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Abstract

Capacity is one of the most important indices for performance evaluation and signal timing
design procedures of signalized intersections. Most of the time, traffic engineers are assigning
concurrent signal timing design for crossing pedestrians and left turning vehicles (left hand traffic
system) and facilitate the smooth traffic movement at signalized crosswalks by minimizing delay.
Thus, pedestrian flow will be significant conflicting stream having major impact on the left turn
lane capacity. The influence of crossing pedestrians on left turning vehicles is highly dependent
on the individual or pedestrian platoon movement behaviour. Because, pedestrian crossing time
can be highly influenced by variation of pedestrian platoon movement, traffic signal settings,
crosswalk length and bi-directional interactions of pedestrians. The longest pedestrian-vehicle
interaction time interval between crossing pedestrians and left turning vehicles is happening
when the platoon of bi-directional waiting pedestrians crosses the crosswalk, at this time interval
left turning vehicles are blocked by crossing pedestrians significantly. Consequently, the left turn
lane capacity may considerably fluctuate depending on the composition of the bi-directional
pedestrian demand. The duration of time that pedestrians occupy the shared space is highly
dependent on the position of pedestrians with increasing elapsed time. In addition to the presence
of crossing pedestrians the layout of the crosswalk has an impact on the left turning vehicles and
pedestrian’s movement.

However, in existing methods, the crossing pedestrian impact is estimated through an
adjustment factor by considering the number of pedestrians as a factor to investigate the
influence of pedestrians on left turning vehicles. Meanwhile, those estimation procedures do not
express the realistic pedestrian-vehicle and bi-directional pedestrian interaction situations, for
instance, without considering the bi-directional pedestrian flow interaction, waiting pedestrian
platoon effect and change in geometric layout of the crosswalk. Therefore, this study aims to
propose an estimation method of exclusive left turn lane capacity by empirical observation of
different signalized crosswalks that can appropriately reflect the Japanese situations considering
the bi-directional crossing pedestrians and crosswalk layout factors, i.e. bi-directional pedestrian
demand, signal timing, crosswalk setback distance, stop line set back distance and crosswalk
length. The result of this study is expected to apply for planning and operational stage analysis of
signalized crosswalks regarding the treatment of pedestrians and crosswalk location issues in
future.

For the development of the capacity estimation procedure, the conceptual settings are
outlined in Chapter 3 when bi-directional crossing pedestrians and left turning vehicles use the
signalized crosswalks under concurrent signal phasing situation. And then, under different bi-
directional pedestrian demand conditions the left turning vehicles discharge flow situations are
conjectured. In general, the green time can be divided into five time intervals based on the basic
bi-directional pedestrian flow characteristics. The five intervals have six critical time thresholds
which determine the boundary of the time intervals. Finally, by combining the conceptual bi-
directional pedestrian flow condition and left turning vehicles discharge flow within the available
green time intervals the hypothetical capacity estimation equation is proposed.

To generalize the components of the proposed capacity estimation procedure, first the bi-
directional pedestrian characteristics at the signalized crosswalks are observed and then modeled
in Chapter 4. Bi-directional crossing pedestrian position distribution along the crosswalk at



higher and lower demand conditions are empirically observed at different signalized crosswalks.
Furthermore, pedestrian presence probability is modeled by modifying existing time dependent
model by considering crosswalk length, bi-directional pedestrian flow and signal timing settings.
The model result implied that on longer crosswalks, pedestrian platoon tends to disperse. Besides,
the model captured the platoon dispersion effect in the situation when the high demand of
opposing pedestrian flow impedes on the subject direction pedestrian flow. Subsequently, by
applying the pedestrian presence probability model the estimation procedure and the generalized
model of waiting pedestrian’s presence-time at the conflict-area of the crosswalk is defined. The
pedestrian presence-time model can be applied to understand the influence of waiting pedestrians
on left turning vehicles.

After the crossing pedestrian flow analysis, in Chapter 5 the left turning vehicles discharge
flow is observed. The observed discharge flow rate distribution at different signalized
intersections showed that the position and slope of the distribution curve are different because of
the variance in the number of arriving pedestrians per cycle and directional composition of
arriving pedestrians. Subsequently, the discharge flow rate is modeled by selecting the significant
factors i.e. influence of bi-directional arriving pedestrian presence and geometric layout
conditions (crosswalk length, crosswalk and stop-line setback distances). The discharge flow rate
model revealed that, when higher number of pedestrian’s presence in the conflict-area the
possibility of left turning vehicles to pass the conflict-area will be lower meanwhile the impact of
far-side arriving pedestrian’s presence is more significant than pedestrians entering from near-
side direction. In addition, when the stop line is far from the intersection the arriving time of the
left turning vehicle to the subject crosswalk will be long, due to that there will be delay to pass
the conflict-area and unused green time may increase. On the other hand, when the subject
crosswalk position is near to the intersection the left turning vehicles discharge flow rate show a
decreasing trend. The reason is related with sight distance, left turning vehicles can easily notice
the position and volume of crossing pedestrians at the onset of green and they will approach with
lower turning speed, due to that the waiting time of turning vehicles before they pass the shared
space will increase and consequently total number of turning vehicles within the available green
time may decrease.

Chapter 6 outlined the validation and sensitivity analysis of the proposed method. The
sensitivity of the proposed method is checked with different ranges of the five main components
for the capacity estimation, i.e. signal timing settings, bi-directional pedestrian demand
combinations, crosswalk length, crosswalk and stop-line setback distances. In addition, the
proposed left turn lane capacity estimation method is compared with observed capacity at
saturated cycles of signalized crosswalks and with selected existing left turn lane capacity
estimation methods. The result reveled that; the proposed method can realistically capture the
influence of crossing pedestrians and variation in crosswalk layout in the left turn lane capacity
estimation procedures.

Application of the proposed method as an adjustment factors is also discussed in Chapter
6.A simplified equation is proposed to estimate the adjustment factors by considering the
influence of bi-directional crossing pedestrians and variation in layout of the crosswalk at
signalized crosswalks. The adjustment factors are useful for practitioners in the operational
performance evaluation of signalized crosswalks and in the signal timing design procedures.
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List of variables

c: Capacity of exclusive left turn lane (veh/hr)

C: Cycle length (s)

EPR : Exclusive pedestrian red time (s)

EPT : Expected waiting pedestrian-presence time (s)
e Adjustment factor

G: Left turning vehicle green time (s)

L: Crosswalk length (m)

le: Crosswalk set back distance (m)

ls: Stop line set back distance (m)

PG: Pedestrian green time (s)

0: Discharge flow rate (veh/hr)

qr: Far-side pedestrian arrival rate (ped/hr)

qfar : Number of far-side waiting pedestrian (ped/cycle)

qn: Near-side pedestrian arrival rate (ped/hr)

@near : Number of near-side waiting pedestrian (ped/cycle)

Qo : Number of waiting pedestrians from opposing direction (ped/m/cycle)
qgs: Number of waiting pedestrians from subject direction (ped/m/cycle)
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Chapter 1

Introduction

1.1 Research background

In the urban transport planning process road networks are built by connecting links at nodes.
These intersection points are the critical locations in the urban road network layouts. Pedestrians
and vehicles are the two main users in traffic flow analysis and pedestrian-vehicle interaction is
significant at nodes of the road network compared with the links. One of the methods to facilitate
the smoother movement of pedestrians and vehicles at intersections is application of signalized
intersection by adjusting the signal timing based on the pedestrians and vehicles movement
conditions.

Operational performance of the signalized intersection is assessed by different procedures,
like capacity analysis, delay, degree of saturation, safety and so on. Capacity is one of the
methods applied to measure the performance of signalized intersection. The Highway capacity
manual (HCM 2016) defines capacity as; "The maximum sustainable flow rate at which vehicles
or persons reasonably can be expected to traverse a point or uniform segment of a lane or
roadway during a specified time period under given roadway, geometric, traffic, environmental,
and control conditions”. Thus, in the capacity estimation procedures it is necessary to consider
the possible influencing factors to have more realistic estimation. If the capacity estimation is not
realistic then it will be difficult to have a proper signal timing design, consequently a problem of
delay and congestion may happen at the signalized intersections. For effective operational

performance assessment of the signalized intersections the presence of pedestrians around the



analysis zone is a critical issue. Accordingly, this issue must be considered in all way of

procedures by representative estimation of the pedestrian influence on the vehicle movements.

Turning lanes

The Highway Capacity Manual (HCM, 2016) identifies seven factors that influence which
type of right-turn (right hand driving system) treatment should be considered at signalized
intersections.

» Approach lane (shared or exclusive);

* Demand (generally based on hourly volumes);

« Sight distance at the intersection approach;

* Degree of saturation (elevated conflicting movements);

* Arrival patterns;

* Left-turn signal phasing on conflicting street; and

* Conflicts with pedestrians.
The capacity of a shared lane is not as high as the lane capacity for exclusive lanes. A shared lane
can cause severe decline of intersection capacity, thus leading to an increase of traffic delay (Wu,
2011). As protected right-turn signal control is mostly applied at intersections with high traffic
volume, a right-turn vehicle can block following straight-through vehicle during straight-through
green phase and straight-through vehicles can also block following turning vehicles during
protected right-turn green arrow phase. Furthermore, when blockage at shared lane occurs, some
queuing vehicles will change to exclusive lanes. Therefore, the capacity estimation of shared
turning lanes is complicated and it is difficult to estimate the realistic lane capacity, consequently
in this study an exclusive turning lane is investigated so that the maximum realistic capacity of
the turning lane can be computed. After that it can be applied to estimate the shared lane

capacities by multiplying with the proportion of shared turning vehicles.

Shared space

At signalized intersections, crossing pedestrians and vehicles may have shared space and
time on the crosswalk based on the assigned signal timing design. If there is a shared space or
time with in the assigned green time of pedestrians and vehicles, then the interaction of crossing
pedestrians and vehicles is an unavoidable condition. Most of the time, traffic engineers are
assigning concurrent signal timing design for crossing pedestrians and turning vehicles and
facilitate the smooth traffic movement at signalized crosswalks by minimizing delay. Therefore,
understanding vehicle-pedestrian interaction is significant in concurrent signal timings. One of
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mostly happening example for pedestrian-vehicle interaction is when left turning vehicles (left-
hand traffic system) and crossing pedestrians have shared signal timing interval. Fig.1.1. shows
typical example of signalized crosswalk in Japan with concurrent signal phasing. Even if the
signal timing is green for left turning vehicles, because of the presence of crossing pedestrians at
the shared space the left turning vehicles forced to stop and give priority for pedestrians.
Therefore, due to the interaction situation the operational performance of left turning vehicles

movement is highly influenced by crossing pedestrians.

Shared space § \

<

Pedestrian signal timing [ IEEENECINN - I
Left turning vehicles signal timing [INNNNEEECG 2

Fig.1.1 Shared space and time between left turning vehicles and crossing pedestrians

In order to understand the realistic impact of pedestrians on left turning vehicles, detailed
investigation of the crossing pedestrian’s behavior is necessary. Crossing behavior of pedestrians
can be influenced by different factors when they cross along the crosswalk of signalized
intersections and it may be expressed by the variation in walking speed. Pedestrian walking
speeds at signalized crosswalk varies by various factors, such as traffic signal indication, age,
gender, time of day, crosswalk length and interactions of pedestrians in the platoon.

In addition to the presence of crossing pedestrians the geometric layout of the
intersection/crosswalk may have impact on the left turning vehicles and pedestrian’s movement.
The geometric layout of the intersection refers to the intersection angle, crosswalk setback

distance, stop-line setback distance, turning radius and crosswalk length etc.

1.2 Research questions and problem statement

Research questions



In order to outline the objectives of the research and develop the methodology, the following
research questions are summarized. Consequently, the research tries to answer these questions by
setting proper procedures.

» How the pedestrian volume and crossing behavior influence left turn lane capacity?

» Which geometric layout parameter of the signalized crosswalks highly affects the left

turning vehicles/crossing pedestrian behavior and then the left turn lane capacity?

» How to correlate the crossing pedestrian characteristics and left turn lane capacity under

different crosswalk geometric layout condition within the available signal time period?

Problem statement

The interaction of pedestrians and vehicles on urban roadways is complex. At signalized
crosswalks with assigned concurrent signal timing design for left turning vehicles and crossing
pedestrians, investigation of the pedestrian-vehicle interaction at the shared space and time is
critical. Although concerns for safety usually prevail, capacity is also important consideration in
the design and evaluation of transportation facilities. The influence of crossing pedestrians on left
turning vehicles is highly dependent on the individual or group of pedestrian’s movement
behaviour along the signalized crosswalk. Because, pedestrian crossing time can be highly
influenced by variation of pedestrian platoon movement, traffic signal settings, crosswalk length
and bi-directional interactions of pedestrian. The longest pedestrian-vehicle interaction time
interval between crossing pedestrians and left turning vehicles is happening when the platoon of
waiting pedestrians crosses the crosswalk, at this time interval left turning vehicles are blocked
by crossing pedestrians significantly. The duration of time that pedestrians occupy the shared
space is highly dependent on the position of each pedestrian with increasing elapsed time.

Moreover, the geometric layout of the intersection as overall and the layout of the subject
crosswalk specifically may highly influence the left turning vehicles movement and their
response for crossing pedestrian’s presence i.e. in terms of variation in turning speed, deviation
in arriving time to the shared space and visibility of crossing pedestrians etc. However, existing
left turn lane capacity estimation methods did not consider those factors in their estimation
procedures.

Therefore, it is still unclear that how crossing pedestrian platoon movement and bi-
directional pedestrian flow influence the left turn lane capacity estimation. Besides, the combined
impact of bi-directional crossing pedestrian flow and geometric layout of the signalized
crosswalk on the left turning vehicles movement and influence on capacity estimation needs

further investigations.



1.3 Objectives

The objective of this study is, to develop a method for the left turn lane capacity estimation
under the influence of crossing pedestrians and different crosswalk geometric layout at signalized
intersections. In order to achieve this objective, the following tasks are applied.

» Evaluate pedestrian-vehicle and bi-directional pedestrian interaction

» Investigate the influence of crossing pedestrians on left-turn capacity under different
geometric layout condition.

» Observe the left turning vehicles movement with/without crossing pedestrian presence.

» Develop a left-turn lane capacity estimation method

» Propose an adjustment factors to consider the combined impact of bi-directional
pedestrian flow and crosswalk layout on the left turn lane capacity estimation.

Then, the proposed adjustment factors can characterize the influence of pedestrians and
geometric layout of the signalized crosswalks, which can be applied by practitioners in the
operational performance evaluation of signalized intersections and in signal phasing design

procedures.

1.4 Research flow and organization of the dissertation

In Chapter 1, the overall research background is introduced and then the problem statement
of the research is explained. Furthermore, by considering the problem statement the research
questions and the objective of the research are clearly specified. In general, in the first chapter the
overall framework of the research is explained.

