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Abstract

Current signal control strategies tend to ignore the pedestrian delays
that may be imposed by reducing traffic delays. Such an objective is
reasonable for motorways and rural roads where vehicular traffic is
dominant over pedestrian traffic. However, it is not the case in
metropolitan cities with large volume of pedestrian demands. This paper
developed a traffic signal optimization strategy that considers both
vehicular and pedestrian flows. The objective of the proposed model is to
minimize the weighted vehicular and pedestrian delays. The deterministic
queuing model is used to calculate vehicular traffic delay and pedestrian
delay on sidewalk. Pedestrian delay on crosswalk is calculated based on
an empirical pedestrian speed model, which considers interactions of
pedestrian platoons and their impacts on average walking speed. A
Japanese Intersection is utilized as a numerical case study to evaluate the
proposed model. MATLAB is used to solve the optimization problem
and to output a set of measures of effectiveness (MOEs). The results
show that the proposed model improved average person delay (APRD)
by 10% without changing the existing cycle length. Moreover, the model
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can optimize the cycle length and further improve APRD by as much as
44%. In order to demonstrate the applicability of the proposed model for
general cases, this paper also conducted sensitivity analysis. The results
showed that the proposed model is most significant and necessary for two
circumstances: (1) metropolitan areas with high pedestrian demands and
(2) major urban arterials with high pedestrian demands crossing major
streets.

Keywords: pedestrian, multi-modal, optimization, signal control,
delay
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Introduction

Traffic signal control has long been the most important operational
strategy for traffic on urban surface streets. Although the control methods
and control systems (hardware and software) are quite different case by
case, the objective is always similar. It is to minimize the total vehicular
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delay and/or number of stops at intersections while securing the safety
requirements for all stakeholders, i.e. vehicles and pedestrians in most
cases. Current strategies tend to ignore the pedestrian delays that may be
imposed by reducing vehicle delays. Such an objective is reasonable for
motorways and rural roads where vehicular traffic is dominant over
pedestrian traffic. However, it is not the case in metropolitan cities with
large volume of pedestrian demands. Such ignorance can lead to
unnecessary long delays for pedestrians, dangerous behavior by impatient
pedestrians, and potential reductions in pedestrian traffic and transit
usages.

The continuous and strong growth in transportation demands has
created the worst congestion together with the ever-serious concerns on
energy shortage. Over the next 25 years, world demand for liquid fuels
and other petroleum is expected to increase more rapidly in the
transportation sector than in any other end-use sector. Therefore, the
practice of traffic signal control has to consider sustainable strategies for
the future. Essentially, traffic signal control should promote more cost-
and/or energy-efficient transportation modes, e.g. public transportation,
carpool, walking, and riding bicycles. Several works on transit signal
priority (TSP) (Li, et al., 2005) aim to improve transit service by
providing them prioritized timing treatment at signalized intersections.

Another important stakeholder at signalized intersections is the
pedestrian. An improved public transportation system and public
acceptance always lead to more pedestrians on streets. However, the
existing signal control strategies only focus on safety aspects for
pedestrians while fail to pay enough attention on the efficiency aspect, i.e.
pedestrians’ delay. Actually, pedestrians’ delay can also be significant
when compared with vehicular delays. It happens at intersections with
consistent medium-to-high pedestrian demands where these are typical in
large cities with good public transportation system, e.g. New York,
London, Tokyo, etc. Moreover, the optimized signal timing from the
perspective of minimizing vehicular delays usually is not optimal for
pedestrians' flow. It is because the directional demand ratios (DDRs)
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among vehicle flows are not likely to be the same as those for pedestrian
flows.

This study aims to develop a traffic signal optimization strategy,
which considers the safety and efficiency of both vehicular and
pedestrian flows. The remainder of the paper is organized as follows.
Firstly, the literature review will be presented followed by the detailed
description of the proposed methodology. The third section will
demonstrate the performance of the proposed model on a Japanese
intersection. The fourth section will discuss the applicability of the
proposed model for general cases. The last section will conclude this
paper with recommendations for future work.

