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Abstract: Walking behavior at signalized crosswalks or passageways in rainy conditions can
differ from that in other conditions. In this study, controlled experiments and field
observations were conducted to calibrate the fundamental relationships in various rainy
conditions with various bidirectional pedestrian flow ratios at signalized crosswalks in Hong
Kong. A potential field cellular automaton simulation model was proposed to investigate
walking behavior at crosswalks in rainy conditions, such as pedestrians’ lifting or lowering
their umbrellas, which resulted in the umbrellas overlapping during the crossing process. The
simulation results show that the proposed model can reproduce the phenomenon of
quick-forming pedestrian streams for pedestrians with umbrellas at signalized crosswalks.
Rainfall intensity and the pedestrian bidirectional flow ratio have various effects on average
walking speeds. The proposed simulation model is particularly useful for the design of
intersections with signalized crosswalks in Asian cities with relatively high annual rainfall
intensity.

Keywords: Walking behavior, Signalized crosswalk, Rainfall intensity, Bidirectional flow
ratio

1. INTRODUCTION

Crosswalks are essential facilities for pedestrians and drivers. Pedestrian walking
characteristics at crosswalks are useful for the design of intersections, to which much
attention has been paid by researchers from multiple disciplines, such as physics, mathematics,
engineering, and sociology (Transportation Research Board, 2000; Lam and Cheung, 2000;
Lam et al., 2002; Zeng et al., 2014).

Generally, two methods, including statistical and simulation-based methods, are used
for such studies. For statistical methods, field data are collected and analyzed to investigate
the effects of certain key factors on walking characteristics at crosswalks. Such factors
include age, gender, group behavior, weather, and pedestrian compliance. Lam and Cheung
(2000) and Lam et al. (2002) collected field data to investigate the bidirectional effects and
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found that the effective capacity and average walking speed at capacity depended on the
bidirectional flow ratio. Simulation is another frequently used method. Various models have
been proposed to simulate walking behavior at crosswalks, ranging from the social force
model (Zeng et al., 2014) and the floor field model (Li and Dong, 2012; Lu et al., 2014), to
the agent-based model (Liu et al., 2014). In addition, Lee and Lam (2008) presented the
calibration of a simulation model for pedestrian movement at signalized crosswalks in Hong
Kong, in which the effects of bidirectional pedestrian flow (i.e., the effect of the flow ratio) on
the average walking speed and the level of service for crosswalks were emphasized.

Furthermore, some researchers (e.g. Prevedouros and Chang, 2005; Lam et al., 2008)
have investigated the effects of rainfall on traffic flow particularly for tropical and subtropical
cities, such as Hong Kong which has the average annual rainy days with 141.6 days in the
past ten years (2007-2016, where the average annual rainfall intensity is over 2,300 mm,
http://www.hko.gov.hk). However, these works have focused on vehicular flow instead of
pedestrian flow. As shown in Figure 1, walking behavior at signalized crosswalks in rainy
conditions can differ considerably from that in normal conditions. Chang et al. (2011)
conducted a field survey with video cameras and found that the mean walking speed under
conditions of no rain (1.22 m/s) was significantly higher than that in rainy conditions (0.85
m/s). Nevertheless, models of pedestrian movements at signalized crosswalks in adverse
weather conditions remain limited.
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Figure 1. Comparison of pedestrian movements in normal and rainy conditions
at a signalized crosswalk in Hong Kong

To fill this gap, this study aims to calibrate the fundamental speed-density relationships
to account for bidirectional flow effects in rainy conditions and to propose a simulation model
to capture pedestrian walking behavior in various rainy conditions at signalized crosswalks in
Hong Kong.

The remainder of this paper is organized as follows. Section 2 studies the calibration of
walking speeds for bidirectional flow in rainy conditions. A potential field cellular automaton
simulation model is presented in Section 3, in which walking strategies and basic updating
rules are discussed. The simulation results and analyses for the effects of rainfall intensity and
the bidirectional flow ratio on the average walking speed are presented in Section 4. Finally,
conclusions and directions for future study are given in Section 5.