In Chapter 2, the literatures of existing researches related with capacity estimation
methodology are assessed. The main research gaps in the existing methods are identified and
discussed. The two main users around the signalized crosswalks are pedestrians and vehicles,
therefore the characteristics of pedestrians and vehicles at the signalized crosswalks are
summarized, and this is useful for understanding of possible influencing factors in the capacity
estimation procedures.

In Chapter 3, the conceptual settings are developed when crossing pedestrians and left
turning vehicles use the signalized crosswalks under concurrent signal phasing situation.
Macroscopic flow of bi-directional crossing pedestrians and left turning vehicles movement are
hypothesized. And then, under different bi-directional pedestrian demand conditions the left
turning vehicles discharge flow situations are conjectured. Finally, by combining the conceptual
bi-directional pedestrian flow condition and left turning vehicles discharge flow within the
assigned signal timing the hypothetical capacity estimation equation is proposed.
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Pedestrian characteristics at the signalized crosswalks are observed and investigated in
Chapter 4, crossing pedestrian position distribution along the crosswalk at higher and lower
demand conditions are observed at different signalized crosswalks. Bi-directional pedestrian flow
circumstances are investigated. Furthermore, pedestrian presence probability along the crosswalk
is modeled by considering crosswalk length, bi-directional pedestrian flow and signal timing
setting. After that, by applying the model the estimation procedure of waiting pedestrian’s
presence-time at the conflict-area of the crosswalk is outlined. In addition, the proposed
estimation procedure is compared with other existing presence-time estimation methods.
Therefore, from the analysis of this chapter the influence of bi-directional waiting pedestrian
platoon on the left turning vehicles movement is generalized.

The left turning vehicles discharge flow at the signalized crosswalk is investigated in
Chapter 5, the left turning vehicles discharge flow under saturated and nearly saturated cycles of
different signalized intersections are recorded. For each observed cycles, the condition of
crossing pedestrians is simultaneously perceived. Subsequently, the discharge flow rate is
modeled by considering the significant influencing factors i.e. influence of bi-directional
pedestrian presence and geometric layout conditions (crosswalk length, crosswalk and stop-line
setback distances).

In Chapter 6, the left turn lane capacity is estimated by selecting representative case study
values. Moreover, sensitivity and validation of the proposed method is checked. The left turn
lane capacity is estimated by changing the basic settings of the proposed method. The proposed
method has three main components i.e. the influence of bi-directional pedestrians, crosswalk
layout and the left turning vehicles discharge flow rate. Therefore, the capacity estimations under
different bi-directional pedestrian demand combinations, crosswalk length, crosswalk and stop-
line setback distances are evaluated. In addition, the proposed method left turn lane capacity
estimation is compared with observed capacity at saturated cycles of signalized crosswalks and
with selected existing left turn lane capacity estimation methods.

Adjustment factors to consider the influence of bi-directional crossing pedestrians and layout
of the crosswalk at signalized crosswalks are also proposed in this chapter. The adjustment
factors are useful for practitioners in the operational performance evaluation of signalized
crosswalks and in the signal timing design procedures. Finally, conclusions and some outlooks

for future research are provided in Chapter 7.

The general research framework is shown in Fig. 1.2



1. Introduction 2. Literature Review

Research background ‘ 2.1. Capacity estimation methods - - .
< 2.2. Influencing factors for capacity estimation
v
Existing estimation methods of N . ..

Problem statement ) capacity > Pedestrian characteristics

¥ } » Left turning vehicles characteristics
‘ Research objective ‘ Macroscopic Microscopic f Qeometrlc_layout ..
methods methods » Signal setting conditions

¥

‘ Research framework ‘ l State of the art , impact of pedestrian flow and crosswalk geometric layout on left turn lane capacity are defined.

i
3. Conceptual Framework for the Study of Left-turn Lane Capacity

3.1. Pedestrian movement
» Bidirectional flow
» Waiting/arriving pedestrians

» Lower/Higher demand 3.5. Proposed left turn lane
Long/Short crosswalks 3.3. Time intervals |—» 3.4. Conceptual framework |_| capacity  estimation
- g warks - of capacity estimation cquation
3.2. Left turning vehicles movement

» Discharge flow

l Development of hypothesis for proposed capacity estimation method ‘

v v
4. Crossing Pedestrian Presence-time 5. Left turning Vehicles Dlscharge flow
4.1. Waiting pedestrians flow observation 4.3, Waiting pedestrians’ 5.1. Left turning vehicles discharge flow observation
» Pedestrian flow interaction " conflict-arca presence- » Discharge flow distribution
» Lower/Higher pedestrian demand time_estimation (EPT) » Arriving pedestrians influence
. i
4.2. Waiting pedestrian presence probability 4.4. Validation of pedestrian-
model (PPP) ) presence time 5.2. Discharge flow rate model (Q)
. Bidirectional pedestrian flow I;lﬂuencmg » Comparison with left » Bidirectional arriving pedestrian presence Influencing
» Crosswalk length actors turning vehicle » Crosswalk length . . factors
» Elapsed green time unused time » Crosswalk and stop-line set back distance
]
5.3. Validation of the model
Waiting pedestrians conflict area presence-time estimation for different pedestrian demand Discharge flow rate of left turning vehicles under the influence of crosswalk
and crosswalk length conditions geometric layout and arriving pedestrians presence can be estimated

| |
v

6. Left Turn Lane Capacity Estimation

‘ 6.1. Proposed method for left-turn lane capacity estimation ‘
I

¥

6.2. Validation
» Comparison with empirically observed capacity
» Comparison with existing methods » Bi-directional pedestrian
» HCM manual

demand
» JSTE manual » Signal setting
I

6.3. Sensitivity
» Crosswalk layout

I
v
6.4. Application of Proposed Method
» Adjustment factors

Validation, sensitivity and application of the proposed capacity estimation method is verified

1

7. Conclusion and Future works

Fig.1.2 Research framework




Chapter 2

Literature Review

2.1 Overview

To study the left turn lane capacity estimation method by considering crossing pedestrians and
the crosswalk layout, exploration of existing researches about the capacity estimation procedure
and the existing manuals estimation procedures must be summarized. Furthermore,
understanding of past researches findings about the crossing pedestrians and left turning vehicles
characteristics in the signalized intersections needs detailed investigation. Therefore, in this
chapter the state of the art, impact of pedestrian flow and existing estimation methods of capacity

are explained.

2.2 Capacity estimation at signalized intersections

2.2.1 Background

Intersections may be signalized to address a road safety, efficiency or operational performance
issue or to improve crossing opportunities for pedestrians. In urban arterial roads signalized
intersections are generally installed at intersections of major roads. Signalized intersections have
the following objectives (David, 1974):

»  The provision for the orderly movement of traffic



» When used in construction with proper physical layouts and control measures, to increase

the capacity of an intersection

» Reduction in the frequency of certain types of accidents, especially the turning vehicles

» Under favorable conditions signals can be coordinated to provide for continuous or nearly

continuous ‘movement of traffic at a definite speed along a given route

» They may be used to interrupt heavy traffic at intervals to permit other traffic, vehicular

or pedestrian, to cross.
Capacity of through lane and left turn lane

Capacity is one of the methods applied to measure the performance of signalized intersection.
The Highway capacity manual (HCM 2016) defines capacity as; "The maximum sustainable flow
rate at which vehicles or persons reasonably can be expected to traverse a point or uniform
segment of a lane or roadway during a specified time period under given roadway, geometric,
traffic, environmental, and control conditions”. One of the critical capacities needed to be
estimated at signalized intersection is the left turn lane capacity. Most of the time, the
consideration of crossing pedestrian is necessary in the estimation procedure of left turn lane
capacity if they have comment signal timing interval.

Fig 2.1 shows the basic operation of vehicular movement through a signalized intersection and
the relationships among saturation flow rate, effective green time and cycle length as it is
explained in HCM. The signal display is presented on the horizontal axis, the instantaneous flow
of vehicles on the vertical axis. During the time while the movement is receiving a red indication,
vehicles arrive and form a queue, and there is no flow. Upon receiving a green indication, it takes
a few seconds for the driver of the first vehicle to recognize that the signal has turned green and
to get the vehicle in motion. The next few vehicles also take some time to accelerate. This is
defined as the start-up lost time or start-up delay and is commonly assumed to be approximately
2 seconds. After approximately the fourth vehicle in the queue, the flow rate tends to stabilize at
the maximum flow rate that the conditions will allow, known as the saturation flow rate. This is
generally sustained until the last vehicle in the queue departs the intersection. Upon termination
of the green indication, some vehicles continue to pass through the intersection during the yellow
change interval; this is known as yellow extension. The usable amount of green time, that is, the
duration of time between the end of the start-up delay and the end of the yellow extension, is
referred to as the effective green time for the movement. The unused portion of the yellow

change interval and red clearance interval is called clearance lost time.
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Fig. 2.1 Typical flow rates at a signalized intersection

Fig. 2.2 shows how the volume and capacity of signalized intersections computed based on the
typical saturation flow rate illustration. Capacity is computed based on the ratio of effective

green time and cycle length multiplied by saturation flow rate.

_sl &
C_S(Cj (2.1)

Where c is the capacity (veh/hr), s is the saturation flow rate (pcu/hr), g is the effective green
time (s) and C is the cycle length (s).
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Fig. 2.2 Illustration of volume and capacity of a signalized movement

Saturation flow rate (s) is a significant parameter used to derive a signalized intersection’s
capacity. The HCM defines saturation flow rate as the equivalent hourly rate at which previously

queued vehicles can cross an intersection approach under prevailing conditions, assuming that a
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green signal is available at all times and no lost time is experienced (HCM,2016). Saturation flow
rate can be estimated by first measuring average saturation headway in the field, and then
computed using Equation 2.2:

3600
§=—
h

(2.2)

Where: s is Saturation flow rate (vehicle/hour), 4 is Saturation headway (second). The
saturation headway is the average time gap between vehicles occurring after the fourth or fifth
vehicle in the queue and continuing until the last vehicle in the initial queue clears the
intersection (HCM, 2016). However, for left turning flow under concurrent signal timing due to
the interaction of bi-directional crossing pedestrians every discharge vehicle has the potential to
get influenced. Therefore, discharge flow or discharge headway of left turning vehicles show
large fluctuation within the green phase. The left turning lane saturation flow rate and capacity
also can be computed based on the above procedure of through movement of signalized
intersections. However, for left turning vehicles movement analysis the effect of crossing
pedestrians (if they have shared signal timing interval) and the influence of geometric layout of
the signalized intersection have significant impact on the estimation procedure of saturation flow
rate and capacity. Therefore, the realistic impact of crossing pedestrians influence must be
investigated in the capacity estimation procedure.

Generally, the existing estimation methods for left turn lane capacity under concurrent signal
timing design of left turning vehicles and crossing pedestrians can be classified into two
approaches; Macroscopic and Microscopic approaches. Macroscopic approach focuses on
modeling the overall relationship of left turn lane capacity and average number of crossing
pedestrians, while microscopic approach focuses on left turning vehicles and pedestrian’s

individual behaviors.

2.2.2 Macroscopic and Microscopic capacity estimation methods

Capacity estimation methods can be broadly classified as macroscopic and microscopic
methods. The basic analysis procedures in these two methods are discussed below.
Macroscopic methods

Macroscopic methods try to correlate the capacity with the influencing pedestrian flow by
generalizing the group movement of pedestrian and vehicles. One example of commonly used
macroscopic method is regression model. Regression models are developed in macroscopic
estimation methods to reflect the relationship of left turn lane capacity and crossing pedestrian

flow. Roshani M. and Bargegol, 2017, estimate the saturation flow rate and then capacities,
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considering the effect of pedestrian on right turn (right hand driving system) movements of the
signalized intersections in Rasht city. Using different regression models, the best relationship
between pedestrian’s volume and right turning vehicles flow parameters was evaluated. Their
results indicated that there is a primarily linear relationship between pedestrian volume and right
turning vehicles flow with R?=0.6261. Milazzo et al., 1998, investigated the relationship between
crossing pedestrians and right turning vehicles (right hand driving system). They proposed a
stepwise linear regression model to correlate the pedestrian volume and respective conflict-zone
occupancy. After that, their model is used to develop an adjustment factor of pedestrian influence
on right turning vehicles movement to calculate saturation flow rate and then capacity. Zhao J. et
al., 2012, proposed an adjustment factor by using regression analysis, the model for estimating
the pedestrian-bicycle adjustment factor for right-turn capacity (right hand driving system) was
established by observing different signalized intersections in China. Pengpeng J. et al., 2014,
studied the estimation of right turn lane capacity (right hand driving system), the key of their
study is the right-turn capacity calculation formula based on statistical analysis, i.e., the vehicle
capacity is presented as a curve with the capacity as the vertical axis and the pedestrian or bicycle
flow as the horizontal axis, which is fitted using traffic survey data of six typical intersections in
Beijing.

In general, in most of the macroscopic studies the pedestrian influence on left turning
vehicles considered using pedestrian volume as the main factor without investigating the
characteristics of waiting pedestrians and arriving pedestrians separately, in addition the situation
of bi-directional pedestrian flow interaction and pedestrian platoon movement effects are not

studied well.

Microscopic methods

Gap acceptance theory is one example of microscopic methods of capacity estimation. At
priority-controlled intersections, there are traffic streams which have different ranks in the
priority hierarchy. For example, the case of left turning vehicles and crossing pedestrians in
concurrent signal phasing design. The capacity of minor flow is determined by the length of the
acceptable gap which decides how many vehicles can cross in one accepted gap in the major flow
and how the accepted gaps appear in major flow which is dependent on arrival patter of subjects
in major flow. E(¢) is defined as the maximum number of vehicles can enter in one available gap
at gap size of t sec and /(¢) is defined as the density function of headway distribution. Therefore,
entry capacity c is calculated as the cumulative result of product of 4(¢) and E(¢) at all levels of
pedestrian flow ¢, during certain period as shown in Equation 2.3.
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c = quh(t)E(t)dt (2.3)

Chen et al., 2008, investigated the pedestrian behaviors and pedestrian-vehicle conflict
mechanism. In their analysis pedestrian arrivals in groups are also taken into account. Capacity of
the conflict zone is modeled based on the interacting process analysis. In their analysis, right turn
lane capacity yielded by the proposed model depends significantly on the average conflict times,
and the downtrend of the results becomes less and less sharp with the increase of conflicting
pedestrian volumes. Gao et al., 2016, studied the effect of pedestrian and bicycle infrastructure
on the capacity for right-turn lane at signalized intersection. The number of right-turn cars going
through signalized intersection was calculated by using probability theory and mathematical
statistics.

In general, to apply the microscopic approach for the capacity estimation, it needs detailed
investigation of individual crossing pedestrian’s interaction with conflicting vehicles. Therefore,
for safety analysis of signalized intersection microscopic approach is suitable; however, for

capacity estimation it is may be to detailed procedure.

2.2.3 Existing manuals procedure to estimate left-turn lane capacity

The widely accepted method to estimate the left turn lane capacity is adjustment factor method.
The adjustment factors are proposed by empirical or simulation analysis of left turning vehicles
under the influence of crossing pedestrians. After that, the capacity is estimated by multiplying

the base saturation flow rate with the adjustment factors.