Literature Review

Vehicle delay is perhaps the most important parameter used by
transportation professionals to evaluate the performance of signalized
intersections. The Highway Capacity Manual (HCM) (Transportation
Research Board, 2010) uses the average control delay experienced by
vehicles at intersection approaches as a base for determining the level of
service. Pedestrian traffic has not been given the same priority as
vehicular traffic. However, at many urban areas where large volume of
pedestrian exists, it is more rational and reasonable to evaluate the level
of service of roadways from a multi-modal perspective. A key goal of
multi-modal transportation systems is to minimize delays for all roadway
users, including motorized traffic, bicyclists and pedestrians. However,
Webster’s (1958) and other numerous methods for signal optimization
focus on reducing vehicle delays without considering pedestrian flows
and delays. Long signal cycle durations from optimizing vehicle flows
and signal coordination for vehicles have negative effects on pedestrian
movements and may impose large delays on pedestrians (Bayley 1966).
Furthermore, long cycles may cause a safety hazard for pedestrians, thus
one of the most effective measures to improve pedestrian safety and
compliance is by making signals as comfortable as possible, and this is
done by minimizing pedestrian waiting time (Garder 1989). Therefore,
investigating the rationality of considering pedestrian delays in the
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optimization of signal control and providing guidelines for the conditions
where such a policy should be implemented is very useful and significant.

Few studies have been done to investigate the balance between
pedestrian and motorized traffic delays at isolated intersections or the
network level. Noland (1996) analyzed the signal timing solutions
regarding pedestrians and motorized traffic at isolated intersections with
high pedestrian demand. The relative cost of time was used to analyze the
performance of signal control, however, the difference between
optimized signal parameters considering pedestrian and vehicle delays
and those considering vehicle delays only was not shown. Furthermore,
general guidelines about the conditions where such control policy is
advantageous and reasonable for implementation were missing.

Ishaque, et al. (2005) and Ishaque, et al. (2007) analyzed the trade-
offs in pedestrian and vehicle delays in a hypothetical network by
considering relative values of time for pedestrians and vehicles. They
found that shorter cycle lengths are beneficial for pedestrians. Moreover,
the existing policies that are most advantageous to vehicles might be
disadvantageous to pedestrians, which do not make the network
optimally perform for all road users. They assumed that pedestrian delay
is composed only from control delay. Actually with high demands,
pedestrians experience significant delays while discharging at the edge of
the crosswalk and while crossing the street due to the interaction between
opposing pedestrian flows. Furthermore, a discussion about the
optimized signal parameters considering pedestrian and vehicle delays
was not presented.

Few studies addressed the issue of bi-directional pedestrian flow and
its impact on crossing time and speed at signalized crosswalks and the
resultant delays. HCM (2010) does not consider the effects of pedestrian
demand and crosswalk width on pedestrian crossing time. However,
when pedestrian demand increases at both sides of the crosswalk,
crossing time increases due to the interaction between conflicting
pedestrian flows (Alhajyaseen and Nakamura 2009).
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Urbanik, et al. (2000) investigated the effects of different pedestrian
phasing schemes based on various left-turning control types and split
phasing on pedestrian delays. Wang, et al. (2009) introduced a set of
models for calculating pedestrian delays at signalized intersections. The
models take into consideration various signal phasing and pedestrian
treatment scenarios, especially under two-stage crossing situation. They
found that specially designated signal phasing and pedestrian treatments
are able to reduce pedestrian delays without affecting vehicle delays
significantly. However, no optimization model was developed and no
consideration was given to the experienced delay by pedestrians while
discharging or crossing at the crosswalk.

Teknomo (2006) proposed a microscopic pedestrian simulation
model as a tool to evaluate quantitatively the impacts of a proposed
control policy before its implementation on pedestrian behavior at
signalized intersections. The developed model was used to demonstrate
the effect of bi-directional flow at signalized crosswalks. It was found
that at high pedestrian demand with roughly equal flow from each side of
the crosswalk, the average crossing speed might drop up to one third
compared to the uni-directional flow, which will result in large
experienced delays while crossing.

Golani and Damti (2007) proposed a model for estimating crossing
time considering start-up lost time, average walking speed, and
pedestrian headways as a function of the subject and opposite pedestrian
platoons separately. They found that the size of the opposite pedestrian
platoon can cause a significant increase in the crossing time of the
subject pedestrian platoon especially at high demands. The proposed
model relates the impact of bi-directional flow to the headway between
pedestrians when they finish crossing. Therefore, it is difficult to see how
the interaction is happening and what the resulting speed drop or
deceleration is.

Alhajyaseen and Nakamura (2009) developed a theoretical
methodology to model total pedestrian crossing time. Pedestrian platoon
crossing time was modeled by utilizing the aerodynamic drag force
theory to estimate the reduction in crossing speed due to an opposite
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pedestrian flow. The proposed model was successfully validated from
empirical data. In the final formulation, the reduction in crossing speed
was estimated as a function of pedestrian demands at both sides of the
crosswalk, signal timing parameters and crosswalk geometry. It was
found that at high pedestrian demand, a significant reduction in the
crossing speed and increase in the crossing time occurs due to the
interaction between the bi-directional flows. Therefore, it was concluded
that the interactions between opposing pedestrian flows are significant
and should be considered in evaluating pedestrian flow at signalized
crosswalks.