2. CALIBRATION OF PEDESTRIAN SPEED-DENSITY RELATIONSHIP IN RAINY
CONDITIONS

In rainy conditions, pedestrians hold umbrellas while crossing intersections. In practical terms,
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the maximum pedestrian density and fundamental speed-density relationship differ
considerably from those in normal conditions without rain. When a pedestrian with an
umbrella is unable to walk freely, especially when facing heavy opposing pedestrian flow, he
or she may lift or lower the umbrella or even slant it to walk through the crosswalk as quickly
as possible. In this case, some umbrellas begin to overlap (dashed rectangles shown in Figure
2) during the crossing process. To investigate such walking characteristics at signalized
crosswalks in rainy conditions, controlled experiments were conducted at an outdoor site. A
potential field cellular automaton simulation model was then proposed to capture the walking
behavior in rainy conditions.

2.1 Controlled Experiments

Controlled experiments were conducted in the Road Research Laboratory of the Hong Kong
Polytechnic University on May 26, May 27, and June 11, 2016. The Laboratory is located on
an off-street that provides an outdoor environment for experiments. More than 120
participants were recruited for these three controlled experiments. A sprinkler system was
installed at the experimental site to imitate real rainy conditions. The testing scenarios were
designed based on several controlled variables, such as rainfall intensity, the number of
pedestrians, and the bidirectional pedestrian flow ratio. Five video cameras were set to capture
the pedestrians’ movements. A snapshot of one of the controlled experiments is shown in
Figure 2, and the measurement area is described in Figure 3.

Figure 2. Snapshot of pedestrian controlled experient a
2.2 Data Extraction

Data extraction was carried out with a semi-automated video technique. A computer program
was made to record from videotape the times at which pedestrians crossed a measurement
section (Lam and Cheung, 1998).

As shown in Figure 3, a pedestrian was selected, and his or her entry and exit times
while crossing the measurement section were recorded. Two pedestrian streams a and b
moved in opposite directions at the designed crosswalk. Specifically, the times at which a
pedestrian from stream a passed Lines 2 and 3 were recorded as t; and to, respectively. The
walking speed va (m/min) during this time interval was obtained by (t>-t1)/d, where d is the
distance between Lines 2 and 3. Moreover, the time at which each pedestrian crossed the
central line of the measurement section was recorded and stored. We counted the pedestrians
of streams a and b, respectively, as they passed the Central line (I) and thus obtained flow
profiles a and b. The one-way pedestrian flow rates fa and fy (person/min/m) during t>-t; were
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then taken as the average number of pedestrians who passed the central line in unit time and
unit width for streams a and b, respectively. The pedestrian bidirectional flow ratio ra was
taken as fa/(fatfb). As such, the walking speed va corresponded to one-way pedestrian flow fa
and flow ratio ra.
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I ' I
Stream a——» ‘ 5 ‘ ~<«—Stream b
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Figure 3. lllustration of the designed crosswalk and measurement section for
the controlled experiments

2.3 Fundamental Relationship for Bidirectional Pedestrian Flow in Rainy Conditions

We study the relationship between walking speed va and one-way pedestrian flow fa, or
walking speed va and pedestrian density p, (i.e., f,/v, ) under various pedestrian
bidirectional flow ratios ra and rainfall intensities I, denoted as v, =F(p,,r,,1). The

following function is proposed to estimate the above relationship based on the extracted data
(Lam et al., 2013):

Va(pastar 1) = V(I) exp |(—4.10 + 5.22r, — 2.49r2) (m’w)] , (1)

where V, (1) is the free-flow walking speed of pedestrians with umbrellas at a rainfall
intensity I. The observed average free-flow walking speed decreased from 73.60 m/min to
55.50 m/min with the rainfall intensity increased from 0.10 mm/h to 15.00 mm/h, and it was
calibrated as V, (1) =exp(4.18171°%).

The comparison between the observed and estimated data in light rain conditions is
shown in Figure 4, where the rainfall intensity is about 0.10 mm/h. The R? value of 0.83 gives

promising fitting results for use of the calibration function (1) in the simulation model
proposed below.
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(75.33,0.01,1.00)

Walking speed{m/min)

Density Da(pers,]nfm ) , .

