0.42 0.47 0.53
Mean -
Density Helbing 0.20 0.44 0.80 1.01 1.08
(ped/m*) . Present 0.03 0.05 0.07 0.08 0.10
Variance -
Helbing 0.08 0.18 0.37 0.55 0.60
Mean Present 11.49 10.71 10.78 8.92 10.15
Collision Helbing 2.69 7.60 25.83 51.65 51.55
# ] Present 201.40 185.01 165.04 71.66 86.86
Variance —
Helbing 33.35 180.73 759.12 225122 2041.75

neighbors of i heading to the same destination. Otherwise, ¢, is
equal to 0. The order parameter in any unit time t is defined to be
4= Zf“ _,¢/N, with N being the number of total pedestrians
present. Then, the global order parameter (¢) in a single run of
simulation has been obtained by the weighted mean of each ¢
with the existing pedestrian amount () in each unit time. The
order parameter is close to 1 when the formation of lane had
occurred strongly.

However, Nowak and Schadschneider (2012) have pointed out
that this value is generally larger than 0, even though when every
pedestrian is distributed randomly. To overcome this shortcoming,
they have revised the order parameter with Eq. (12), which uses
the mean order parameter (¢, when every pedestrian is randomly
distributed. In this paper, randomly distributed pedestrians were
simulated for 10,000 times and the mean order parameter of
these simulations were defined to be ¢, (¢, =0.1883). In this

Flow rate ratio - Order P: Relationshig

— Present Model
[ | — — — Heibing Model

Order Parameter
=]
o

o0z o —e-———__ g _ 1
I - L T==-0
o1 & 1
0 A
19 28 37 46 55
Flow rate ratio
(a)

context, order parameters are scaled to revise randomly distributed
pedestrians and lane formation could be quantitatively analyzed.

_ 9=
Ay

In Fig. 6(a), the order parameters according to each flow rate
ratio are depicted for both models. These values were obtained
by the mean of order parameters in the equal simulations, which
were used in Table 4. The order parameter of the present model
has been analyzed to be large enough, and it has increased
steadily by altering the flow rate ratio. This result supports the
formerly mentioned inference that the present model’s improvement
in Table 4 has been caused by a strong lane formation. Under an
imbalanced flow rate ratio, the present model had a relatively
small order parameter. However, the order parameter increased
when flow rate ratio became equivalent, which helped the present

(12)

Bidirectional Flow rate - Order Parameter Relationship

Order Parameter
=]
"

50 60 70 B0 90 100 110

(b)

Fig. 6. Order Parameter for Different Flow Rate Ratio (a) and Bidirectional Flow Rate (b)
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Fig. 7. Sensitivity Analysis in Regard with Flow Rate and Speed

model to reproduce good results. Therefore, strong formation of
lane in the present model is thought to be responsible for the
improvement mentioned earlier in Table 4.

In a further analysis, the formation of lane had strongly occurred
in the present model by not only altering the flow rate ratio, but
also by increasing the bidirectional flow rate itself with the flow
rate ratio fixed to 5:5. In Fig. 6(b), the increase of bidirectional
flow rate had generally led the order parameter to increase.
Below 40 ped/min/m bidirectional flow rate, the order parameter
of the present model has increased sharply. However, when the
bidirectional flow rate was larger than 40 ped/min/m, it increases
gradually and finally becomes steady around 0.95 over 80 ped/
min/m. This is reasonable since the increase of bidirectional flow
rate would lower the amount of spare-spaces that would be
necessary to form lanes.

4.3 Sensitivity Analysis

In order to determine the impact of each coefficient, sensitivity
analysis has been conducted. Since the characteristic of coefficient
A4, is well known for originally being adopted in the Helbing
model, the other four coefficients (C, D, E; and F;) were
considered in this analysis. Sensitivity analysis has been conducted
by changing the target coefficient, while the other coefficients
were fixed as the default value obtained by calibration. The
range of coefficients were the same used in the calibration
process, and the results were obtained by running the simulation
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10 times and taking the mean value.

According to Fig. 7, flow rate was most sensitive to C,,
followed by D.. Since those coefficients were used with ‘moving
direction’, it seems that the flow rate is more sensitive to the
moving direction than the relative displacement of other pedestrians.
However, speed was only sensitive to C;, compared to the other
three coefficients. In conclusion, we have determined that
pedestrian flow is more sensitive to the differences in moving
direction, rather than the relative displacements of pedestrians.

5. Conclusions

A newly developed social force model is proposed to investigate
the effects of lane formation in a pedestrian counter-flow. The
calibration was conducted by utilizing the genetic algorithm, and
it has been validated that the present model emulates the real-
world pedestrian flow well. The present model shows that the
following effect and evasive effect contribute to lane formation.
From the simulation, we have found that lane formation reduced
the density and collision, while increasing the speed.

Lane formation had little impact when the flow rate ratio was
imbalanced. On the other hand, it had a stronger impact when the
directional flow rate ratio was equivalent, and traffic flow was
heavier. By the sensitivity analysis, pedestrian flow was more
sensitive to the differences in moving direction than the relative
displacements of pedestrians.
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