Methodology

Most existing signal control and planning practices have been
focusing on reducing delays for vehicular traffic. The proposed signal
control strategy in this paper considers a broader view of intersection
delays. In other words, the objective of the “new” strategy is no longer
limited to vehicular traffic but to cover other major stakeholders, i.e.
vehicular traffic and pedestrians. As shown in Equation (1), the vehicular
traffic delay was consolidated with pedestrian delay by giving a
weighting factor for each of the two terms. There can be different
physical meanings for the weighting factors. For example, the overall
objective can be total person delay at an intersection. Thus, the weighting
factor is the average occupancy for all traffic or for each vehicle type, e.g.
car, bus, commercial vehicle, and taxi. Alternatively, it can be the total
economic costs associated with travel delays. Then the weighting factor
will be the relative values of time for various modes; car, bus,
commercial vehicle, taxi, and pedestrian. Ishaque, et al. (2007) suggested
to further split the delays by waiting delays and delays in motion to more
accurately represent the various values of time. Finally, the weighting
factors can reflect the preferences on vehicular traffic and pedestrians by
traffic system managers, traffic planners and operators. So, the proposed
strategy can assist them in making trade-offs among different
transportation modes. For example, the manager of congested
metropolitan areas, e.g. Tokyo, New York, etc., can set a higher
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preference on pedestrian and transit to promote “green” and more
efficient transportation modes.

Fobjectlve — Z (\NVeh X dEIay-VEh +W Ped delayiPed ) (1)

i
i=1

where: WY and W™ are the weighting factors for vehicular traffic

delay and pedestrian delay, respectively; delay'®" is vehicular delay for
phase i; and delay”™ is pedestrian delay for phase i; N is the number of

phases in a signal cycle.
Model Assumptions

In order to facilitate the model formulation and the latter discussions,
few assumptions were made about intersection geometry, traffic demand,
and signal settings. However, it is noted that the proposed concept is
general so that the model can be applied for most general cases with
minor modifications on these assumptions.

Generally speaking, pedestrian trip is the connection trip from either
a transit station or parking facility to the final destination. Unlike vehicle
trips, pedestrians typically will not cross many intersections in a row with
full speed. Thus, it is not critical to consider signal timing coordination
for pedestrians. On the other hand, a large portion of signal control in
metropolitan areas is fixed-timing control. Therefore, the proposed model
focuses on isolated intersections with fixed-timing control. With the
expansion of the objective to the network level, the model can be readily
modified to consider network coordination for vehicular traffic.

Without considering the network effect, it is assumed that the
demands for both vehicular traffic and pedestrian are consistent and
uniformly distributed within a certain period of time. Moreover, the
procedure in Japanese Manual of Traffic Signal Control (Japan Society
of Traffic Engineers 2006) is adopted for the signal timing regulations
and requirements, e.g. minimum traffic green, minimum pedestrian green
and flashing time, yellow and all-red interval. Japanese Manual of Traffic
Signal Control (JMTSC) is quite similar in such settings to the Manual
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on Uniform Traffic Control Devices MUTCD (FHWA 2009) in the
U.S.A.
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Figure (1): Idealized departure and arrival curves at a signalized intersection.
Model Formulation
Vehicular Traffic Delay

The widely used deterministic queuing model (Equation 2) was
chosen to estimate the vehicular delay as shown in Figure 1. The model
views traffic as a few uniform streams of arriving vehicles. Traffic signal
is a control device that periodically opens its gate to a traffic stream after
serving the conflicted streams. As illustrated by Figure 1, the areas
between the cumulative arrivals and departures curves represent the total
delay incurred by all vehicles on the same approach to cross the
intersection. Equation (2) can be derived to calculate the total vehicular
delay for all signal phases within a signal cycle. The model assumes
instantaneous acceleration and deceleration for all vehicles and all
vehicles queue vertically at the stop line, thus the exact number of
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queued vehicles at a given instant may not be accurate. But the delay
estimation is not bias over an entire queue formation and dissipation
process (Dion, et al. 2004).

N:
e N A
delay;" = > —*——(C-g,) )
o 201 - A)
where: delay)® is the total vehicular traffic delay for phase i; N; is the

number of movements for phase i; £ and A, are saturation flow rate and
arrival flow rate for movement k; C is signal cycle length and g, is
effective green for phase i.