0 0.2 Bidirectional flow ratio r,

(75.33, 0.01, 1.00) represents walking speed = 75.33 m/min, density of pedestrian stream a p,= 0.01 person/mQ,
and flow ratio ra=1.00

Figure 4. Walking speed against pedestrian density and bidirectional flow ratio

3. SIMULATION MODEL
3.1 Assumptions

The following assumptions are made to facilitate the presentation of the essential ideas in this
paper.

Al. In rainy conditions, all pedestrians hold umbrellas when crossing a signalized crosswalk.
Although some pedestrians use raincoats and some do not carry umbrellas in light rain
conditions, it is straightforward to extend the results from the proposed model.

AZ2. In general, the diameter of an umbrella is 0.95 to 1.05 m. In this study, we assume that all
umbrellas have a diameter of 1.00 m.

A3. The personal characteristics of pedestrians are assumed to be homogeneous. In other
words, characteristics such as gender and age are not considered.

3.2 Occupied Cells of a Pedestrian with an Umbrella

The multi-grid method (Bandini et al., 2014), which is a widely used approach to localizing
pedestrians in a 2D simulation, is adopted to capture the overlapped umbrella effect. The
studied crosswalk is discretized into small cells of 0.20x0.20 m?. Each umbrella occupies 25
cells (Figure 5). The 25 occupied cells are denoted by (i, j), I, j = -2, -1, 0, 1, 2, with its central
cell at (0, 0). We use a Moore neighborhood (Packard and Wolfram, 1985) in this study, that is,
an umbrella can be moved in one of eight directions or remain still (Figure 5(b)). If the
umbrella is moved one cell, its twenty-five occupied cells move together. In this case, for
simplicity, we use the movement of the umbrella’s central cell to represent its entire
movement.

1350



Journal of the Eastern Asia Society for Transportation Studies, Vol.12, 2017

P
AT [ T [
: ()
. f’f N | ‘\_%ﬁZL_____
<(0.0)— lm
REAF DN RA |
I R I P B [ S I
(a) Single pedestrian with an umbrella (b) Moore neighborhood

Figure 5. Occupied cells of umbrella

3.3 Walking Strategy based on a Cost Potential Field

To derive the optimal walking direction, a cost potential field is proposed based on Jian et al.
(2014) in the following.

As shown in Figure 3, at position (x, y) and at time t, we consider the movement of a
pedestrian with free-flow walking speed V: (1) at a rainfall intensity I. The cost distribution of
such a pedestrian is his or her time of walking unit distance and is denoted by C(po(x, y),t, 1),

i.e., C(o(x,y),t,1)=1/NVXytl), where V(x,y,t, D=V (Vi (), o (X, y, t, 1)) is his or her walking
speed and p (X, Y, t, 1) is the local density.

However, two pedestrian streams a and b have opposite directions at the crosswalk.
Stream ¢ (c=a, b) would face the interactions with the opposing flow d (d=b, a). In view of
the rain factor, the cost distribution of stream c can be extended from Zhang et al. (2012):

7.6 Y, 6 1) =Clo(x, y).t DT (w(x .0, . (% Y, 11, oy (X y,8, 1), c=a,b;d=ba  (4)

where,
v (X, y,t) : the crossing angle of pedestrian streams a and b at (x,y),

pP=p,+p : the total density, and
I'.(w,p.,ps) :thescaling function to describe the avoiding and following features of

pedestrian stream c.

Based on field studies (Wong et al., 2010; Xie et al., 2013) and numerical experiments
(Zhang et al., 2012), we explicitly incorporate the bidirectional flow ratio into the scaling
functions:

L., p..p4) =

exp( A (r)A-cosp(x, y,1)) p, (X, y.1))-exp (B, ()W, (x, y) o, (x, ¥, 1)).c=a,b (5)
where r¢ is the flow ratio for pedestrian stream c, that is, rc = flow of stream c/two-way flow.
The first exponential term of Equation (5) is denoted by EXP., and it should satisfy the

property of monotonicity, that is, 8EXP§/6pd >0, which indicates the avoiding nature of
pedestrians. Regarding the second exponential term EXP? of Equation (5), we have

OEXP? [op. <0, which reflects the following nature of pedestrians.