HCM procedure

The HCM pedestrian and bicycle adjustment factors are proposed based on four phase
empirical analysis. The first phase examines the relationship between pedestrian volume and the
resulting occupancy of the conflict zone. The second phase, which applies only with opposing
vehicular traffic, determines the amount of that occupancy that actually affects the saturation
flow of turning vehicles.

The third phase considers the actual relationship between conflict zone occupancy and turning
vehicle saturation flow rate. Quantification of this phase-three relationship required intersections
at which permitted turns departing from a queue interact only with pedestrians or other non-
motorized traffic, such as bicycles. The fourth and final phase applies this adjustment to a lane
group, taking into account both the proportion of turning vehicles in the group and the proportion
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of turning vehicles using the protected phase. This phase merely involved an algebraic
manipulation of formulas, so no data collection was performed for this last phase
Details of Recommended Procedure for Determining pedestrian-bicycle adjustment factor for

right turns, fRpb , or left turns, fLpb as it is explained in HCM.

1) Calculate pedestrian conflict zone occupancy, OCCpedg.

First, get the pedestrian flow rate, Vpedg from the conflicting pedestrian hourly volume,
Vped.

C
Vpedg = Vped * (—) (Vpedg < 5000) (2.3)

P
Then, compute the average pedestrian occupancy during the effective pedestrian green
time.
o For pedestrian flow rates up to 1000 pedestrians/h green:
V
OCCpedg = #ﬂ(‘)’; (Vpedg < 1000; OCCpedg < 0.5) (2.4)
e For pedestrian flow rates between 1000 and 5000 pedestrians/h green:
OCCpedg = 0.4 + Vpedg / 10,000 (1000 < Vpedg < 5000; 0.5 < OCCpedg < 0.9) (2.5)

2) Determine the relevant conflict zone occupancy from the driver's perspective, OCCr.

e For a right turn with no bicycle interference or a left turn from a one-way street:
The relevant occupancy is exactly the pedestrian occupancy computed above,
and: OCCr = OCCpedg

e For a right turn with bicycle interference:
First convert bicycle hourly volume, Vbike, to bicycles/h green, Vbikeg:
Vbikeg = Vbike * (C/g) (Vbikeg < 1900) (2.6)
Next, determine the relevant, combined occupancy of the adjacent pedestrian and
bicycle conflict zones. Alternatively, determine the occupancy of the bicycle conflict

zone by itself, OCCbikeg:

OCCbikeg = 0.02 + Vbikeg / 2700 (Vbikeg < 1900; OCChikeg < 0.72) (2.7)
And then compute the relevant, combined occupancy, OCCr, by:
OCCr = OCCpedg + OCCbikeg — (OCCpedg * OCCbikeg) (2.8)

e Fora left turn from a two-way street:

First check if opposing traffic screens the conflict zone for the entire effective green
time: If gg > gp Then fLpb = 1.0 ; end procedure.
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If the opposing queue does not consume the entire pedestrian green, determine the
pedestrian occupancy after the opposing queue clears, OCCpedu.
OCCpedu = OCCpedg * (1 - 0.5 (ﬁ ) (2.9)

p
The relevant conflict zone occupancy after the queue clears is the occupancy that is not
screened by additional opposing vehicles. To determine this relevant occupancy, OCCr,
multiply the total occupancy after the queue clears, OCCpedu, by the probability that
opposing vehicles do not screen the conflict zone.

OCCr = OCCpedu * ¢'53600Vo (2.10)

3) Calculate the permitted phase pedestrian-bicycle adjustment for turning vehicles, ApbT.

If the number of receiving lanes equals the number of turning lanes (i.e., Nrec < =
Nturn):
Vehicles cannot maneuver around pedestrians or bicycles, and the adjustment is
logically the proportion of time the conflict zone is unoccupied from the turning driver's
perspective.
ApbT=1-0CCr (2.11)
If the number of receiving lanes exceeds the number of turning lanes (i.e., Nrec > Nturn):
Vehicles may have opportunities to maneuver around pedestrians or bicycles, and the
effect of pedestrian’s and bicycles on turning traffic is reduced.

ApbT=1-0.6 * OCCr (2.12)

4) Compute the pedestrian-bicycle adjustment factor for right turns, fRpb, or left turns, fLpb.

For right turns, the pedestrian-bicycle adjustment factor, fRpb, is:

fRpb =1.0 —PRT (1 — ApbT)(1- PRTA). (2.13)
For left turns, the pedestrian adjustment factor, fLpb, is:
fLpb=1.0 - PLT(1 - ApbT) (1 - PLTA) (2.14)
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List of variables used in HCM procedure

C Cycle Length (s)

V ped Pedestrian Volume (pedestrians/h)

V pedg Pedestrian Flow Rate (pedestrians/h of green)

gp Pedestrian Green Time (Walk + Flashing Don't Walk), s

OCC pedg Average Pedestrian Occupancy During the Effective Pedestrian Green Time
V bike Bicycle Volume (bicycles per h)

g Effective Green (for vehicles or bicycles/s)

V bikeg Bicycle Flow Rate (bicycles/h of green)

OCC bikeg Average Bicycle Occupancy During the Effective Green Time

g4 Extent of Opposing Vehicle Queue (s)

Vo Opposing Flow Rate After Queue Clears (vehicles/h)

OCC pedu Average Pedestrian Occupancy After the Opposing Queue Clears
occCy Relevant Conflict Zone Occupancy from the Driver's Perspective

N turn Effective Number of Turning Lanes

N rec Effective Number of Receiving Lanes

ApbT Permitted Phase Pedestrian-Bicycle Adjustment for Turning Vehicles
Prr: Prr Proportion of Left or Right turns in Lane Group

Pirra; Prra  Proportion of Left or Right Turns Using Protected Phase
JRpb Pedestrian-Bicycle Adjustment Factor for Right Turns

Sipb Pedestrian Adjustment Factor for Left Turns

Canadian capacity manual

To consider the parallel movement of pedestrians and right turning vehicles (right hand
driving system), in Canadian capacity guide of signalized intersections (2008) three empirical
functions are developed in which they represent three Canadian cities. They can be used to
determine the right turn saturation flow penetrating the adjacent pedestrian flow. Calculation of
saturation flow adjustment factor for right turns crossing pedestrian flow can follow the
following procedures.
1. Calculate the average pedestrian flow rate during the phase

q'ped = Qped (¢ / g) (2.15)

2. Ifq'ped < 200 and the intersection is in an area with few pedestrians on sidewalks FRpes = 1.0

3. Calculate the adjustment factor using one of these functions
16



Toronto: FRped = 0.60 - ~2< (2.16)

8516
Qped
Edmonton: FRpea = 0.44 - 9320 (2.17)
- Qped
Vancouver: FRpea = (.44 - 14100 (2.18)

Where gpeq 1s approximate average pedestrian flow rate during the walk interval and pedestrian
clearance period (ped/h), gped 1s two-way pedestrian flow on the crosswalk (ped/h), ¢ is cycle
time (s), g is green interval (s) and FRpeq 1s saturation flow adjustment factor for right turns with

pedestrians.

Finnish method

Capacity and Level of Service manual of Finnish Signalized Intersections (2002) proposed
the saturation flow rate for a turning lane (S.) with pedestrian conflicts as the following equation.
Se=1692 — 1.13qped,  qped < 900 or Se= 660 — 0.083(qpea — 900),  qpea > 900, (2.19)
Where, gpea 1s the pedestrian flow rate in the pedestrian crossing.
The proposed estimation equation is computed based on measurements in the southern Finland

supplemented with simulations (Niittyméki, 1998) of some signalized intersections.

Japan society of Traffic Engineers (JSTE) manual

According to Manual on Traffic Signal Control of Japan (2018), traffic capacity Cir of the
shared left turning lane is described in equation (2.20) and (2.21) considering the adjustment
factor of the percentage of left turning vehicles arr.

100

LT= (2.20)
(100-P)+ P E,,

(G_GP)

C, =85, %fL +8S, (2.21)

Where, G: effective green time (sec), C: cycle length (sec), Err: adjustment factor of left-
turning vehicle, Pr: percentage of LV (%), and Cy: traffic capacity of left-turning vehicles in
(veh/h), Si: saturation flow rate of left-turning traffic lane (pcu/hr), Gp: pedestrian green time
(PG) + pedestrian flashing green time (PFG) (sec), and f1: adjustment factor for left-turning
vehicles. f1 is defined as the ratio of “the vehicle number which passed without stopping” among
the total vehicle number which passed and stopping or stopped head leading vehicle” in subject

time period (Ikenoue and Saito, 1972).
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All the factors above are derived based on simulation results. Then different conditions are
suited based on an ideal through-lane SFR of 2000 vphgpl, higher than that suggested by HCM.
One obvious drawback in this JSTE guideline is that no analytical model embedded in the
simulation is presented. Only reference values simulated at ideal situations (i.e. green split equals
to 0.5; pedestrian volume per cycle is set to 5, 20, 40 and 60, respectively.) are given, which
makes it difficult for practical SFR adjustment under non-ideal situations. (Kawai et al., 2005)
also found the simulated factors might not satisfy all the boundary conditions in reality and
sometimes significantly deviate from field observation.

All the adjustment factors are derived based on simulation results. After that, different
conditions are suited based on an ideal through-lane SFR of 2000 vphgpl, higher than that
suggested by HCM. One weakness in this JSTE guideline is that no analytical model inserted in
the simulation analysis. Only reference values simulated at ideal situations (i.e. green split equals
to 0.5; pedestrian volume per cycle is set to 5, 20, 40 and 60, respectively.) are given, which
makes it difficult for practical SFR adjustment under non-ideal situations. Kawai et al. ,2005,
also found the simulated factors might not satisfy all the boundary conditions in reality and

sometimes significantly deviate from field observation.

2.3 Influencing factors for capacity estimation

To understand the realistic situation at the signalized intersections when concurrent signal
phasing is applied, it is necessary to investigate the crossing pedestrian’s behaviour, the left

turning vehicles movement characteristics and crosswalk geometric layout conditions.

2.3.1 Pedestrian characteristics at signalized crosswalks

Pedestrians are one of the users at signalized intersections. The operational performance of
the intersection and the safety of the crossing pedestrians are highly related with the
characteristics of individual and group pedestrians around the intersection.

Crossing pedestrian behavior

Crossing behavior of pedestrians can be influenced by different factors when they cross
along the crosswalk of signalized intersections. The influence of pedestrians on left turning
vehicles movement is highly related with the crossing behavior of pedestrians. Crossing behavior
of pedestrians can be influenced by different factors when they cross along the crosswalk of
signalized intersections like by their age, walking speed, gender and time of day etc.

A research by Akash et.al., 2014 and Abinav et.al., 2019, on the analysis of pedestrian
crossing behavior by considering pedestrian characteristics like age, gender and that of carrying
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baggage influence on crossing speed and waiting time showed that there is a significant variation
in waiting time and crossing speed due to the difference in the composition of crossing
pedestrians. Muley et al., 2018, analyzed three types of pedestrian speeds (entry speed, crossing
speed, and exit speed) at signalized crosswalks and their results showed that the pedestrian entry
speeds were significantly affected by the pedestrian signal indications. In addition, the crossing
speeds were positively correlated with crosswalk length for pedestrians crossing on green and red
indications while pedestrian exit speeds were independent of crosswalk length but significantly
affected by crossing direction. Zhu and Yang, 2004, analyzed pedestrian crossing speed
characteristics at signalized intersections, their result showed that pedestrian had slower crossing
speed when they were in larger groups which are one implication of pedestrian interaction effect
on crossing speed. Furthermore, their analysis regarding crosswalk length effect on crossing
speed showed that the average crossing speed increases with the increase of crossing distance.
Goh and Lam, 2004, studied the relationship of pedestrian flow volume and walking speed, the
study revealed that the pedestrian flow volume had significant effect on walking speed. Zhang et
al., 2014, analyzed and modeled pedestrian walking speed at signalized crosswalks considering
crosswalk length and signal timing. Their empirical analysis showed that, pedestrian walking
speed increases as pedestrian green time proceeds. Moreover, their findings implied that longer
crosswalks correspond to higher walking speed. Because of that, the duration of time that
crossing pedestrians stay at the crosswalk is highly dependent on these factors. Park et al., 2014,
investigated pedestrian crossing speed at signalized intersections with heavy pedestrian volumes.
They attempted to model the relationships between pedestrian speeds and densities, and between
speeds and directional proportions of pedestrian flows based on signalized intersections with
heavy pedestrian volumes. Their findings showed that pedestrian crossing speeds within high
density crosswalks are significantly affected by opposing pedestrian flows.
Existing considerations of pedestrian behavior

The existing guidelines or researches do not fully consider the effects of these factors on
pedestrian flows for estimating turning vehicle capacity. For instance, (Highway Capacity
Manual (HCM), 2016)) and a Planning and Design of at-grade Intersections - Basic Edition -;
Guide for Planning, Design and Traffic Signal Control of Japan (JSTE manual 2018, here after)
considered the influence of pedestrians for estimating capacity of turning lanes. The basic idea to
consider the crossing pedestrian impact is based on the time occupancy of crossing pedestrians
within green time. Zhang et al., 2012, quantitatively analyzed pedestrian impact on the capacity
of right-turn vehicles at signalized intersections in China. They applied pedestrian-grouping
model based on gap acceptance theory to estimate potential capacity. Chen et al. 2015, studied
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impact of pedestrian traffic on saturation flow of left-turn at urban intersections in Japan; they
found that 93% of left-turn vehicles slowed down due to the presence of pedestrians. However, in
the manuals and also other studies use the number of pedestrians as a factor without considering
the bi-directional pedestrian flow, the effect of pedestrian platoon characteristic and change in
geometric layout of the crosswalk. Roshani and Bargegol, 2017, investigated the effect of
pedestrians on the saturation flow rate of right turn (right-hand traffic system) movements at
signalized intersection in Iran. They did an empirical observation and model the relation between
pedestrian flow and turning vehicles flow. Their results indicated that there is a primarily linear
relationship between pedestrian volume and right turning vehicles flow.
Pedestrian flow

When the green time starts pedestrians waiting at sidewalks simultaneously starts to cross
from both sides of the crosswalks. Generally speaking, these pedestrians forming platoons at the
onset of green significantly contribute to block turning vehicle flows. Therefore, the maneuver of
pedestrian platoons needs to be investigated. Alhajyaseen and Nakamura, 2009, proposed a
methodology for modeling pedestrian discharge and crossing times by considering the effects of
bi-directional pedestrian flow and crosswalk geometry on crossing time. However, they made an
assumption that all the pedestrians in a platoon walk in a constant speed and constant distance
between pedestrians. In reality pedestrians have different speeds and the distance between
pedestrians will also vary within the green time. It is also important to understand the dispersion
of the pedestrian platoon. Teknomo, 2006, Lee and Lam 2008 and Lu et al. 2015, studied the
pedestrian flow by some simulation tools. These microscopic simulation models are able to
represent platoon dispersion characteristics by representing avoidance/following behaviors
between pedestrians, taking into account the relative locations and speeds of them at each
moment. Despite of that, these models are not sufficient for the capacity evaluation of turning
vehicles since they do not consider the impact of traffic signals and crosswalk geometries. On
this study we applied a direct method to represent the probability distribution of the pedestrian
existence without requiring the detailed maneuver of pedestrians. We applied an empirical
analysis with macroscopic approach to model the pedestrian crossing behavior, then applied that
to estimate the pedestrian presence-time at the conflict-area of signalized crosswalks, finally left
turn lane capacity is estimated based on the pedestrian presence-time model under the influence
of crossing pedestrians. Zhang and Nakamura, 2017, analyzed and modeled pedestrian presence
probability along several signalized crosswalks by considering signal timing, pedestrian arrival
rate and crosswalk length as influencing factors. They found that pedestrian position distribution
along the crosswalk dispersed when crosswalk length and elapsed time of the pedestrian green
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time PG increase. Moreover, it was found that the distributions will shift to the moving direction
slowly and their variations become larger when pedestrian arrival rate increases. However, they
analyzed the sites with relatively lower pedestrian traffic demand only, and interaction with
opposing pedestrian flow has not been investigated. Therefore, a methodology which considers
pedestrian presence at the crosswalk at higher and lower pedestrian demand conditions and easy
to use in macroscopic level is necessary for operational performance evaluation of signalized
crosswalks.