Pedestrian Delay

Pedestrian delay is more complicated to compute than vehicular
traffic delay because pedestrians are more active and do not form a well-
organized queue as vehicular traffic does in their lane. The experienced
delay by pedestrians can be divided into two parts. The first part is the
experienced delay before stepping down from the sidewalk. It consists of
waiting delay for green signal and discharging delay for standing
pedestrian queue on the sidewalk. The other part is the experienced delay
while crossing the crosswalk. This delay results from the interaction
between opposing pedestrian flows on the crosswalk and it is significant
when pedestrian demand is high.

The waiting and discharging processes by pedestrians on sidewalk
are similar with what happens to vehicular traffic before discharging
from the intersection stop-line, as shown in Figure 1. Therefore, the
pedestrian delay on sidewalk can be calculated using Equation (3). It is
noted that the effective green for pedestrian phase does not include the
pedestrian flash warning time because it is assumed that all pedestrians
would stop stepping down from the sidewalk when the warning sign
starts to flash.

N Ped ﬂPed
k

delay(" = 37t

I e S S _ _Ped
T z';’ed)(c g ) 3)
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PedSW

where: delay, is the total pedestrian delay on sidewalk for pedestrian

phase i, NipEd is the number of movements for pedestrian phase i, ,ufed

and 4 are saturation flow rate and arrival flow rate for pedestrian
Ped

movement k and g, is effective green for pedestrian phase i.

The pedestrian delay on crosswalk is due to the interaction of
pedestrian platoon with the opposing pedestrian platoon. According to
Alhajyaseen and Nakamura (2009), the pedestrian walking speed can be
significantly dropped due to the size of the opposite platoon, crosswalk
width and some other factors. In order to simplify the model without
losing much of the accuracy, it is assumed that all pedestrians on the
same movement walk with an average speed V.® for the whole
crosswalk. Thus, the pedestrian delay on crosswalk can be calculated
using Equation (4). The developed model by Alhajyaseen and Nakamura
(2009) is utilized to estimate the average speed of the subject pedestrian
flow V;*! as shown in Equation (6). It shows that the crossing speed of
subject pedestrian platoon is a function of crosswalk geometry,
pedestrian demand at each side of the crosswalk and free-flow speed of
pedestrians.

N_Ped
' . 1 1
delay*™ = > 2. (C— g/ +19) L; - (=peg — — ) (4)
k=1 Vi VFF
ZPed
where : td =% (C—g) (5)

Ped Ped
o =X

PedCW

where: delay; is the total pedestrian delay on crosswalk for

pedestrian in phase i; t{ is the queue discharging time for pedestrian in
phase i and it is estimated according to Equation (5); L, is the length of
crosswalk for pedestrian phase i; V;* is the average walking speed for

pedestrian movement k; Vi is the free flow walking speed and is
assumed as 1.45m/s in this study.
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0.02 Po( I:)k )0.791 (VFF":ed )2 L

—Ped ed 2 P+ Po 6
v o (VFPFd) . k W (6)
where: B =4*(C—g/ +tJ) and P, =4 (C-g™ +tJ) (7)

where L is crosswalk length in phase i; Wy is crosswalk width for
pedestrian movement K; Py and P, are the subject and opposite pedestrian
demands on the same crosswalk in phase i.

Model Constraints

In order to generate reasonable signal timings, the model has to
satisfy some constraints. Generally, traffic signal timings have the
constraints on minimum green and maximum saturation degrees. The
same constraints are applied on pedestrian green. According to JIMTSC

(2006) and Japanese practices, the minimum pedestrian time T,”*™" is

defined as the sum of pedestrian green g * and flash warning time FiPEd ,
as shown by Equation (8). T,”*™" is a function of pedestrian free flow

walking time, pedestrian demand P,, saturation flow z£* and crosswalk
width W, for movement k. IMTSC (2006) defines FiPEd as the walking
time for half of a crosswalk. It is because pedestrians who fail to pass the
mid-point of crosswalk when warning starts to flash suppose to come
back, although very few people actually follow this rule. Given
Equations (5) ~ (10), the minimum pedestrian green can be obtained by
Equation (11) with the flow parameter pf * defined by Equation (12).