At time t, we consider the minimal generalized cost of the pedestrian in stream ¢ from
position (X, y) to destination D¢ (c = a or b). Based on the cost distributionz,(x, y,t, 1), there

uniquely exists a function ¢_(x,y,t, 1), that is, the cost potential field, that satisfies the
following Eikonal equations (Zhang et al., 2012; Jian et al., 2014):
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\/{%j +[aa(§cj :TC(X’y’t’I)’ q)c(xoiyoatal):O, C:a,b (6)

where (X,,Y,) € D,.
In fact, ¢@.(x,y,t,1) is the minimum cost from origin A(x,y) to destination
B(X,,Y,) € D.. Therefore, walking along the negative gradient direction of the cost potential

field would be the optimal path choice, which is also called a reactive user optimal walking
strategy. Such a direction is the steepest descent of the cost potential field. Thus, we have the
crossing angle in Equation (5) that

y(% Y41 =<-Vo,(xy,L1),-Vg(yt1)>. ()

We adopt the fast sweeping method (Zhao, 2005) to solve the coupled Equations (6) and
(7). Actually, the right-hand side of Equation (6) contains Equation (7). The potential fields at
discrete time ti1, that is, ¢.(x,y,t_,,1),c=a,b, are used to approximate those at time t; in

the computation of the crossing angle in Equation (7) (Zhang et al., 2012).

Based on the calibrated fundamental relationship in Section 2.3, the walking speed for
bidirectional pedestrian flow in rainy conditions in the simulation model is obtained. In
contrast, the flow ratio in Equation (5) for the cost distribution can also be determined.
Specifically, we first reconstruct the pedestrian densities p, and p, (see Appendix) and

then obtain v, =F(p,,r,,1) and v, =F(p,,5,,1) from Equation (1). Notice that
r, = p.V, I(pv, + pV,) - We thus get flow ratio r, by solving the coupled equations.

3.4 Basic Updating Rules

To further facilitate the discussion, a variable O(i, j) is introduced to represent the number of
umbrellas occupying cell (i, j); that is, O(i, J) = k means that the cell is occupied by k
umbrella(s), and it is dynamically updated in the whole simulation. If the cell is newly
occupied or newly vacated by an umbrella, the value is updated as O(i, j)= O(i, j)+1 or O(i,
1)=0(i, j)-1, respectively.

3.4.1 Feasible walking schemes

Pedestrians holding umbrellas do their best to minimize conflict delays with opposing
pedestrians. If there is not enough empty space to move forward, a pedestrian holding an
umbrella may try to lift or lower his or her umbrella to minimize the conflict. Based on this
assumption, we discuss the following two stages by combining the potential field to determine
whether a pedestrian lifts or lowers his or her umbrella.

(1) Stage I: Walking without lifting or lowering umbrella

When a pedestrian moves one cell in a perpendicular or diagonal direction as shown in
Figure 6, some newly occupied cells will emerge. Such newly occupied cells are described as
follows:

1) Walking in a perpendicular direction, i.e., i=0,j=+1 or,i=%1, j=0 (Figure

6(a)):
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oo (i, J) = {(k@-17) +3i, k(1— j*) +3]) [k =—2,-1,01,2}, )
2) Walking in a diagonal direction, i.e., i=1, j=+1 (Figure 6(b)):

Qe (i, J) ={(3i, j+k) [k =-2,-1,0,1,2}U{(i+k,3j) [k =—2,-1,0,1,2} . 9)

%7
% Inner Cell . Boundary Cell
N Newly Occupied Cell —»» Moving Direction

(a) Perpendicular walking direction (b) Diagonal walking direction
Figure 6. Case of walking without lifting or lowering umbrella