In general, in the existing manuals and other previous studies use the number of
pedestrians as a factor to consider the influence of crossing pedestrians on turning vehicles
without considering the bi-directional pedestrian flow, the effect of pedestrian platoon
characteristic and change in geometric layout of the crosswalk. However, the walking speed of
crossing pedestrians is highly influenced by their interaction with nearby pedestrian’s movement
and the perception of crossing pedestrians differ based on the layout of the crosswalk, i.e. at long
crosswalks pedestrians may tends to cross quickly. Therefore, if those factors are not considered
properly, the influence of pedestrians in the operational analysis of signalized intersections
cannot be captured well. Consequently, this study will propose an estimation method by

considering the above mentioned factors.

2.3.2 Left turning vehicles characteristics at signalized intersection

When left turning vehicles arrive at the signalized intersections, they have to interact with
the signal timing, crossing pedestrians and also consider the geometric layout of the intersection.
Therefore, the performance of the vehicles movement is highly related with those factors.

Impact of intersection geometric layout on turning vehicle

Left turning vehicles movement around the signalized intersections can be affected by
different influencing factors. One of the important factors is the visibility of crossing pedestrians
during the concurrent signal phasing conditions. When the left-turn vehicles share the same phase
with pedestrians on divided lanes at intersection, the stopped buses or medium size vehicles that
closed to the right-turn vehicles would block the view of drivers and pedestrians from the far-side
of crosswalk. (Jin et al., 2014) studied the effects of restricted sight on right-turn driver (right
hand driving system) behaviour with pedestrians at signalized intersection. They analysed the
changes of lag/gap acceptance behaviour with/without considering sight obstruction and the
headway of following right-turn vehicles by video observation. Their result showed that right-
turn drivers tend to accept a smaller lag/gap with restricted sight, and it would lead to more

potential conflicts between right-turn vehicles and pedestrians. However, larger headway of
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following right-turn vehicles with sight obstruction may result in delay and reduced capacity in
right-turn lanes.

A technical report by Texas transportation institute (Fitzpatrick and Schneider, 2005) about
the turn speeds of right-turn vehicles (right hand driving system) investigated the difference in
turn speed of the turning vehicles at the beginning of right turn and at the middle of the right turn.
Their result showed that the turning radius positively impacted turning speed at the beginning of
the right turn. However, at the middle of the right turn the turning speed was positively affected
by right-turn lane width in addition to turning radius. Therefore, according to this study the
turning vehicles speed variation may influence the arrival time of turning vehicles, consequently,
the capacity of the left-turn lane may decrease.

Asano et al. 2010, studied the the variation in the trajectory of left turning vehicles
considering intersection geometry. The study intention was to analyse and model the trajectory
variations of left-turning vehicles considering intersection geometric characteristics and the
interaction with other users. Such variations in vehicle trajectories reflect the difference in driver
behaviour which may lead to misunderstanding of other users’ decisions and the analysis
revealed a significant variation in trajectories depending on intersection angle, number of exit
lanes and vehicle type.

Iasmin et al., 2015, studied the yielding behaviour of left turning vehicles for pedestrians
under different intersection angle conditions. Their analysis showed that turning vehicles
behaviour at obtuse angle intersections is more non-yielding than other intersections.
Consequently, there will be variation in saturation flow rate of the turning lane.

Tarawneh and Mccoy, 1996, studied the effects of the geometries of right-turn (right hand
driving system) lanes on the turning performance of drivers with respect to driver age and gender.
Their results indicated that right-turn channelization affects the speed at which drivers make right
turns and the likelihood that they will stop before making a right turn on red (RTOR). Drivers,
especially middle-aged (2545 years old) drivers, turn right at speeds 5 to 8 km/h higher on
intersection approaches with channelized right-turn lanes than they do on approaches with
unchannelized right-turn lanes. In addition, they argued that drivers are less likely to attempt to
make an RTOR at a skewed intersection where the viewing angle to traffic from the left on the
cross street is greater than 90 degrees. Likewise, drivers turning right at these locations are more
likely to use their side mirrors than they are when making an RTOR at non-skewed intersections.
Interaction with pedestrians

Pedestrians have priorities at signalized intersections in the case of shared space and time
with turning vehicles. Akin and Sisiopiku, 2007, studied the interactions between pedestrians and
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turning vehicles at signalized crosswalks operating under combined pedestrian-vehicle interval.
Their result showed that the interactions between turning-vehicles and pedestrians at signalized
intersection crosswalks are a function of the traffic flow of turning-vehicles and pedestrians.
Nassereddine et.al, 2021, investigated the pedestrian-vehicle interaction and tried to establish a
simple non-probabilistic regression model that explains the attitude of right-turning drivers
(right-hand traffic system) at a specific intersection towards the presence of conflicting
pedestrians. Their result confirmed that, when drivers perceive the possibility of pedestrian
reaching a critical conflict point at the same time as them, they will modify their behavior even if
not coming to a stop. Therefore, they argued that these interaction modeling can be used to
evaluate the effectiveness of traffic signal control.

Hagiwara et al., 2008, investigated conflicts between the let-turning vehicle and the
pedestrian coming from the right in the crosswalk in Japan. A field experiment was conducted to
measure a driver's avoidance behavior according to the time lag, defined as the interval between
the time that the right-turning vehicle reaches the conflict point and the time that the pedestrian
coming from the left side reaches the conflict point. They revealed that the driver slows and
enters the crosswalk behind the pedestrian, if the time lag at the conflict point is less than 2 s.
Similarly, the braking location of left turning drivers who braked to avoid conflict with the

pedestrian was stated as 10.3 m before the conflict point.

2.3.3 Geometric layout condition

One of the important factors that control the performance of signalized intersections is
related with the geometric design arrangements. The geometric design around the signalized
intersections may refer as turning curb radius, crosswalk setback distance, stop line setback
distance, intersection angle, availability of channelization, approach road alignment, approach
road gradient, road width etc.

[asmin et al., 2015, studied the yielding behavior of left turning vehicles for pedestrians under
different intersection angle conditions. Their analysis showed that turning vehicles behavior at
obtuse angle intersections is more non-yielding than other intersections. Consequently, there will
be variation in saturation flow rate of the turning lane. A study by Georges, 2012, about
determining the ideal location for pedestrian crosswalks at signalized intersections suggested that
increased pedestrian safety and congestion benefits result from recessed crosswalks. The benefits
are most significant in dense urban areas that have large numbers of pedestrians and turning
vehicles, while at intersections with very low volumes of pedestrians or where there are few

turning vehicles, the benefits of recessed crosswalks are less substantial. Teply, 1990,
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investigated the combined effect of radius and pedestrians on right-turn saturation, he evaluated
Canadian, Australian, and U.S, right-turn saturation flow adjustment procedures and he found
that the consideration of radius in the saturation flow estimation is necessary. Therefore, a
recommendation is proposed to express the combined effect of a small radius and the presence of
pedestrians on right-turn lane capacity flow at signalized intersections. A study by Helmy et. al,
2018, about the impact of geometry and traffic characteristics on saturation flow rates at
signalized intersections in Egypt showed that with the increase of the turning radius, the

saturation flow rate increases.

2.3.4 Signal setting

Traffic signal timing is one of the most important responsibilities of traffic engineers and
Saturation flow is a key input for optimal signal timing procedure. A small variation in saturation
flow values could affect changes in cycle length and thereby affect the efficiency and operation
performance of signalized urban arterial roads. In Japan, pedestrian signal phase consists of
pedestrian’s green time (PG), pedestrian flashing green time (PFG), pedestrian red time (PR).
About the progress of the pedestrian crossing, when a pedestrian arrived at the pedestrian
crossing before the PG starts, it will wait near the pedestrian crossing. After the PG shows, for
the first few seconds’ pedestrians will enter the pedestrian crossing as a platoon. The- Pedestrians
arriving after the first few seconds can enter the pedestrian crossing without waiting. Then before
the start of PR a PFG will be shown to facilitate the clearance of pedestrians from the crosswalk.
After PFG, sometimes an early pedestrian red time interval (EPR) which provides an earlier
finish of pedestrian green phase than the concurrent vehicle green phase is utilized for increasing
the saturation flow rate of turning vehicular traffic. However, longer EPR will increase
pedestrian delay and results in pedestrian signal violations. Therefore, the time interval assigned
for the above mentioned signal timings will have significant impact on the crossing pedestrian’s
characteristics.

Yokozeki et al. 2016, confirmed that to reduce the number of pedestrians who are still on the
pedestrian crossing after the red phase of the pedestrian is shown, the length of PFG rather than
the length of PG must be extended. The longer the PFG, the more pedestrians will choose to
enter the pedestrian crossing at the beginning of PFG, in the second half of PFG fewer
pedestrians choose to go. Finally, after the red phase of the pedestrian is shown, the number of
pedestrians on the crosswalk who are crossings will reduce. Clearance time in Japan is quite short,
so that quite many pedestrians rush into crosswalks even after the onset of PFG (Suzuki et al.,

2004). As a result, many pedestrians remain on crosswalks at the end of the phase and even some
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of them may try to enter at EPR time, that will significantly influence the discharge flow of left
turning vehicles and obviously it will generate higher safety concern for the crossing pedestrians.
A study about saturation flow at signalized intersections during longer green time in the
Dallas—Fort Worth (DFW) metropolitan area of Texas (Khosla, 2006) examined the fluctuation
of headways under different green time settings. Their analysis of the data did not indicate a
significant effect of longer green time when compared with their expectations. They mentioned
that only one signalized intersection approach showed an increase in headway after about 60 s of
green time. Even if they observe small variations, their result was not significant in concluding
that longer green times had an effect on vehicle headways. In the same way a study by
Boumediene et. al, 2009, investigated the saturation flow versus green time at two-stage signal
controlled intersections, they found that saturation flow decreased slightly between 2 and 5
pcu/gh/sec of green time with increasing green time. However, the analyses of the discharge rate
during the successive time intervals of 6-seconds showed a substantial reduction of 10% to 13%
in saturation flow levels after 36 seconds of green time compared to those relating to 6-36
seconds range. They also mentioned that, no reduction in saturation flow levels was detected at

the sites where only green periods of 44 seconds or less were implemented.

2.4 Summary

In this chapter the related researches and existing capacity estimation procedures are
summarized. As it is discussed above, the left turn capacity estimation methods can be classified
in to two; Macroscopic and Microscopic estimation procedures. While microscopic analyses treat
individual pedestrian behavior and left turning vehicles interaction, macroscopic ones do
pedestrians as a flow and aggregate their behavior to consider the overall influence on left
turning vehicles. This study adopts the latter approach, a macroscopic analysis.

Existing left turn lane capacity estimation procedures proposed by different countries
manuals (USA, Canada, Finland and Japan) are also investigated. In general, the existing
manuals used the pedestrian volume as a factor to study the influence of crossing pedestrians on
left turning vehicles. They proposed an adjustment factors based on fitted equations.

Furthermore, past studies about the crossing pedestrian’s characteristics around the
signalized crosswalks are summarized to understand the representative influence of crossing
pedestrians on left turning vehicles. The investigated researches showed that the crossing
pedestrian’s behavior may vary by additional factors other than the pedestrian demand. Moreover,
existing findings about the left turning vehicles characteristics in the signalized intersections by

considering the crossing pedestrians are shortened. In addition, existing findings for the influence

25



of geometric layout conditions and signal timing settings on the discharge flow of left turning
vehicles or crossing pedestrians is also summarized.

In general, from the detailed literature reviews it is understandable that for effective left turn
lane capacity estimation, realistic crossing pedestrians and left turning vehicles behaviors
analysis is essential. In other words, there is a research gap about considering the effect of bi-
directional pedestrian flow and pedestrian group platoon dispersion behavior on left turning
vehicles movement, i.e. the walking speed of crossing pedestrians is highly influenced by their
interaction with nearby pedestrian’s movement and the perception of crossing pedestrians and
left turning vehicles may differ based on the layout of the crosswalk, consequently the left turn
lane capacity estimation may have significant variations. Moreover, from the literature review we
can understand that the combined influence of signalized crosswalk layout and crossing

pedestrians is not studied sufficiently.
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Chapter 3

Conceptual Framework for the Study of Left-
turn Lane Capacity

3.1 Overview

In the previous chapter the state of the art, impact of pedestrian flow and crosswalk layout
on left turn lane capacity are defined, in addition the conditions in the existing manuals are also
explained. The conceptual framework of the proposed capacity estimation procedure is discussed
in this chapter based on the macroscopic empirical pedestrian/vehicle flows.

For the empirical study of crossing pedestrian and left turning flows the possible flow
conditions and the interaction situations can be hypothesized. The hypothesis can be based on the
basic understanding of pedestrian/vehicle movements within assigned signal time. Basically, with
assigned exclusive left turn lane we have two directional pedestrian movements (from the two
opposite sides of the crosswalk) and the left turning vehicles discharge from the left corner of the
signalized intersections (left hand driving system). Shared left turn lanes are not covered by this
study.

For concurrent signal timing, crossing pedestrians and left turning vehicles start to cross at
the same time and the interaction of the crossing pedestrians and left turning vehicles will
continue till the end of shared time interval. Therefore, the left turn lane capacity estimation

procedure must consider these situations within the available shared time and space. Thus, this

27



chapter tries to summarize the macroscopic approach for the pedestrian and left turning vehicles

flows under the condition of concurrent signal phasing plan.