LL P
Ped Ped Ped min k k
S+ ETT>T = +
gI i [ VFF":E}d /u;’ed ><Wk (8)
L
F_Ped -~k
" 9)
P =4 (C—g™ +t) (10)
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. 1 WL e

gipd >W +pPed (2VPed _pkpdc) (11)
. %ed

P = (12)

Another constraint of the model is the relationship between vehicular
traffic green and pedestrian green. As shown by Equation (13), the green
plus flashing warning time for pedestrian phase i should not be longer
than the duration of the corresponding vehicular traffic through phase i.
Lastly, the sum of all vehicular traffic greens together with the yellows
and all-reds is the cycle length C (Equation 14).

gi > giPed + FiPed (13)
NI
D (g, +Y,+AR)=C (14)

Measures of Effectiveness (MOES)

The definition of measures of effectiveness (MOESs) is essential when
evaluating the system performance. It can also represent the preference of
the system to designer and managers. In this study, three major MOEs
are defined: average vehicular delay AVD (sec/veh), average pedestrian
delay APD (sec/ped), and average person delay APRD (sec/per) which
are presented in Equations (15)~(17). All these parameters were
estimated in time interval of one signal cycle. It is noted that APRD is a
special case of weighted average intersection delay when the weighting

factor for vehicular traffic W"*"is assumed to be equal to the average
vehicle occupancy N " . In this study, N’ is assumed as 1.2per/veh and

occ occ

that for pedestrian as 1.0.

AVD = -g;/C 15
Ez(uk 01970 (15)
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N Ped
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Z(delayVeh +delay™)
APRD = - (17)
C- Z(ﬂ SN+ A

NiPed

Computation Procedure

The objective function of the proposed optimization model is
complicated. The vehicular delay and pedestrian delay on sidewalk are
quadratic. The pedestrian delay on crosswalk has complex exponential
terms. As a result, solving this problem mathematically or developing an
optimization algorithm is very difficult and time consuming. Therefore,
MATLAB, the most popular and powerful numerical computing
environment, was selected to solve the problem. Since all the constraints
in the model are in linear form, the nonlinear programming function
fmincon() from MATLAB’s optimization toolbox is chosen to solve the
problem.

Numerical Case Study

The proposed model was firstly applied on a real Japanese signalized
intersection for demonstration purpose. Japanese signalized intersections
are generally characterized by unreasonable long cycles (140sec ~
200sec) regardless of the size, complexity or vehicle demand, which
impose high delays on all users. Such long cycles are referred to the high
vehicle demand; however, at some signalized intersections where vehicle
demands are not high, still cycle lengths are very long. Moreover, urban
Japanese signalized intersections are often characterized by medium to
high pedestrian demands. Some field data were collected at a key
multilane intersection with high vehicle and medium pedestrian demands.
This intersection is called Chikatetsu Horita and is close to downtown
Nagoya, Japan. Video data were collected for both vehicles and
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pedestrians on Thursday (18 of June, 2009) in the morning peak hour.
The geometric characteristics, vehicle and pedestrian demands as well as
phasing and signal timings are presented in Figure 2. The intersection has
a dedicated right-turn lane and pedestrian crosswalks on three approaches.
The signal timing follows what is so called lag-lag sequence where the
through phases 1 and 3 are followed by right-turn phases 2 and 4. The
pedestrian crossing is traditional (Figure 2(b)). There is neither exclusive
pedestrian phase nor staggering crossing with pedestrian median refuge.
The pedestrian phases start together with the non-conflict through traffic
phase 1 and 3 and end before the end of the vehicular traffic phases.

Existing signal timings measured from Chikatetsu Horita intersection
were compared with the optimized timing generated by the proposed
model. Firstly, the proposed model optimized the timings without
changing the existing cycle length (140sec). Then the proposed model
tried to further improve the performance of signal timings by optimizing
the cycle length. The reduction in cycle based on AVD, APD and APRD
are presented in Figure 3.

At cycle length 140sec, Figure 3(a) shows that the optimized signal
timings are able to reduce APRD from 39 to 35 sec/cycle/per by 10%.
The improvements came from the reduction of APD from 43 to 35
sec/cycle/ped by 19% and also the reduction of AVD from 38 to 35
sec/cycle/veh by 8%. The proposed model was able to reduce both APD
and AVD because the existing timings at the Japanese intersection were
not optimized for either of them. The proposed model suggests reversing
the green splits for phase 1 and phase 3 as shown in Figure 3(b). It is due
to the higher per lane vehicle and pedestrian demands for phase 3. For
right-turn phases 2 and 4, the new model suggests no changes because
both of them run close to their saturation.

It is noted that the signal cycles in Japan is generally long. Thus, the
proposed optimization model tried shorter cycle lengths from 140
seconds to 70 seconds. As shown in Figure 3(a), all of AVD, APD, and
APRD can be significantly reduced by decreasing the cycle length. For
example, APRD can be reduced from 39 to 22 sec/cycle/per by 44%
when cycle length was 70sec. This suggests that existing long cycle
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lengths at Japanese intersections are not quite rational. Therefore,
adopting shorter cycles could result in a drastic reduction in the
experienced delays for all users, which will lead to significant
improvements in the overall mobility levels of road networks and further
it will contribute to safety improvements.