If the newly occupied cells are empty or available for a person to enter, there is no need
to lift or lower his or her umbrella. Thus, the movement of the person at the central cell from
(0, 0) to (i, j) in this case is defined as feasible if it satisfies two conditions: (1) the newly
occupied cells are empty and (2) the potential value of the central cell is declined.
Specifically,

if i=0,j=+1 or i=%1,j=0,then

>, 0G,)=0 and ¢, j)<¢(0,0); or (10a)
(i, 1)eoc (i, 1)

if i=+1 j==1,then
> 0, j)=0 and ¢, j)<¢(0,0). (10b)

(i, 1)eRoc (i, 1)

The set of the new central cell (i, j) of all of the feasible walking schemes at Stage | is
denoted by Q!

Feasi *

(2) Stage II: Walking with lifting or lowering umbrella
If Qr . =, the pedestrian will adjust the level of the umbrella by lifting or lowering

Feasi
it to walk, and umbrellas then begin to overlap. In view of this, some cells are jointly
occupied by such umbrellas (Figure 7). The new inner cells depicted in Figure 7 are
introduced at the second stage. Similarly, the new inner cells can be described as follows.

1) Walking in a perpendicular direction, i.e.,, i=0,j=+1 or,i=%1, j=0 (Figure
7(a)):

Ui, ) ={(k@-i%)+2i, k@- j*)+2j) [k =-1,0,1} (11)

2) Walking in a diagonal direction, i.e., i==1 j=+1 (Figure 7(b)):
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e (i, J) ={(2, j+k) |k =-1,0,1}U{(i+k, 2j) |k =-1,0,1} . (12)

. Overlapped Cell
—» Moving Direction

@) Perpicular walking direction (b) Diagonal walking direction
Figure 7. Case of walking with lifting or lowering umbrella

As shown in Figure 7, a cross “X” represents that the walking direction is not allowed
because the new inner cells have been occupied by other umbrella(s). To avoid being
overcrowded, this strategy also indicates that the jointly occupied cells can occur only on the
boundary cells.

In this case, feasible walking should satisfy two conditions: (1) the new inner cells are
occupied by the umbrella itself and (2) the potential value of the central cell is declined.
Similarly, it should satisfy the following equations:

if i=0,j=41 or i=%£1,j=0,then

I O, j)=1 and ¢f(i, j)<¢(0,0); or (13a)
(i, 1)eQc (i, 1)

if i=+1 j==1,then

- 11 O, j)=1 and o, j)<¢(0,0). (13b)

(i) (i, 1)

The set of the new central cell (i, j) of all of the feasible walking schemes at Stage 1l is
denoted by QZ,.

3.4.2 Optimal walking schemes

To choose an optimal walking scheme from all of the alternatives, it is expected that the
pedestrian walks toward the steepest descent of the potential field. Nevertheless, a pedestrian
occupies 25 cells, and they all move together with the movement of the pedestrian. Let

o(i, j) be the decline of the average cost divided by 25 cells, i.e.,

1 Do @O0+ D0+ i+ p,j+a)
oli, ) = = . (,j=0,%1), (14)
25 JiZ+ jdl

where Q... ={(p,a)| p.a=0,£1,+2} is the index set of the occupied cells and dl = 0.20 m

Index

is the length of a cell’s side.
Therefore, the expected walking strategy is that the pedestrian will choose the one with
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the steepest descent over (7)(i,j) instead of ¢(i, j) from all feasible walking schemes.
Specifically,

(W) If O =D, denote Qg =11, )0, 1) 20, 1), (i) € e}
QIf QL =2, Q& =3, denote Qomi={(i*,j*)|;(i*,j*)z&(i,j), (i, j) e 2 }

Feasi Feasi Feasi

If |Qq,|=1, then the pedestrian will choose the only element of Q. to move
toward.

If |Qy| >1, move to each cell in Q,,; with the probability 1/|Qq,|.

If Q. =9, O, =3, keepstill.