3.2 Bi-directional crossing pedestrian movement conditions

Pedestrians enter the crosswalk from opposite sides of the crosswalk as shown in Fig.3.1,
i.e. there is a bi-directional pedestrian flow along the crosswalk. However, as it is discussed in
chapter 2 existing researches and methods consider crossing pedestrians by merging the bi-
directional movements. Therefore, the realistic consideration of pedestrian flows along the
signalized crosswalks is not sufficiently represented. In some signalized crosswalks the crossing
pedestrian demand from the two directions of the crosswalk may significantly varies, so that the
interaction of crossing pedestrians would be highly influential on the crossing time of pedestrians.
Consequently, the left turning vehicles movement also significantly influenced. In this study, the

characteristics of the bi-directional pedestrian flow are investigated separately.

Conflict-area

Waiting arx
Near-side

W e Far-side

Left turning
vehicle

—
Fig.3.1 Crosswalk layout

Conflict-area is a shared space by crossing pedestrians and left turning vehicles on the
crosswalk as shown in Fig.3.1. Left turning vehicles must give priority for crossing pedestrians if
they arrive at the space at the same time. Near-side pedestrians are coming from the nearest side
of the crosswalk to left turning vehicles. While, far-side pedestrians are coming from the opposite
side from the near-side pedestrian flow and this is the farthest side of crosswalk for left turning
vehicles. Crossing pedestrians are classified as waiting pedestrians and arriving pedestrians based
on arrival timing. Waiting pedestrians are pedestrians who arrived at the crosswalk before the
onset of pedestrian green time and arriving pedestrians are pedestrians who arrive at the

crosswalk after the onset of pedestrian green time.
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3.3 Green time intervals

Under concurrent signal timing design, the available pedestrian and left turning vehicles
green time may divide in two general portions;

a) Necessary time interval for near-side and far-side waiting pedestrian platoon to cross the
conflict-area. In this portion, the possibility for left turning vehicles to pass the conflict-area
is low. Because, the near-side and far-side waiting pedestrians platoon cross the conflict-area
in a group with small gap between them. Moreover, the pedestrian-pedestrian interaction is
significant in this time interval portion.

b) Available passing time interval for left turning vehicles. In this portion, left turning vehicles
pass the conflict-area by searching acceptable gap between randomly arriving pedestrians
from both directions of the crosswalk.

The two portions can be subdivided in to different time intervals as shown in the Fig.3.2.

1. For near-side waiting pedestrian platoon
(Blockage time for turning vehicles)
Crossing
> pedestrian time | —» 2. For far-side waiting pedestrian platoon
interval . . .
(Blockage time for turning vehicles)
1. Time gap between near-side and far-side
Green
time ] waiting pedestrian platoon crossing time.
2. Time gap after both waiting pedestrian
platoons clear from the conflict-area and
> Time available > influenced by  randomly  arriving
for left turning .
. pedestrians
vehicles
3. Time gap without pedestrian influence

Fig.3.2 Green time intervals

In concurrent signal timing design the pedestrian-vehicle interaction analysis will start
from the onset of green and when the first waiting pedestrian from the near-side direction enter
inside the conflict area. The longest interaction time interval between crossing pedestrians and

left turning vehicles is happening when the platoon of waiting pedestrians crosses the crosswalk,
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at this time interval left turning vehicles are blocked by crossing pedestrians significantly.
Therefore, in this study waiting pedestrians and arriving pedestrians are analyzed separately.
Time thresholds

The time intervals are defined by six time thresholds. These time thresholds can be defined by
assuming a group movement of bi-directional waiting pedestrians. In addition, left turning
vehicles will pass the conflict area by searching acceptable gaps between arriving pedestrians.

1) n_en: this is the time threshold when the near-side waiting pedestrians start to enter into
the conflict-area at the onset of green. Section a-a is the measurement section as
shown in Fig.3.1. It is influenced by startup lost time and the waiting area of the
crosswalk.

2) fn_ex: this is the time threshold when the near-side waiting pedestrian platoon clears from
the conflict-area. Section b-b is the measurement section as shown in Fig.3.1. It is
influenced by the near-side waiting pedestrian volume, crosswalk length, crosswalk
width, waiting pedestrian composition and opposing pedestrian flow.

3) & ens this is the time threshold when the far-side waiting pedestrian platoon enters into
the conflict-area. Section b-b is the measurement section as shown in Fig.3.1. It is
influenced by the far-side waiting pedestrian volume, crosswalk length, crosswalk

width, waiting pedestrian composition and opposing pedestrian flow.
4) tf exs this is the time threshold when the far-side waiting pedestrian platoon clears from

the conflict-area. Section a-a is the measurement section as shown in Fig.3.1. It is
influenced by the far-side waiting pedestrian volume, crosswalk length, crosswalk
width, signal timing, waiting pedestrian composition and opposing pedestrian flow.
5) End of PFG (t. rrc): this is the end time for pedestrian’s presence along the crosswalk.
Pedestrians have priority to pass the conflict-area within pedestrian green time and
they must quickly clear from the crosswalk at the pedestrian flash green (PFG) time
if they are still on the crosswalk. After the end of PFG left turning vehicles will
have a chance to pass the conflict-area without pedestrian influence.
6) End of Yellow time (t. y): left turning vehicles that already passed the stop line must clear
out from the conflict-area before the end of yellow time.
The six time thresholds can divide the green time into five time intervals.
Time interval 1 (t;): this is the necessary time for near-side waiting pedestrians to clear from the
conflict-area. In this time interval it is difficult for left turning vehicles to pass

the conflict-area since the gap between waiting pedestrians will be short.
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Therefore, this time interval is the unused green time for left turning vehicles
due to the presence of near-side waiting pedestrian’s platoon. Time interval 1
can be estimated using equation 3.1.
t=1thex—tnen (3.1)
Time interval 2 (t2): this is the time interval between the near-side waiting pedestrian platoon
clear the conflict-area and when the far-side waiting pedestrian platoon enter
into the conflict-area, which is estimated by equation 3.2.
= tf_en _tniex if tf_en > Z‘niex (3.2)
0 if 4 f en < tn_ex
Time interval 3 (t3): this is the necessary time for far-side waiting pedestrians to clear from the
conflict-area. In this time interval it is difficult for left turning vehicles to pass
the conflict-area since the gap between waiting pedestrians will be short.
Therefore, this time interval is the unused green time for left turning vehicles
due to the presence of far-side waiting pedestrian’s platoon. Time interval 3 can
be estimated using equation 3.3.
13 =1t ex—tf en (3.3)
Time interval 4 (t4): this time interval starts after the clearance of far-side waiting pedestrian
platoon and ends at the end of PFG. In this time interval left turning vehicles
discharge flow by searching acceptable gaps between arriving pedestrians
coming from both directions of the crosswalk.
t4=PG+PFG-t1-t>-t3 (3.4)
Time interval 5 (t5). this is the left turning vehicles discharge flow interval without the influence
of crossing pedestrians.
ts=G+Y-t-t2-13-14 (3.5)
The arrangements of the time thresholds are highly depending on the pedestrian demand
and crosswalk length. Fig.3.3 shows basic bi-directional pedestrian flow condition by using one
observed cycle, Fig.3.3 illustrate how the waiting pedestrian presence influencing time interval
and remaining discharge flow time of left turning vehicles is defined based on the observation of
bi-directional pedestrian flows. The two basic scenarios based on the condition of pedestrian
demand and crosswalk length are presented in Fig. 3.4 and Fig 3.5. Fig 3.4 shows the basic
scenario (scenario-1) for longer or lower pedestrian demand crosswalk. While Fig.3.5 shows the

basic scenario (scenario-2) for shorter or higher pedestrian demand crosswalk.
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Based on the bi-directional pedestrian flow, left turning vehicles flow and crosswalk layout
condition different cases may happen for scenario 1 and 2 for each time intervals within the
assigned green time.

Fig.3.6 shows one hypothetical pedestrian flow example case when the crosswalk is long,
the pedestrian flow from near-side direction has lower pedestrian demand and the opposite far-
side has higher pedestrian demand.

For this case, the possibility to have a #: interval is high since the near-side waiting pedestrians
may clear from the conflict-area before the arrival of the far-side waiting pedestrians. It is
expected that the far-side pedestrian flow may influence the near-side waiting pedestrian flow, so

that near side pedestrians may have significantly variable crossing speed along the crosswalk.
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Fig.3.6 Conceptual bi-directional pedestrian flow example case for scenario 1

Fig.3.7 shows one hypothetical pedestrian flow example case for scenario 2 when the
crosswalk is short, the pedestrian flow from near-side direction has higher pedestrian demand and
the opposite far-side flow has also higher pedestrian demand.

For this case the bi-directional pedestrian flow interaction is higher, so that that pedestrians
crossing speed may significantly have affected. The possibility to observe ¢ interval is low
therefore left turning vehicles have small available green time.z; and #3 may have long time
interval due to the bi-directional higher pedestrian demand. The influence of crossing pedestrians

on left turning vehicles is higher for this case compared with other cases.
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Fig.3.7 Conceptual bi-directional pedestrian flow example case for scenario 2

In general, the time intervals are highly related with the bi-directional pedestrian’s flows and
crosswalk layout. Therefore, the crossing pedestrian’s characteristics must be empirically
observed and their position distribution along the crosswalk within the assigned green time must
be generalized. The influencing factors of crossing pedestrian’s behavior must be also
investigated to understand the significant crossing speed variations, consequently variation in

crossing time. Therefore, in chapter 4 the pedestrian characteristics will be discussed in detail.

3.4 Left-turning vehicles movement

The movement of left turning vehicles under concurrent signal phasing is highly influenced by
the presence of crossing pedestrians on the conflict-area. As it is discussed in the above section,
the pedestrian flow can be categorized in to two types based on the arrival time to the crosswalk;
as waiting pedestrians and arriving pedestrians. The interaction situation of left turning vehicles
with waiting pedestrians and arriving pedestrians is different. When left turning vehicles arrive
on the conflict-area while waiting pedestrians are crossing, it is difficult to find a gap and pass
the conflict-area. Therefore, the assumption is the bi-directional waiting pedestrians flow will
block the movement of left turning vehicles, because most of the times waiting pedestrians are
crossing in a platoon starting from the waiting area. However, after the bi-directional waiting
pedestrian platoon clears from the conflict-area randomly arriving pedestrians may enter in to the
conflict-area till the end of PG, at this time interval the possibility for left turning vehicles to pass

the conflict area is high by searching acceptable gaps between arriving pedestrians.
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In addition to the presence of crossing pedestrians the geometric layout of the signalized
crosswalk may influence the movement of the left turning vehicles. As it is shown in Fig.3.8, the
geometric layout of the intersection can be explained by turning radius, intersection angle, stop
line setback distance, crosswalk length and crosswalk setback distance. These elements are
variable for different intersections according to the geometric design of the intersection and the
proposed manuals. The movement of left turning vehicles at the signalized intersection may
significantly influenced by the assigned layouts of those elements. When the setback distance of
the stop line is far from the conflict-area then the arrival time of left turning vehicles will be long,
due to that some portion of the green time will be unused. In addition, the clearance time of left
turning vehicles after the end of green time will be long due to the availability of long waiting
space for left turning vehicles.

The left turning radius or the intersection angle may also highly influence the turning speed
of left tuning vehicles. If the intersection angle is obtuse and have gentle turning radius it will
give chance for left turning vehicles to drive with higher speed. Consequently, they may attempt

to accept short available gaps between crossing pedestrians.
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Fig 3.10 Left turning vehicle sight distance with short crosswalk setback distance

On the other hand, the setback distance of the subject crosswalk has significant effect on the
left turning vehicles movement. The influence may be related with the visibility of crossing
pedestrians and acceleration/deceleration distance of left turning vehicles. Fig 3.9 and Fig 3.10
show the left turning vehicle sight distance with long and short crosswalk setback distances,
respectively. When the subject crosswalk is near to the intersection left turning vehicles may
clearly notice crossing pedestrians even before they arrive at the conflict area and they can adjust
their turning speed accordingly. However, the situation for the case of safety analysis may be

different from the capacity analysis concept as it is discussed by (Georges J., 2012). The
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balanced position between the stop line and crosswalk setback distance is necessary to minimize

the influence of geometric layout of the crosswalk on the left turning vehicles movement.

Hypothetical left turning vehicles discharge flow condition within green interval

For the hypothesized time intervals discussed in the above section, the left turning vehicles
have different discharge flow characteristics. Fig.3.11 shows the basic scenario (scenario-1) for
longer or lower pedestrian demand crosswalk. While Fig.3.12 shows the basic scenario

(scenario-2) for shorter or higher pedestrian demand crosswalk.
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Fig.3.11 Hypothetical left turning vehicles discharge flow for scenario-1
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Fig.3.12 Hypothetical left turning vehicles discharge flow for scenario-2
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For scenario-1 case we may have three different discharge flows at three time intervals, the
first discharge flow (Q)) is located between the bi-directional pedestrian flows (near-side and far-
side flows). For long or lower pedestrian demand crosswalk since the arrival time of the far-side
first waiting pedestrian to the conflict-area is long or the near-side waiting pedestrians clear from
the conflict-area quickly, left turning vehicles may have a chance to pass the conflict-area
immediately after the clearance of the near-side waiting pedestrian’s platoon if there are no
arriving pedestrians. The second discharge flow (Q:) is located after the clearance of the far-side
waiting pedestrians and the left turning vehicles attempt to pass the conflict-area by searching
acceptable gaps between arriving pedestrians and finally the left turning vehicles will discharge
without the influence of crossing pedestrians with Qs flow rate. For scenario-2 case also the same
discharge flow characteristics can be observed except the possibility of observing Q; will be zero,
because of the higher pedestrian’s demand or short crosswalk length the bidirectional pedestrian
flow will merge together inside the conflict-area.

For both scenarios the left turning vehicles movement will be blocked by waiting pedestrian
platoon and the magnitude of blockage effect is highly dependent on the pedestrian demand.
Discharge flow of left turning vehicles is highly influenced by arriving pedestrians and the

geometric layout of the crosswalk.

3.5 Conceptual framework of capacity estimation

Fig 3.13 shows the conceptual framework for the left turn lane capacity estimation
procedure. Mainly there are two paths in the estimation procedure; the first one is observation
and generalization of crossing pedestrians by separating the waiting and arriving pedestrians
independently. The second path is observation and modeling of the left turning vehicles
discharge flow rate by considering all possible influencing factors. Finally, the results of the two
paths are combined to generalize the left turn lane capacity under the influence of crossing
pedestrians and different crosswalk layout conditions. i.e. the proposed exclusive left turn lane
capacity equation has two input models, pedestrian presence-time model (EPT) and left turning

vehicles discharge flow rate model (Q).
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Fig 3.13 Conceptual framework of capacity estimation
3.6 Hypothetical left-turn lane capacity estimation equation

Left turning vehicles pass the conflict-area based on the condition of crossing pedestrians on
the crosswalk. Immediately at the onset of green the presence probability of near-side waiting
pedestrians on the conflict-area is high, since near-side waiting pedestrians’ waiting area is near
to the conflict-area compared with left turning vehicles and far-side waiting pedestrians. After
that, far-side waiting pedestrians join the near-side pedestrians or arrive to the conflict area after
near-side waiting pedestrians clear from the conflict-area. Meanwhile, arriving pedestrians may
presence on the conflict area any time after the onset of green. When crossing pedestrians present
on the conflict-area left turning vehicles must give priority, so that they may have delay time due
to the presence of crossing pedestrians. Therefore, the maximum number of left turning vehicles
that can pass the conflict-area within the assigned green time is highly influenced by the
interaction with crossing pedestrians. As it is discussed in the above sections, the characteristics
of waiting pedestrian flow and the interaction of arriving pedestrians on left turning vehicles can
be empirically observed and modeled to capture the influence of crossing pedestrians on left
turning vehicle movements. The necessary time for the bi-directional waiting pedestrians to cross
the conflict-area (EPT) can be estimated based on the crossing pedestrian’s characteristics and it
will be discussed in chapter 4. To estimate left turn lane capacity first, the available green time
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for left turning vehicles must be computed by deducting the unused time from the assigned
vehicle green time, then the available time will be multiplied by the average discharge flow rate
of left turning vehicles under the condition of arriving pedestrians and geometric layout of the
crosswalk. In the estimation of the discharge flow rate of left turning vehicles the influence of
basic geometric layout elements of the intersection must be investigated. After we understand the
crossing pedestrian’s characteristics and the discharge flow rate as we hypothesized in the above
sections, by considering the pedestrian’s behavior and geometric layout of the crosswalk, the left

turn lane capacity can be estimated using Equation (3.6).