Major Street
N h]
Lo 92 1454 515251
3.4m
1 et
I I
Y m
186
T
2 25— 5l9 Note: 635 I_s._zs:n_ =
g 57'\_4 L | - All medians are 1.0m width, g
=~ O - All demands are in unit of :, — w0 @
© veh/hr or ped/hr. A —-= 7
g —3'35TI— 470 1%9 7;_@6 £
14 258
33
N RS
= (438 A1 [ 24 1
I I
<t 1 [4]7]| B
1035791638/ 88 Lo

Major Street

(a) Intersection geometry, vehicle and pedestrian demands.

[0 ] [ ¢ | s ] [04]
4 ha J — .
| | <y "
v v
4 -
3sec
o 8sec /;, 4
H All-red (AR) d4sec
Pedestrian ¢ d6se¢ = ~— | Legend:
10sec; : | ——3 Red interval
¢ dsec : | mamssms Green interval
46sec A : .
b3 e i | «# . Yellow interval
37sec A% 5 :
Pedestrian ¢ 51 v vt NI Pedestrian flash-
0 All-red (AR) 3%¢¢ 8sec green interval
4 F "
= Cycle length is 140sec — — — — — — — — —,

(b) Phasing and signal timing.

Figure (2): Characteristics of Chikatetsu Horita intersection (Nagoya
city).
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Discussion for General Cases

Although it is proved that the proposed strategy can significantly improve
the existing timings for a typical Japanese intersection, it does not mean the
model can improve the existing signal timings for any general case. In other
words, there should be certain circumstances that the proposed strategy is
necessary and significant. Here a sensitivity analysis is conducted to reveal such
scenarios. The purpose of the sensitivity analysis is to evaluate the potential
costs and benefits of the proposed model at (1) different combinations of
directional demands; and (2) different combinations of pedestrian and vehicular
demands. Two directional demand ratios (DDRs) are defined. For vehicular

traffic, the directional demand ratio DDR"®" is defined by Equation (18) as the
average per lane traffic on the major street over that on the minor street. For

pedestrian, the directional demand ratio DDR™™ is defined by Equation (19) as
the average per movement pedestrians moving along the major street over that
along the minor street. It is noted that the major street is defined by the street
with relatively higher vehicular demands than the crossing street, which is
named minor street.
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(a)Comparison of AVD, APD and APRD.
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Figure (3): Comparisons between the proposed strategy and existing
timings.

ﬂVeh / N Lane

eh major major
DDR" = (18)
DDR™ = A% / Aainor (19)

where DDRY" and DDR™ are directional demand ratios for vehicular
traffic and pedestrian, respectively; A" and A" are vehicular

major minor

demands along major street and minor street; N:2° and N are

major

number of lanes for major and minor streets; A% and A% are

pedestrian demands walking along major street and minor street.

As shown in Table 1, three demand scenarios are also defined. In
scenario 1, both of the demand levels for vehicles and pedestrians are
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medium. In scenario 2, the demand level for vehicles is low while that for
pedestrian is high. Scenario 3 is the reverse of scenario 2 with high
vehicular demand and low pedestrian demand. Scenario 1 represents a
typical intersection in metropolitan areas with medium pedestrian
demands together with medium vehicular traffic. Scenario 2 represents
the center of major metropolitan areas with significantly high pedestrian
demands, such as downtown New York or Tokyo. Scenario 3 represents
rural or suburban areas with low pedestrian demands. The scenario of
very high pedestrian and vehicular demands is not considered, since in
such case the intersection will be operating near capacity with long cycle
lengths and high associated pedestrian and vehicle delays. Therefore, the
consideration of pedestrian delays in such case will lead to oversaturation
or very long impractical cycle lengths.

Table (1): Assumed demand scenarios.

Vehicular demand Pedestrian demand
Demand scenarios veh/hr and crosswalk width
. Crossing the major

Demand level Major street street*

No. . . Right Demand | Crosswalk
Vehicle | Pedestrian | Through turning ped/hr width m

1 | Medium | Medium 400 100 900 6.0
2 | Low High 200 50 1440 8.0
3 | High Low 550 150 360 4.0

*pedestrian demand at both sides of the crosswalk with directional split
ratio of 0.5.

A typical Japanese intersection layout with one particular phase
sequence is adopted in this analysis. The assumed intersection layout and
phasing scheme are identical to that of the previous case study, which
was presented in Figure 2.