3.5 Walking Speed Variation in Cellular Automaton Model

As pedestrians dynamically alter their walking speeds during the walking process, it is
essential to study the walking speed variation in a cellular automaton model. To reflect
realistic walking behavior, each updating time step is sufficient for walking one step for the
quickest pedestrian. We denote the maximum free-flow walking speed of all pedestrians by
Vi max(l) and the width of each cell as Alm (e.g. Al =0.20 in our proposed model). We take
At=nAl/V, () suchthat nAl is approximately equal to one step length. In fact, such a

time step is also beneficial for the computation of potential field, especially for the multi-grid
method. The fastest pedestrians can then walk at most n cells at each time step.

To consider the movement of a pedestrian with a desired walking speed of V(I) (V(I)
<Vt max (1)) in each updating time step, we extend the method proposed by Yuan and Tan
(2007). During time step t;, a probability pi = V(1)/Vs max (1) is introduced to describe his or her
walking behavior. Each updating time step can be divided into n sub-steps, denoted by t;®,
k=1, 2, ..., n. At sub-step ti{%, the pedestrian has two choices: (1) to walk with a probability p;
and (2) to keep still with a probability 1-p;.

3.6 Simulation Procedure

From the above discussion, the main procedures of the simulation are summarized as follows.

(I) At updating time step ti: Potential fields are obtained by solving Eikonal equations
(6) and (7) using the Fast Sweeping method. All pedestrians are updated in a random serial
order. For a specific individual at sub-step t® , k=1,2, ..., n:

(i) Determine the optimal walking scheme based on the updating rules defined in
Section 3.4.

(i1) Walk toward the optimal walking scheme with a probability or keep still with the
other corresponding probability in Section 3.5.

(11) Increment t_, =t +At, repeat (I) until the end of the green time of that particular

walking phase.

4. SIMULATION EXPERIMENT
In the simulation experiment, the width and length of the signalized crosswalk are adopted as

W =12.60 mand L = 18.20 m, the sum of the pedestrian green and flashing green times is set
as 43 s, and the pedestrian red time is set as 77 s. Other parameters are taken as follows: the
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generalized cost distribution C(p)=exp(0.3p%)/V,(lI) in Equation (4) and A(r,)=
0.21(1-r)), p,(r,)=0.11r, in Equation (5).

4.1 Lane Formation

Figure 8 presents the simulation snapshots of the lane formation at balanced pedestrian flows
(i.e., the pedestrian flows on both sides of the crosswalk are equal). In this simulation, the
rainfall intensity is taken as 1.00 mm/h. We can easily observe that the phenomenon of lane
formation is reproduced in the proposed model with the consideration of pedestrians’ lifting or
lowering their umbrellas. It should be also noted that this model is able to quickly form
streams at the signalized crosswalk, which is a challenge and therein a contribution of the
proposed model compared with the simulation at other scenarios such as sidewalks.
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4.2 Effects of Rainfall Intensity and Bidirectional Flows on Walking Speed

To further obtain walking characteristics such as the average walking speed, the times at
which each pedestrian passed the two departure lines and the central line of the crosswalk (as
shown in Figures 3 and 8) were all recorded in the simulation. The number of pedestrians who
passed the central line of the measurement section in unit time and unit width for each
pedestrian stream was counted as the flow rate.

We first focus on the effects of rainfall intensity and bidirectional pedestrian flows on
the average walking speed. In the simulation, the bidirectional pedestrian flows at the
crosswalk are balanced and the signal cycles are repeated 35 times.

Bidirectional flow ratio r= 0.5
4 (75.56, 0.10, 0.10)

B 63.05, 1618, 0.10
?556;010;1&0' : e
Do o

—
-

=1
o

[ ) o
() o
J—]

e
o
L

o
I

P =] (W)
o
L

Average walking speed{m. /min)
o
i

o
W

o

10

Bidirectional flow(pers l:m:;‘ﬁl.;‘rnin)2D - Rainfall intensity(mm/h)

0
25 15

(35.15, 16.18, 15.00) represents average walking speed = 35.15 m/min, bidirectional pedestrian flow = 16.18
person/m/min, rainfall intensity = 15.00 mm/h

Figure 9. Average walking speed against bidirectional pedestrian flow and rainfall intensity