_((G=EPT)*O(X,, X, )+(1;*Q(0.X, )
C

(3.6)

Where, c is capacity of left turn lane (veh/hr), G is left turning vehicle green time (s), EPT is
expected waiting pedestrian-presence time (s), Q is discharge flow rate (veh/hr), Xp is the
influence of pedestrians, Xc is the influence of crosswalk layout and C is cycle length (s), #5 is
time interval without the influence of crossing pedestrians (s).

Therefore, to compute the left turn lane capacity based on the above proposed method, the
basic parameters of the equation will be analyzed in the following chapters. By empirical
observation of signalized crosswalks, the bi-directional pedestrian flow and left turning vehicles

discharge flow rate will be generalized.

3.7 Summary

In this chapter the bi-directional pedestrian flow and the left turning vehicles discharge flow
rate are hypothesized within the assigned green time. In general, the green time can be divided
into five time intervals based on the basic bi-directional pedestrian flow characteristics. The five
intervals have six critical time thresholds which determine the boundary of the time intervals.
Based on the bi-directional pedestrian demand condition and the geometric layout of the
crosswalk two scenarios can be hypothesized. In scenario-1 for long or lower demand crosswalks,
the possibility to have a 2 interval is high since the near-side waiting pedestrians may clear from
the conflict-area before the arrival of the far-side waiting pedestrians. Furthermore, in this
scenario we may have three different discharge flows at three time intervals, the first discharge
flow (Qr) is located between the bi-directional pedestrian flows (near-side and far-side flows).
For long or lower pedestrian demand crosswalk since the arrival time of the far-side first waiting

pedestrian to the conflict-area is long or the near-side waiting pedestrians clear from the conflict-
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area quickly, left turning vehicles may have a chance to pass the conflict-area immediately after
the clearance of the near-side waiting pedestrian’s platoon if there are no arriving pedestrians.
The second discharge flow (Q:) is located after the clearance of the far-side waiting pedestrians
and the left turning vehicles attempt to pass the conflict-area by searching acceptable gaps
between arriving pedestrians and finally the left turning vehicles will discharge without the
influence of crossing pedestrians with Qs flow rate. For scenario-2, the bi-directional pedestrian
flow interaction is higher, therefore the possibility to observe #2 interval is low and left turning
vehicles have small available green time, consequently the discharge flow rate in scenario-2 is
lower compared with sceanro-1 cases.

In general, the conceptual framework of the capacity estimation procedure and the left turn
lane capacity estimation equation is proposed by considering the influence of the bi-directional

pedestrian flow along the crosswalk and the geometric layout of the crosswalk.
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Chapter 4

Crossing Pedestrian Presence-time

4.1 Overview

Understanding crossing pedestrian’s characteristics is a necessary step to study their
influence on left turning movement. The movement of crossing pedestrians along the crosswalk
significantly varies depending on different factors, like crosswalk geometry, signal timing design
and pedestrian interactions. Because of the various influencing factors, the crossing time of
pedestrians may significantly affect, consequently the position of pedestrians at elapsed green
time ¢ will be different. Therefore, in this chapter the crossing pedestrian’s characteristics when
they pass the crosswalk within the assigned green time is observed, and then the pedestrian
position distribution along the crosswalk is generalized to further apply for the understanding of

left truing vehicles influence.

4.2 Observed intersections and data extraction

For the pedestrian position distribution analysis and modelling at the crosswalk, signalized
intersections located in Nagoya, Japan are selected. The intersections have different pedestrian
demand situation and crosswalk geometric characteristics. The geometric condition, traffic
condition and signal settings of the selected signalized crosswalks are summarized in Table 4.1.

and the layout of the observed crosswalks are shown in Fig.4.1.

43



Table 4.1 Geometric characteristics and traffic conditions of observed sites.

Crosswalk Waiting pedestrian volume
Signal phase
Subjec | geometry (ped/cycle) Numbe
Intersection
t rof
name in
) CTOSSW Near Far- | sample
Fig.4.1 Len Cycle
alk Widt Near- | -side | Far- | side | cycles
gth PG (s) | length
h (m) side |avera| side | avera
(m) (s)
ge ge
East 16 6 48-61 | 148-174 | 0-12 5 0-6 3 40
(a) Kanayama
North | 36 6 36-48 | 148-174 | 0-13 4 0-10 5 60
(b) Ueda South | 21 5 38-47 | 144-176 | 0-4 2 0-5 2 63
(c) Fushimi South | 35 6 39-42 | 159-161 | 0-10 4 0-8 5 45
(d) Sasashima | West | 31 10 40 160 16-62 | 37 | 10-30 13 18
(e) Otsu-dori West | 34 6 37 160 0-12 4 1-10 3 30
(f) Nishiosu North | 32 6 38 160 0-4 3 0-3 2 22

gt ¥
-

Y|

(c) Fushimi d) Sasashima
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(f) Nishiosu

Fig.4.1 Layout of observed crosswalks

Data extraction

The positions of pedestrians at every 5s are manually extracted from observation videos by
using the image processing system Traffic Analyser (Suzuki and Nakamural, 2006) then the
coordinates in these images are converted to global coordinate through the projective
transformation. Kalman smoothing method is applied to estimate trajectories of pedestrians at
each time interval. Then pedestrian presence probability along the crosswalk is extracted at
different elapsed time thresholds.

A coordinate transformation of pedestrian position is done referring to the edge of the
crosswalk. The horizontal axis x is defined in parallel to the edge of bicycle crossing path and the
vertical axis y is perpendicular to this line as shown in Fig.4.2. This pedestrian position is used to
calculate the pedestrian presence probability within a PG time. Here in the analysis, pedestrian
presence probability at time ¢ and position x is defined as the number of pedestrians present at

time ¢ and position x divided by the total waiting pedestrian number of the cycle.

4.3 Empirical observation of pedestrian position distribution

Examining pedestrian timing and position is very important to understand pedestrian-vehicle
interaction and analyse their influence on turning vehicles movement. (Zhang and
Nakamura ,2017) analysed and modelled pedestrian presence probability along several signalized
crosswalks by considering signal timing, pedestrian arrival rate and crosswalk length as
influencing factors. They found that pedestrian position distribution along the crosswalk

dispersed when crosswalk length and elapsed time of PG increase. Moreover, it was found that
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the distributions will shift to the moving direction slowly and their variations become larger
when pedestrian arrival rate increases. However, they analysed the sites with relatively lower
pedestrian traffic demand. Moreover, interaction with opposing pedestrian flow has not been
investigated by them. This study followed their procedures about the pedestrian position
observation and extraction procedures by including observation of additional higher pedestrian

demand crosswalks.

Waiting area 17 Conflic-are

Far-side

§/ Edge of the crosswalk

Left turning vehicle

Near-side

ﬁ

Fig.4.2 Bi-directional crossing pedestrians position distribution by time.

A coordinate transformation of pedestrian position is done referring to the edge of crosswalk.
The horizontal axis (x) is parallel to the edge of bicycle crossing path, and then the vertical axis
(v) is perpendicular to that as shown in Fig.4.2. Since the distance on horizontal axis (x) is more
important for analysing the pedestrian-vehicle interaction, only the distance on x axis will be
considered and all the pedestrians are assumed to walk on this axis. In order to consider the
position where pedestrians wait on the sidewalk for pedestrian green phase, a space between the
beginning of crosswalk and 8m upstream from that is defined as waiting area as indicated in
Fig.4.2. Consequently, the origin of the horizontal axis is defined at the location 8m upstream
from the beginning of near-side of the crosswalk. The bi-directional pedestrian flow from the two
sides of the crosswalk is observed by time as the conceptual distribution shown in Fig.4.2.

At the onset of pedestrian green (PG), waiting pedestrians from both edges of a crosswalk
start walking. After PG elapsed, pedestrian’s position along the crosswalk gradually changes
because of a variation in walking speeds of individual pedestrians. In addition, there is an
interaction between pedestrians crossing from two sides of the crosswalk. The significance of
interaction may depend on the number of pedestrians from both sides of the crosswalk. This

spreading and interaction situation is more significant for the waiting pedestrian platoon
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compared with arriving pedestrians, since most of the time arriving pedestrians enter the
crosswalk individually while waiting pedestrians enter the crosswalk in a group. Therefore, in
this study the influence of waiting pedestrians and arriving pedestrians on left turning vehicles

movement is investigated separately.

4.3.1 Observed pedestrian flow conditions

The observed cycles can be categorized into three groups based on Equation (4.1) for the
comparison analysis.

p:qs _QO (41)
4

Where, p is proportion of demand difference, gsis subject direction pedestrian demand and go
is opposing direction pedestrian demand.
From empirical data observation, the influential threshold for categorization of the groups is
20 percent demand difference between the two directional pedestrian flows.
» Group H-L: When higher pedestrian demands in the subject direction interacting with
lower pedestrian demand of the opposing direction. p > 0.2
» Group L-H: When lower pedestrian demand in the subject direction interacting with
higher pedestrian demand of the opposing direction. p < -0.2
»  Group B-B: Balanced pedestrian demand in both directions. -0.2 <p < 0.2
Fig.4.3, Fig. 4.4 and Fig.4.5 show examples of observed cumulative pedestrian presence
probability distributions for waiting pedestrians along the crosswalk, for H-L, L-H and B-B
pedestrian flow categories of Sasashima and Kanayama east crosswalks. The observed pedestrian
presence probability distributions are plotted by aggregating observed samples of each group.
When ¢ increases, pedestrian presence probability distributions shift to the moving direction. The
slopes of the distributions become wider due to the variation in pedestrians’ crossing speeds. For
both all cases, the distributions of Kanayama east crosswalk are positioned on the right side of
Sasashima distributions. This is due to the lower number of pedestrian demand in Kanayama east
crosswalk; pedestrian can quickly cross without influence of surrounding pedestrians. However,
for the case of Sasashima crosswalk, due to the high pedestrian demand it is difficult for

pedestrians to cross with their desire speed.
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Sasashima (L=31 m)

Kanayama (L=16 m)
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Fig.4.3 Observed H-L pedestrian presence probability distribution for Sasashima and Kanayama

east crosswalks
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Fig.4.4 Observed L-H pedestrian presence probability distribution for Sasashima and Kanayama

east crosswalks
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Fig.4.5 Observed B-B pedestrian presence probability distribution for Sasashima and Kanayama

east crosswalks

Pedestrian flow at the crosswalk is a bi-directional flow. Therefore, pedestrian presence
probability along the crosswalk is affected by the interaction with not only the subject pedestrian
flow but also the opposing pedestrian flow. Comparing three groups of pedestrian flow, it can be
found that the distributions of H-L group move slower than L-H group. It is because when the
number of pedestrian in subject flow is high, pedestrians cannot cross in the desired speed. The
variations become larger when subject pedestrian flow is high, and when opposing pedestrian
flow become higher, the variations become lower.

Three possible influencing factors can be noted from the above observations: reduction in
crossing speed due to the high pedestrian demand condition, the effect of crosswalk length and

the effect of elapsed green time

4.3.2 Bi-directional pedestrian flow interaction

Ccrossing pedestrian position distribution along the crosswalk is affected by the interaction with the
opposing pedestrian flow. The effect of bi-directional pedestrian flow interaction on pedestrian
presence probability distribution curve may be significant for high demand pedestrian flow
crosswalks. The difference in the pedestrian presence probability distribution before and after the
interaction occurrence between the subject and opposing flows can be quantitatively investigated
using standard deviation of the distribution curve. When there is some influencing interaction

between the two flows (subject direction and opposing direction flows), the standard deviation of
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pedestrian presence distribution curve at the interaction time will be shorten. This is due to the
situation that, the leading pedestrians in the subject direction may reduce their walking speed
when they face counter flow with high demand, while the following pedestrians keep their
walking speed.

One sample cycle of this condition for Sasashima crosswalk bi-directional flow is shown in
Fig. 4.6, here in the figure the bi-directional flow interacts between the elapsed time of 15s and
25s. A higher demand near-side pedestrian flow interacts with the opposing lower demand far-
side pedestrian flow. The standard deviation of the pedestrian presence distribution curve for the
near-side pedestrian flow at an elapsed time of 15s, 20s and 25s are 5.2m, 4.5m, and 4.4m,
respectively. For the opposite far-side flow standard deviation at an elapsed time of 15s, 20s and
25s are 1.25m, 1.1m, and 3m, respectively. Therefore, as it is observed from this computation,
the changing rate of the standard deviation for far-side pedestrian flow pedestrian presence
distribution curve is less than that of near-side pedestrian flow pedestrian presence distribution
curve. This is one implication of opposing direction higher-pedestrian demand effect on the
pedestrian presence probability distribution of lower-pedestrian demand direction. Therefore, it is
necessary to consider bi-directional pedestrian flow in the estimation of pedestrian presence

probability distribution.
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Fig. 4.6 Bi-directional pedestrian presence probability distributions
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Additionally, the difference in the pedestrian presence probability distribution before and
after the interaction occurrence between the subject and opposing flows is quantitatively

investigated by using Equation (4.2).

X() = Xss() — Xi5(2) (4.2)

Where, Xss(£) and X;5(¢) [m] are the positions of the 85" and the 15" percentile values of the
cumulative pedestrian presence probability distribution curve at an elapsed time ¢, respectively.
X(#) 1s the difference of these values at time 7.

When there are some influencing interactions between the two flows, the value of X(¢) at the
interaction time will be shorten. This is due to the situation that, the leading pedestrians in the
subject direction may reduce their walking speed when they face counter flow with high demand,

while the following pedestrians keep their walking speed.