In the analysis, the results of the proposed optimization model, which
considers pedestrian delays, are compared with the similar optimization
model without considering pedestrian delays. Vehicular DDR from 1 to 4
and pedestrian DDR from 0.2 to 2 are analyzed. Figures 4 and 5 illustrate
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the comparison of APRD, APD, and AVD for demand scenario 1. The
difference of APRD, AVD and APD are defined by the values for the
proposed model minus those values for the model without considering
pedestrian delays. When pedestrian DDR is larger than 1, the pedestrians
walking along the major street are more than those walking along the
minor street. According to Figure 4, there is no significant difference for
APRD when the DDR for pedestrian is larger than 1. In other words,
when both vehicular demand and pedestrian demand are at medium level
and they share the same major movement direction, the signal timing
optimization models with and without considerations of pedestrian delays
can reach similar results. When pedestrian demand ratio is close to or
smaller than 1, the majority of pedestrian demands are in conflict with
those of vehicular demands. In such situations, the proposed strategy
started to surpass the traditional model without considering pedestrian
delays. Furthermore as shown in Figure 5, at a fixed pedestrian DDR of
0.4 for example, and by varying the vehicle DDR, it is found that as
vehicle DDR increases the difference between the proposed and existing
model increases also. This is because as vehicle DDR increases the
traditional model (existing) will assign longer greens to the major
vehicular traffic phase (Phase 1), while shorter greens will be assigned to
the minor vehicular traffic phase (Phase 3), although the pedestrian DDR
is 0.4, which means that, the majority of pedestrians are crossing the
minor vehicular flow along with the major vehicular flow (Phase 3).

An - Najah Univ. J. Res. (N. Sc.) Vol. 28, 2014




Wael Alhajyaseen & Meng LI 53

Difference in APRD (sec/cycle/person)

-50 vc e = ,, ..1.8
i : I -~ 2

T 10846, 333"3

0.2 Vehicular Demand Ratio

Pedestrian Demand Ratio

Figure (4): Comparison of APRD between the existing and the proposed
models.

As illustrated by Table 2, the proposed new model can improve the
APRD for the regular traffic model by 14% when vehicular traffic
demand is 1.4 and pedestrian DDR is 0.8. The conflict between majority
pedestrian demands and majority vehicular demands got more severe
when the gap of the two demands ratios grew. In this scenario, the most
improvement on APRD is 42% when pedestrian DDR is 0.2 and
vehicular DDR is 4. It is noted that the differences between the two
models are more sensitive with pedestrian DDR than the vehicular DDR.
It is because the increment of pedestrian demand had more significant
impacts on APRD due to the non-linear pedestrian speed model.

Table 2 illustrates the results for all the three demand scenarios. It is
not a surprise that the proposed model performs the best in scenario 2
with low vehicular demand and high pedestrian demand. It is because the
regular signal-timing model fails to pay enough attentions on pedestrian
delays that are also important contributors to the overall APRD. For
example, the new model can improve the APRD by as much as 55%.
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When traffic and pedestrian demands are both balanced with ratio 1, the
new model achieved more improvement on APRD for demand scenario 2
than for demand scenario 1. In scenario 3, the benefits of the new model
are less than those in scenarios 1 and 2. For instance, there is absolutely
no change on signal timings when pedestrian and vehicular demands are
balanced. When the DDRs are conflicted with each other, e.g. 1.4 for
vehicles and 0.8, the APRD are the same for the two models although
APD, AVD, and the timings are slightly different.

Table (2): Results of sensitivity analysis.

Demand Scenarios

1:Medium(vehicle) 2: Low(vehicle) 3: High(vehicle)
Medium(ped) High(ped) Low(ped)
Existi | New Differen Existi | New Differen Existi | New Differen
ng Mod ce ng Mod ce ng Mod ce
Model el Model el Model el

Demand Ratio for Vehicular Traffic: 1.0

Demand Ratio for Pedestrian: 1.0

APR -0.3 -1.3 o
D 38.2 37.9 (-1%) 37.8 36.5 (3%) 42.7 42.7 | 0(0%)
-4.1 2.3 o
APD | 423 38.2 (-8%) 41.6 39.3 (-6%) 40.1 40.1 | 0(0%)
+0.4 0.9 o
AVD | 354 358 (1%) 294 30.3 (3%) 432 432 | 0(0%)
Phase
62 -9 59se | -16 54 o
1 71sec sec (-13%) 75sec c (21%) 54sec sec 0 (0%)
Green
Ped 1 51 -10 49se | -16 44 o
Green | O1%%¢ | sec | 6% | %% ¢ | (25%) | 4% | sec |00
Phae
3 38sec 47 9 (24%) | 43sec >9se | 16 o 48sec 48 0 (0%)
Green sec c (37%) sec
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... Continue table (2)