Figure 9 shows the average walking speed against rainfall intensity and bidirectional
pedestrian flow. The maximum average walking speed of 75.56 m/min occurs at a low flow
and in light rain condition; that is, the bidirectional pedestrian flow is 0.10 person/m/min and
the rainfall intensity is 0.10 mm/h. It also shows the average walking speed deceases with the
increase in rainfall intensity. At a low flow condition, i.e., the bidirectional pedestrian flow is
0.10 person/m/min, the average walking speed decreases from 75.56 to 55.56 m/min with an
increase in the rainfall intensity from 0.10 to 15.00 mm/h. This is consistent with the
calibrated result of the free walking speed in rainy condition in Section 2.3.

With a rainfall intensity of 15.00 mm/h, the average walking speed decreases from
55.56 to 35.15 m/min with an increase in the bidirectional pedestrian flow from 0.10 to 16.18
person/m/min, i.e., from the free-flow condition to a saturated flow condition. The rate of
decrease reaches 58.07%. For the case of bidirectional pedestrian flow of 16.18 person/m/min,
the average walking speed reaches 63.05 m/min with a rainfall intensity of 0.10 mm/h. The
results indicate that the effects of rainfall intensity and bidirectional pedestrian flow on
walking speed are significant.
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4.3 Walking Speed Distributions

We investigate the walking speed distributions with balanced pedestrian flows in this section.
Figure 10 shows the frequency distribution and the cumulative frequency distribution of
walking speeds in the cases of light rain (1.00 mm/h) and heavy rain (15.00 mm/h) at a low
bidirectional pedestrian flow (6.00 person/m/min). As shown in Figure 10, the walking speeds
in both cases follow Gaussian distributions. We find that the walking speeds in light rain
conditions are faster than those in heavy rain, which is consistent with the calibrated result in
Section 2.3. The results also demonstrate that the walking speed variation proposed in Section
3.5 is valid in the simulation model.
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Figure 10. Frequency distribution and cumulative frequency distribution of walking speeds
4.4 Effects of Bidirectional Flow Ratio on Walking Speed

We next study the impacts of pedestrian bidirectional flow ratio at signalized crosswalks on
the walking speed.

Table 1 shows the average walking speed against the bidirectional flow ratio in light and
heavy rain conditions. As shown in Table 1, the average walking speed increases as the
bidirectional flow ratio increases with the same rainfall intensity and the same bidirectional
flow condition. At a less congested two-way pedestrian flow of 10.00 person/m/min and a
rainfall intensity of 1.00 mm/h, specifically, the average walking speed increases from 50.09
to 60.78 m/min with an increase in the bidirectional flow ratio from 0.25 to 1.00. The rate of
increase reaches 21.34%. At a congested two-way pedestrian flow of 16.00 person/m/min and
a rainfall intensity of 1.00 mm/h, however, the rate of increase reaches 248.32% from 16.64 to
57.96 m/min. This demonstrates that the effects of the bidirectional flow ratio on the walking
speed are significant, which is consistent with the results of the Highway Capacity Manual
(Transportation Research Board, 2000) and Lee and Lam (2008).
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Table 1. Impacts of bidirectional flow ratio on average walking speed (m/min)
under light and heavy rain conditions

Bidirectional flow ratio 0.25 0.50 0.75 1.00

Two-way pedestrian flow, Rainfa
Less congested, 1.00 mm/h 50.09 51.72 54.15 60.78
10.00 person/m/min 15.00 mm/h | 42.06 43.13 45.85 50.96
Congested, 1.00 mm/h 16.64 41.93 45.73 57.96
16.00 person/m/min 15.00 mm/h 14.74 33.45 37.79 47.97