18
16
14
12
—_
E1o
SZ 8
6 --e--Observed H-L
—*—Observed L-H
4 —a—Observed B-B
--@-- Zhang's model H-L
2 —#— Zhang's model L-H
0 —a— Zhang's model B-B
0 5 10 15 20 25 30 35
Elapsed Time (s)

Fig. 4.7 Horizontal position difference of pedestrian presence probability distribution

Fig.4.7 shows a trend of X(#) with an increasing elapsed time for the three groups (H-L, L-
H and B-B) by aggregating samples observed in all(three) cycles of each group. For all groups,
X(¢) 1s increasing with increase in elapsed time, which shows there is pedestrian presence
probability dispersion when elapsed time increases. However, the increasing rate of L-H case
pedestrian flow is lower than other groups. This implies that when the bi-directional flow is
lower pedestrian demand interacting with higher pedestrian demand, then the lower pedestrian
demand direction presence probability distribution would be compacted due to interaction

influence.
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For Zhang’s model, the value of X(¢) is increasing with increase in elapsed time. However,
the values of X(¢) for the model estimate of L-H cases pedestrian presence probability distribution
are greater than that of the observed pedestrian presence probability distribution. Since L-H cases
are the interaction of lower pedestrian demand with higher pedestrian demand, the result implies,
the impact of opposing higher pedestrian demand on the pedestrian presence probability
distribution of lower pedestrian demand direction is not considered significantly in Zhang's

model.

4.4 Pedestrian presence probability model

Pedestrian presence probability at time ¢ and position x is defined as the number of
pedestrians present at time ¢ and position x divided by the total waiting pedestrian number of the
cycle. (Zhang and Nakamura, 2017) observed and modelled time-dependent pedestrian presence
probability along the crosswalk as a function of time. From empirical data, the frequency
distribution of pedestrians’ presence along the crosswalk is analysed by observing pedestrian
positions at time ¢ then pedestrian presence probabilities are modelled by using the probability
density distribution function of Weibull distribution as shown in Equation (4.3).

PPP (x;0,0)= ﬁ(ﬁ}a_l e_[}lj

P\B (4.3)

Where, PPP is pedestrian presence probability density function (PDF) of Weibull
distribution, a is shape parameter (a > 0), and £ is scale parameter (f > 0). Parameters o and S are
simultaneously estimated as linear functions of elapsed time, pedestrian red time, crosswalk
length and pedestrian arrival rate. Their model can effectively estimate the pedestrian presence
probability and is useful to predict pedestrian presence probability distribution. However, the
impact of interaction with opposing pedestrian flow is not considered and they analysed
relatively lower pedestrian traffic demand. Therefore, in this study the pedestrian presence
probability distribution is re-estimated by using the additional dataset which contains a dataset of
a crosswalk with relatively higher pedestrian demand.

Weibull distributions are originally used for survival analysis, while it is used in this study
due to its mathematical characteristics. The Weibull distribution is versatile distribution that can
take on the characteristics of other types of distributions, based on the value of the shape and
scale parameters. Therefore, by modelling alpha and beta parameters as a function of influencing

factors different characteristics of pedestrian presence probability can be captured. The shapes of
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the distributions are changed under different combinations of a and f parameter values as shown

in Fig 4.8.
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X X
a) Probability density distribution b) Cumulative probability distribution
Fig. 4.8 Probability distributions of Weibull distribution

4.4.1 Modeling procedure

Pedestrian presence probability is modelled by using Weibull distribution function and it is
estimated by following two steps. The first step is to fit each pedestrian presence probability
distribution of each ¢ at each crosswalk by following Weibull distribution and estimate the shape
parameter a and scale parameter S of Weibull distribution. Since the pedestrian demands are low
for the crosswalks except Sasashima crosswalk, the pedestrian position data is not enough to
draw one distribution for each cycle separately. In order to get sufficient number of samples for
one distribution, the data of all the cycles are aggregated. However, for Sasashima crosswalk, the
distribution is modelled for each cycle independently. The pedestrian density is also important
for pedestrian crossing behaviour. Since the y axis of crosswalk will not be considered in this
paper, the pedestrian number of subject and opposing flow are normalized by crosswalk width.

The relationship between estimated a and £ and number of subject waiting pedestrian gs and
number of opposing waiting pedestrian g, are shown in Fig.4.9 to Fig.12, respectively. The
correlation coefficients » are also shown in the figures. In Fig.4.9 and Fig.4.10, it is found that
when ¢s have negative relationship with a but weak correlation with f. In Fig.11 and Fig.12, go
show positive results for a but weak correlation with f. It is indicated that the number of
pedestrians for both subject and opposing directions will strongly affect the shape of the
distributions. However, for the speed of the platoons, there is no significant effect from number
of pedestrians.

In general, the above relations revealed that the number of pedestrians for both subject and

opposing directions will strongly affect the shape of the distributions and the speed of the platoon.
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Moreover, from all the figures, by comparing the results among t = 5s, 15s and 25s, it is indicated
that with increasing ¢ both a and f will increase, which shows the dispersion of pedestrian

platoon as elapsed time increase.
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Fig. 4.12 The relationship between number of opposing waiting pedestrians and S

After the estimation of a and £ for each distribution the trend with increasing elapsed
time and for each crosswalk is checked. Fig 4.13 and Fig. 4.14 show the trend of a and S
parameters, from the trend we can notice that the parameters can be estimated as a linear
function of influencing factors. Therefore, the next step is to model them using linear function
with parameters of elapsed time of PG ¢, crosswalk length L and number of subject waiting

pedestrians ¢s and an additional parameter which is number of opposing waiting pedestrian go

20

18

16

14

12

o 10
8
6 = Kanayama East
== Ueda

4 Fushimi
2 =>¢=Kanayama North
0 == Sasashima

0 5 10 15 20 25 30 35 40 45 50 55
Elapsed Time (sec)

Fig. 4.13 Tendency of parameter o with increasing elapsed time and different crosswalk

length
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Fig. 4.14 Tendency of parameter £ with increasing elapsed time and different crosswalk
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4.4.2 Modified pedestrian presence probability model estimation result

Table 4.2 shows the coefficients for a and £ of the pedestrian presence probability model.
t has a positive impact to both a and f, which shows pedestrian platoon dispersed in the
direction of flow when ¢ increases. L has a negative impact to a, suggesting that there are the
wider distributions along the longer crosswalk. On the longer crosswalks, pedestrian platoon
tends to disperse. The number of subject direction waiting pedestrian ¢sis another significant
variable for a and f with negative impact. It shows that higher gs results in the wider
distribution. For the number of opposite direction waiting pedestrian qo, after addition of the
new data samples of Sasashima crosswalk, it become significant and the impact is positive for
o. With increase in ¢o the distributions become compacted. This is because the high demand

of opposing pedestrians will impede the pedestrian platoon to disperse.

56



Table 4.2 Pedestrian presence probability model coefficients

Variables Coefficients t-stat R?
Elapsed time of PG 7 (s) 0.322 16.3
Crosswalk length L (m) -0.206 -3.59

Number of waiting pedestrians from

Shape parameter . .o -0.477 -3.45 0.70
o subject direction gs (ped/m/cycle) (n=148)

Number of waiting pedestrians from

opposing direction g, (ped/m/cycle) 0.679 4.84
Constant 7.54 4.82
Elapsed time of PG 1 (s) 1.30 69.9
Scale parameter | Number of waiting pedestrian from 0.97
B subject direction gs (ped/m/cycle) -L17 -8.17 (n=148)
Constant 6.73 14.6

4.4.3 Model validation

To validate the proposed model, the pedestrian presence probability distributions by the
proposed model compared with observed pedestrian presence distributions at Sasashima and
Kanayama east crosswalks. The two crosswalks are selected to represent the performance of
the model at lower/higher pedestrian demand and shorter/longer crosswalk length.

Fig.4.15 and Fig.4.16 show the comparison of observed distribution curve with two
estimated pedestrian presence probability distributions using Zhang’s model and modified
model at different elapsed times. The observed pedestrian presence distribution is plotted by
aggregating observed samples of cycles. It is indicated that the estimated pedestrian presence
probability distribution curves fitted well by modified model with observed distributions for
higher demand crosswalk of Sasashima. While Zhang’s model estimated distribution curve
for Sasashima has some gaps, since high pedestrian demand crosswalks were not included in
their model estimation. However, both estimation models perform similarly for lower demand
crosswalk of Kanayama east.

In addition, in order to test the goodness of fit of the modified model distribution curve,
K-S test is conducted. Dmax between the observed distribution and estimated ones(estimated

by modified model and Zhang’s model) is calculated at each elapsed time, and then compared

with the critical value calculated as D.=/-30 / n .The summery of the results shown in
Table 4.3, thus according to the comparison results of all elapsed times, the Dmax value is less

than the critical value(D.) for most of the elapsed time comparisons of modified model with
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observed distribution of Sasashima and Kanayama east crosswalks. While in the case of
Zhang’s model estimation compared with observed ones of Sasashima crosswalks, the Dmax
value is greater than the critical value (D.) for most of the elapsed times, this implies that the
modified model estimated well compared with Zhang’s model especially at high pedestrian

demand crosswalk of Sasashima.
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Fig. 4.15 Comparison among modified model, Zhang’s model and observed results for
Sasashima crosswalk
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Fig. 4.16 Comparison among modified model, Zhang’s model and observed results for
Kanayama east crosswalk
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Table 4.3 Validation by K-S test

Kanayama east Sasashima
ljilr?liszg Number | Modified Zhang's Number | Modified Zhang's
PGt | ' | D | Do | Do | D | % | Duw | De | Duw | Do
samples samples
5 162 0.12 | 0.11| 0.09 |0.11 214 0.07 |0.09 | 0.40 | 0.09
10 163 0.09 | 0.11| 0.08 |0.11 215 0.04 |0.09| 0.32 | 0.09
15 82 0.05 | 0.15| 0.07 | 0.15| 215 0.08 | 0.09 | 0.24 | 0.09
20 6 0.03 | 0.56| 0.07 | 0.56 | 212 0.15 1 0.09 | 0.18 | 0.09
25 205 0.19 1 0.09 | 0.17 | 0.09
30 171 0.24 | 0.1 | 0.16 | 0.10
35 118 0.44 |1 0.13 | 0.21 | 0.13

4.5 Estimation of waiting pedestrians’ conflict-area presence-time

To estimate the expected pedestrian presence-time, it is necessary to consider the

clearance time of pedestrian flow from both sides of the crosswalk at the edges of the

conflict-area. Mostly, turning vehicles are conscious to crossing pedestrians when they are

present inside the conflict-area. As it is discussed in the previous sections and in chapter 2,

the bi-directional crossing pedestrian’s behaviour can be influenced by different factors and

the position distribution of the crossing pedestrians by elapsed green time can be expressed

using the pedestrian presence probability model. After pedestrian crossing probability of the

edge of the conflict-area is estimated (at the entry and exit section of the conflict-area), then

estimation of the expected elapsed time necessary to cross the conflict-area by assuming some

percentage of crossing pedestrian clearance is possible.
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Fig.4.17 Pedestrian crossing probability of conflict-area

4.5.1 Estimation methodology

Fig. 4.17 depicts the concept of how to calculate expected durations that waiting
pedestrian platoon blocks the conflict area using the pedestrian probability distribution. The
upper part of figure in Fig. 4.17 shows the time dependent trend of cumulative pedestrian
presence probability distribution of near-side pedestrians. Let us define g» as the number of
near-side waiting pedestrians per cycle. As the time goes, the distribution moves toward right-
hand side. In this figure, at time ¢ = #1 er, the cumulative probability at cross section a (x = x4)
will be 6 en. This means that the expected number of (/-6 ¢n)g» has been already passed the
cross section a by that time. Suppose this expected number is equal to one as in Equation
(4.4). Then, the time #, .» will be considered as the expected time that first pedestrian in the

platoon arrives at the cross section a.
(l_gnien)qn =1 (44)
Actually, 6 en, xa are given from the definition but 7, ex is the unknown variable. So the

problem to be solved is to find out #: ex so that Equations (4.4) and (4.5) are satisfied.

tnien
0, .= jPPPn (x,.t)dt
0 (4.5)
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Pedestrian presence probability (PPP) is modelled as a function of elapsed time.
However, it is difficult to analytically solve the right-hand side of Equation (4.5). Therefore,
numerical calculation is applied to obtain #; cn.

Similarly, time #: ex, 1.e. the expected exit time of the last nearside pedestrian from
conflict area, is given by satisfying equations (4.6) and (4.7).

0, .xq,=1

n_ex

(4.6)

Hn_ex = IPPRI(xb’t)dt
0 4.7)

Where, 6, ex is cumulative probability at cross section b(x = x»)
Entering (#r en) and exit time (¢ ex) of far-side pedestrian platoons are also derived by using

Fig. 4.13 following the same approach, so that equations (4.8) to (4.11) are satisfied.

-0, ..)a, =1 (4.8)

Ly

0 = [PPP(x,.1)dr
0

f_en
(4.9)
O exqy=1 (4.10)
t/iex
0, o= | PPP(x,.1)dt
0 (4.11)

Where, & enand 6 ox are cumulative probabilities at cross section b(x = x5) and a(x=xa),
respectively. gris number of far-side waiting pedestrians.

So far, the expected entry/exit times of both nearside and far-side platoons are obtained.
Using this information, total expected pedestrian presence-time by waiting pedestrian platoon,

EPT, will be calculated by Equation (4.12).

EPT = min (Etfex by o) )J

tniex _tnfen)+(tf,ex _Zf,ff” (412)

Pedestrian presence-time may have two values as shown in Equation (4.12) and the

selection of the minimum value depends on crosswalk length, pedestrian demand and
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assigned signal timing. These factors influence the overlap time of the last pedestrian from

near-side direction flow and first pedestrian of far-side direction flow.

4.5.2 Expected pedestrian presence-time (EPT) model

To generalize the estimation of EPT a model is proposed by considering the influencing
parameters of the pedestrian presence time distribution. The two main influencing factors are
crosswalk length and bi-directional pedestrian demand. The bi-directional waiting pedestrian
demand in the PPP model is expressed as a number of ped/cycle. Therefore, to generalize the
EPT model the number of waiting pedestrians per cycle is calculated from the pedestrian
arrival rate (ped/hr) as shown in equation 4.13, because the pedestrian arrival rate will change

at different cycle length of the signalized crosswalks.

_ x(C—p
9near = In *(C PG) and Qfar = q‘f (C G)
3600 3600

(4.13)

Where, gnear is number of near-side waiting pedestrian per cycle(ped/cycle) , grar is
number of far-side waiting pedestrian per cycle (ped/cycle), g» is near-side pedestrian arrival
rate (ped/hr), gr is far-side pedestrian arrival rate (ped/hr), C is cycle length(s) and PG is
pedestrian green time (s) .