Ped3 |25 34 9 30 45 15 35 35 0 (0%)
Green |sec | sec | (36%) sec |sec | (50%) |sec | sec °
Demand Ratio for Vehicular Traffic: 1.4
Demand Ratio for Pedestrian: 0.8
APR -6.3 -11.1 0
D 436 | 373 (-14%) 49.4 | 383 (-22%) 35.7 | 35.7 (0%)
-17.1 -17.3 -1.6
APD | 59.1 |42 (-29%) 57.7 | 404 (-30%) 42.1 | 405 (-4%)
-3.2 6.2 o
AVD |299 |33.1 (-11%) 26 32.2 (24%) 341 352 1.103%)
These g7 6o | 89 |48 |-41 75 |68 |-7
319 _AGO, _Q0
Green sec sec | (-31%) sec sec | (-46%) sec sec | (-9%)
Ped1 | 77 50 -27 79 38 -41 65 57 -8
Green | Sec sec | (-35%) sec sec | (-52%) sec sec | (-12%)
ghae 26 |54 |28 29 |70 |41 4 |41 |7
Green sec sec | (108%) | sec sec | (141%) | sec sec | (21%)
Ped3 | 13 40 27 16 57 41 21 28 7
Green | sec sec | (208%) | sec sec | (256%) | sec sec | (33%)
Demand Ratio for Vehicular Traffic: 4.0
Demand Ratio for Pedestrian: 0.2
APR -32.6 -51.1 -6.8
D 77.7 | 45.1 (-42%) 92.6 | 41.5 (-55%) 51.8 | 45 (-13%)
-52.9 -60 -34.1
APD |973 |444 (-54%) 1004 | 40.4 (-60%) 88.8 | 54.7 (-38%)
30.1 36.1 17.7
AVD | 17 471 (177%) 16 52.1 (226%) 18.4 | 36.1 (96%)
fhase 9 |34 |-62 95 |10 |-76 95 |56 |-39
Green sec sec | (-65%) sec sec | (80%) sec sec | (-41%)
Ped1 | 86 24 -62 85 8 =77 85 46 -39
Green | Sec sec | (-72%) sec sec | (-91%) sec sec | (-46%)
ghae 2 |84 |e2 23 |99 |76 3 |62 |39
Green sec sec | (282%) | sec sec | (330%) | sec sec | (170%)
Ped 3 9 sec 71 62 10 86 76 10 49 39
Green sec | (689%) | sec sec | (760%) | sec sec | (390%)
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Figure (5): Comparisons of AVD and APD between the existing and the
proposed models.
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It is noted that the weighting factor of the vehicular delay is assumed
to be equal to the average occupancy of vehicles with a value of 1.2
per/veh in order to estimate the APRD. Such parameter is customizable
and the model results can vary accordingly. As aforementioned, the
weighting factor can also be the preference of traffic system managers,
planners and operators. Therefore, the results can be weighted total delay
rather than the average person delay presented in this section.

In summary, the proposed model is most significant and necessary
for two circumstances: (1) metropolitan areas with high pedestrian
demands and (2) major urban arterials with high pedestrian demands
crossing the major streets. For major urban arterials, transit stations are
located along the sides of major streets. Most pedestrians get off transit
stations and cross major streets to reach their final destinations or transfer
stations.

Conclusion

This paper developed a traffic signal optimization strategy that
considers both vehicular and pedestrian flows. The results show that the
proposed model improved average person delay (APRD) by 10% without
changing the cycle length for the existing timings. Moreover, the model
can optimize the cycle length and further improve APRD by as much as
44%. The sensitivity analysis, which was performed on various
combinations of vehicular and pedestrian demands and different
combinations of directional demands, show that the proposed model is
most significant and necessary for two circumstances: (1) metropolitan
areas with high pedestrian demands and (2) major urban arterials with
high pedestrian demands crossing the major streets.

As a future step, efforts can be made to expand the optimization
model to the network level. The proposed model was only applied on an
intersection with typical stage based signal control and basic phasing
scheme. Thus investigations on various phasing schemes, signal control
systems (such as movement based signal control) and on different
pedestrian crossing scenarios (such as two-stage crossing) are also
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significant and needed. Moreover, since the model is dealing with person
delay, it is also important to consider public transportation in the
objective function. Another important dimension which was not
considered in this study is to investigate the environmental impacts of
promoting non motorized traffic such as pedestrians in traffic operations.
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