4.4 Comparison between the scenarios of pedestrians with and without umbrellas

We finally focus on the comparison between the scenarios of each pedestrian with an
umbrella and pedestrians without umbrellas. In fact, the maximum bidirectional pedestrian
flows and the jam densities for both scenarios differ considerably. Figure 11 shows the
walking speed against the bidirectional pedestrian flow for both cases in light and heavy rain
conditions, where the bidirectional flow ratio is 0.5. In light rain condition with a rainfall
intensity of 1.00 mm/h, as shown in Figure 11(a), the maximum bidirectional pedestrian flow
for case of each pedestrian with an umbrella is 19.64 person/m/min, which is almost half that
of the latter case, i.e., 40.18 person/m/min. The critical walking speeds of both cases are 38.16
and 23.67 m/min, respectively. When the rainfall intensity increases from 1.00 to 15.00 mm/h,
the maximum bidirectional pedestrian flow decreases from 19.64 to 16.68 person/m/min in
the scenario of each pedestrian with an umbrella, together with the critical walking speeds
decreases from 38.16 to 32.41 m/min.
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Figure 11. Comparison of average walking speed against bidirectional flow between the
scenarios of pedestrians with and without umbrellas (bidirectional flow ratio r = 0.5)

From the above discussion, we can conclude that factors such as the rainfall intensity, the
bidirectional pedestrian flow, and the bidirectional flow ratio have various effects on the
walking speed. Such results demonstrate that the proposed model can practically simulate the
walking behavior of pedestrians in rainy conditions.

1359



Journal of the Eastern Asia Society for Transportation Studies, Vol.12, 2017

5. CONCLUSIONS

In this paper, a calibrated and robust simulation model is proposed to investigate walking
behavior at signalized crosswalks in rainy conditions. When walking across crosswalks on
rainy days, pedestrians lift or lower their umbrellas, and the umbrellas may overlap. To
capture these walking behaviors, we carried out controlled experiments and field observations
to calibrate the fundamental relationship for bidirectional flow and free-flow walking speeds
in rainy conditions.

The simulation results indicate that the proposed model succeeds in reproducing the
phenomenon of quick-forming streams at congested signalized crosswalks with consideration
of pedestrians’ lifting or lowering their umbrellas, particularly when the pedestrian
bidirectional flow is imbalanced. The proposed model can simultaneously consider the
following and avoiding features for pedestrians at signalized crosswalks in rainy conditions.
The simulation results show that many factors, such as the rainfall intensity, bidirectional
pedestrian flow, and flow ratio, have various effects on walking speeds.

The proposed simulation model is particularly useful for designing intersections with
signalized crosswalks in many Asian cities with relatively high annual rainfall intensity and
heavy pedestrian flows. The multi-grid method presented in this paper also contributes to
modeling pedestrian walking behavior in overcrowded conditions by considering the degree
of overlap for the occupied areas of their bodies. The proposed approach can be extended to
investigate the effects of different groups of pedestrians (e.g., by gender and age group) to
design walking facilities in densely populated urban areas for rainy conditions. In particular,
some pedestrians may use raincoats, and some may not use umbrellas when it is not raining
heavily.

In this paper, the size of the crosswalk, the traffic signal time, and the size of the
umbrellas are fixed in the simulation experiment. Further research is required to consider
different sizes of crosswalk and traffic controls (both signalized and non-signalized) and
different sizes of umbrella to investigate empirically their effects on pedestrian walking
behavior at crosswalks in various rainfall intensities.
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APPENDIX: RECONSTRUCTION OF PEDESTRIAN DENSITY

Each umbrella carried by an individual occupies 25 cells, and each cell contains 1/25 of a
pedestrian.
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The density of the cell located at position (X, y) can be reconstructed by taking the
weighted average over the cells within a square A(x, y)={(p, 9)|p, g = -m, -m+1,...,m}, which
has (2m+1)? cells with its central cell at (X, y):

w(p, )Ny, (P,
py)= Y WPD(PD 5y gy (A1)
(P.0)=A(X,Y) S (P.@)=A(X.Y)
where,
Need(p, ) : the pedestrians in cell (p, q),
S : the area of each cell,

and the weighted function is

__exp(=r’(p.a)/R’)
P e En R A2

(&meA(x.y)

where r(p, q) is the distance of cell (p, g) and (x,y), R= . max ){r(gf,n)}. We take m = 3 for
MEALXY

the reconstruction of pedestrian density, that is, take the weighted average over 49 cells.
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