Fig 4.18 shows the estimated EPT times based on the procedure discussed in section
4.5.1 for different crosswalk length and bi-directional demand cases for the case of G=65s
and PG=60s. The model line is also plotted for each crosswalk under 50/50 pedestrian ratio.
When the crosswalk increases EPT has an increasing trend and with increase in pedestrian
demand the variation between EPT estimations will be wider due to the effect of bi-

directional pedestrian demand
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Fig 4.18 Estimated EPT with increase in crosswalk length and bi-directional pedestrian

demand

By comparing different trend lines to fit the plots in Fig 4.18, it is noticed that the power
function line can be adopted, thus equation (4.14) is proposed to generalize the relationship

between EPT, crosswalk length and bi-directional pedestrian demand.
EPT =aX,"™" +d (4.14)

Where X7 is the total number of waiting pedestrians (gnear + gfar) (ped/cycle), X is far-
side waiting pedestrian ratio, a, b and c are coefficients of the variables, d is coefficient for
vertical shift of the curve.

The coefficients a, b and ¢ can be estimated based on the calculated values plotted in Fig
4.18. The coefficient c is used to move the curve vertically, as it is noticed from Fig 4.18 the
estimated EPT is moving vertically due to the variation of crosswalk length.

Therefore, the coefficients @, b and ¢ are fitted by regression analysis using power
function equation and the coefficient ¢ is added on the power function equation based on the
crosswalk length conditions to consider the vertical movement of the curve. Table 4.4 shows

the estimated values for the coefficients g, b and c.
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Table 4.4 coefficient estimation

Parameter | Coefficient t-stat
a 17.6 147.5
b 0.201 14.07
c 0.023 4.107
R? 0.96
n 1316

The coefficient ¢ can be written as a function of crosswalk length since it represents the
vertical movement of the power function. Therefore, equation 4.15 shows the generalized
EPT estimation equation by considering the influence of crosswalk length and bi-directional

pedestrian demand.

EPT =17.6q,., + 4. )0'2"1*(q%w+qm Joos s (4.15)

Where, gr.r is number of far-side waiting pedestrians (ped/cycle), gnear is number of near-
side waiting pedestrians(ped/cycle) and L is crosswalk length (m).

Fig 4.19 shows the validation of the proposed EPT estimation equation by comparing
with the proposed method calculated values. As it is noticed from Fig 4.19 the proposed EPT
estimation equation can represent the proposed EPT estimation procedure in a good way. The
MAPE and RMSE values also revealed the estimation of EPT based on the proposed equation

can reasonably represent the estimations of the proposed method estimations.
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Fig 4.19 Validation of EPT estimation

4.5.3 Observed waiting pedestrian-presence time at the conflict area

The clearance time of the first and the last pedestrians in the waiting pedestrian group
are empirically observed when they cross the conflict-area of the observed crosswalks. After
the observation of the first and last pedestrian clearance time the waiting pedestrian presence-
time is computed following the procedures explained in the above section. Fig.4.20 shows the
observed cumulative distribution of the first pedestrian’s entry time and the last pedestrian’s
exit time from the conflict area at each cycle at Sasashima crosswalk. Similarly, the
cumulative distribution at Kanayama East crosswalk is shown in Fig. 4.21. The variation of
first and last pedestrian passing time distribution is grater for Sasashima crosswalk compared
with Kanayama East crosswalk, this is due to the higher pedestrian demand and long
crosswalk situation at Sasashima crosswalk pedestrians crossing speed may significantly vary.
Using these pedestrian’s entry/exit times, the average observed pedestrian presence-time is
calculated. The results are 29s for Sasashima and 14.5s for Kanayama East crosswalk,
respectively. The reason for higher pedestrian presence-time for Sasashima crosswalk is

related with the higher pedestrian demand condition and longer crosswalk length.
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Fig.4.20 First pedestrian’s entry time and the last pedestrian’s exit time at Sasashima

crosswalk.
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Fig.4.21 First pedestrian’s entry time and the last pedestrian’s exit time at Kanayama East

crosswalk.
4.5.4 Estimated waiting pedestrian presence-time at the conflict-area

Fig. 4.22 and Fig. 4.23 show pedestrian crossing probability distribution curves at
Sasashima and Kanayama East crosswalks, respectively. The pedestrian crossing probability
curves are plotted by estimating the cumulative probabilities of crossing pedestrians using the

proposed model, when they pass the two edges of the conflict-area with increase in elapsed
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time. Based on the procedure explained in section 4.4.1 the waiting pedestrian presence-time

1s estimated for all observed crosswalks.
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Fig.4.22 Estimated waiting pedestrians crossing time probability at the edges of conflict-area

for Sasashima west crosswalk.
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Fig.4.23 Estimated waiting pedestrians passing time probability at the edges of conflict-area

for Kanayama east crosswalk.

4.5.5 Comparison of pedestrian presence-time estimation procedures
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Fig.4.24 shows the estimated expected waiting pedestrian presence-time for the observed
intersections compared with Zhang’s model estimation, HCM estimation, JSTE manual
estimation and the observed pedestrian presence-time. For JSTE procedure, the JSTE manual
estimation procedure for minimum required pedestrian green time as shown by Equation
(4.16) is applied. This equation gives the necessary time for the last waiting pedestrian to

complete crossing.

P (4.16)

Where, ¢ is minimum pedestrian green time (s), L is crosswalk length (m), v, is
pedestrian crossing speed (m/s), p is the number of waiting pedestrians at the start of green
signal, s is saturation flow rate of pedestrians crossing at signalized intersections (ped/m/s), W
is crosswalk width (m). For the comparison in this research, it can be assumed that the
waiting pedestrian platoon occupies the conflict area from the onset of green to the time when
last pedestrian of far-side waiting pedestrian complete crossing. Then, the pedestrian
presence-time will be equal to the minimum pedestrian green time. v is set as Im/s and p is
set as 0.92 ped/m (commuting flow) following the settings of the manual.

The HCM procedure proposes adjustment factors to consider the influence of pedestrians
on turning vehicles. The first step of the procedure is to estimate the conflict-area occupancy
proportion of crossing pedestrians. The average occupancy proportion of crossing pedestrians
is proposed by examining the relationship between pedestrian volume and the resulting
average occupancy of the conflict area by pedestrians from empirical analysis of different
sites. They defined the conflict-area as the crosswalk area in which pedestrians and turning
vehicles compete for space. The crosswalk width and a lane width that is used by turning
vehicles path roughly bound this area. After they defined the conflict-area they observe the
total crossing pedestrian volume per phase and the resulting occupancy of the conflict-area
during that phase. Finally, after doing the above procedure for several intersections and
plotting the relationship of pedestrian volume with conflict-area occupancy of pedestrians,
piecewise linear Equations 4.14 and 4.20 are proposed to estimate average occupancy
proportion of crossing pedestrians. Therefore, by utilizing the average pedestrian occupancy
proportion (OCCpedg) concept of HCM to apply for waiting pedestrians flow rate, the waiting
pedestrian platoon presence-time can be estimated by Equation 4.17.

c

=V ¥ — Vipedg < 5000 (4.17)
&y

V

pedg
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Vpedg
occe,,, = Vpedg < 1000 (4.18)

7% = 2000
OCC ,y, =0.4 + Pt 1000 < Vpedg < 5000 (4.19)
10000
EPTyey =0CC,., * g, (4.20)

Where, Vped is pedestrian hourly volume (ped/h), in this study only waiting pedestrian
hourly volume is considered, Vpedq 1s pedestrian flow rate (ped/h of green), C is cycle length
(sec), gp is green time of pedestrian (sec), g is green time for vehicles (sec), OCCpedg 1s
average pedestrian occupancy proportion during the effective pedestrian green time, EPTrHcm

is waiting pedestrians platoon presence-time based on HCM procedure (sec).
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Fig 4.24 Waiting pedestrian presence-time comparison

As it is shown in Fig.4.24 the estimated pedestrian presence-times have similar trend as
the observed ones. In addition, the estimated pedestrian presence-time has similar values
compared to estimation by JSTE manual method and estimated by Zhang’s method, except
for Ueda intersection. In Ueda intersection, the JSTE manual estimation method is larger than
the observed, Zhang’s model estimation and proposed method estimated pedestrian presence
times, this shows the estimation procedure of JSTE manual estimation may overestimate
minimum crossing time of pedestrians at low pedestrian demand crosswalks. The possible
reason can be related with consideration on speed of slowest pedestrian. JSTE manual
assumes design speed of the pedestrian speed as 1.0m/s, which is considered as 10th

percentile speed of ordinary pedestrians. In Ueda intersection, the numbers of waiting
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pedestrians are less than 5 ped/cycle. Therefore, due to the low demand of pedestrian the
probability that slow pedestrians are observed in each of the cycles will be low. Meanwhile,
the proposed model considers the expected pedestrian presence-time taking into account the
expected number of waiting pedestrians to determine the entry/exit time of conflict area. This
improved the accuracy of pedestrian presence time estimation.

Estimated expected pedestrian presence-times of Kanayama North, Fushimi and
Sasashima crosswalks are relatively greater than other crosswalks, with 34.8s, 35.5s and 34.6s
pedestrian presence-time, respectively. Therefore, when crosswalk length is long the
pedestrian presence distribution become wide along the crosswalks and the pedestrian
presence time will be larger due to the dispersion of crossing pedestrians along the crosswalk.
The estimated pedestrian presence-time of Kanayama East and Ueda crosswalks are lesser
than other crosswalks, with 16.7s and 10.4s pedestrian presence-times, respectively. This is
because of the short crosswalk length and low pedestrian demand. The pedestrian presence
time probability is inversely related with the available crossing time for turning vehicle within
the green interval, when expected pedestrian presence-time increase then the available time
for turning vehicles will decrease. This must be balanced by proper signal timing design.

Furthermore, as it is shown in Fig. 4.24, the estimated expected pedestrian presence-time
of Sasashima crosswalk based on Zhang’s model is greater than the other estimations. The
possible reason is that; higher pedestrian demand condition is not considered in Zhang’s
model. When the HCM procedure estimation is compared with the other methods as it is
shown in Fig. 4.24, it has larger estimation for Kanayama east and Sasashima crosswalks and
lower estimation for Kanayama north and Fushimi crosswalks. The possible reasons for the
deviation of the HCM procedure estimations are related with proper consideration of different
crosswalk layout effect on pedestrian crossing behaviour. Sasashima crosswalk is wider
compared with others, therefore positions of crossing pedestrians may laterally distribute
along the width of the crosswalk and due to that their occupancy time can be lower even if the
number of pedestrians is high. The variation in estimation of HCM procedure for Kanayama
east, Kanayama north and Fushimi crosswalks are related with consideration of crosswalk
length, HCM procedure estimates occupancy time based on pedestrian flow rate, however
pedestrian crossing behaviour is highly dependent on crosswalk length as it is discussed in the
above sections. Pedestrian presence-time estimation of HCM procedure has an increasing
trend when pedestrian flow rate increases; meanwhile pedestrian flow and pedestrian
occupancy have linear relation as shown in Equation 4.15 and 4.16, regardless of short or
long crosswalks. While the proposed method considers crosswalk length and bi-directional
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pedestrian flow interaction effect as influencing factors it can represent the observed
occupancy time in a better way compared with HCM procedure. However, the HCM
procedure estimation has similar values compared with proposed method estimation and
observed ones for Ueda crosswalk. This implies, at low pedestrian demand condition the
proposed method and HCM procedure estimation method may estimate waiting pedestrian
presence-time similarly. In general, from the above discussion we can conclude that, in the
pedestrian presence-time estimation procedure the consideration of geometric layout of the
crosswalk is necessary in addition to pedestrian demand.

In addition, to quantitatively evaluate the methods the mean absolute percentage error
(MAPE) of proposed method estimation, Zhang’s model estimation, HCM estimation and
JSTE estimation resulted as 13.3s, 21.1s, 27.5s and 33.1s, respectively. This implies that the
proposed method can estimate pedestrian presence-time in a better way compared with the
others, since the MAPE value of the proposed method estimation is less than the other
estimation methods.

From the analysis it is noticed that, waiting pedestrians crossing position on the
crosswalk at elapsed time 7 is influenced by opposing pedestrian counter flow, due to this the
clearance time of pedestrians from the conflict-area highly affected by pedestrian distribution
along the crosswalk. Therefore, in the operational performance evaluation of signalized
intersections to consider the influence of pedestrians on turning vehicles, proper estimation of
pedestrian presence time is necessary. Moreover, in signal timing design, the proper
estimation of expected pedestrian presence-time of crossing pedestrians is useful. Because,
improper signal phase design may affect the capacity and safety of signalized crosswalks. If
the assigned green time for turning vehicle is highly influenced by crossing pedestrians, then
the capacity of turn-lane may significantly decrease. In addition, when turning vehicles wait
for long time to yield crossing pedestrians they may show impatient driving behaviour, which

causes safety problem for crossing pedestrians.

4.5.6 Validation of pedestrian-presence time by comparing with unused time of turning
vehicles

Unused time is measured from observation by recording the time when the back wheel
of the first left turning vehicle pass the conflict-area. When left turning vehicles (LTV) has
the same onset of green time with pedestrians, then at the beginning of green time they will

not use some portion of assigned green time. This is due to the priority of crossing pedestrians.

The magnitude of unused time depends on the number and crossing characteristics of waiting
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pedestrians. In addition, the geometric layout of the crosswalk may influence the passing time
of the left turning vehicle. Fig. 4.25 shows one example of the relation between unused times,
observed pedestrian presence-time and estimated pedestrian presence time under different
pedestrian demand conditions for Kanayama east crosswalk. As it is clearly shown in Fig.
4.25, the estimated and observed presence-times show similar trend under all pedestrian

demand conditions, while the unused times are greater than that of the presence-time values.
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Fig. 4.25 Comparison of EPT and unused time

Fig.4.26 and Fig.4.27 shows observed cumulative distribution of the first waiting
pedestrian’s entry time, the last waiting pedestrian’s exit time and the unused time of first
LTV from the conflict-area at each cycle of Kanayama crosswalk and Nishiosu crosswalk,
respectively. The wvariation of first and last waiting pedestrians enter and exit time
distributions are greater for Nishiosu crosswalk compared with Kanayama crosswalk. This is
due to the longer crosswalk situation at Nishiosu crosswalk pedestrians crossing speed may
significantly vary.

As it is shown in Fig.4.26, the cumulative passing time distribution of first LTV is
located after the far-side last waiting pedestrian’s exit time distribution for Kanayama
crosswalk. On the other hand, for Nishiosu crosswalk case shown in Fig.4.27 the passing time
distribution of the first LTV is located between the near-side last waiting pedestrian’s
distribution and the far-side first waiting pedestrian’s distribution. The reason behind this
difference is mainly due to the variances in pedestrian demand and crosswalk length of the
two crosswalks. When the number of waiting pedestrians is higher, the possibility is high for
the far-side first pedestrian to arrive at the conflict-area before the near-side last pedestrian
exit. Similarly, in shorter crosswalks the far-side first waiting pedestrians will arrive quickly

before the near-side last waiting pedestrians exit from the conflict-area.
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Therefore, from the above observations we can understand that the blockage effect of
left turning vehicles under the influence of pedestrians depends on the entry and exit times of

waiting pedestrians, waiting pedestrian demand and geometric layout of the intersection.
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As it is shown in Fig.4.28 the estimated pedestrian presence-times are compared with
observed pedestrian presence times and unused times of first LTV. The observed and

estimated times are plotted using the average number of waiting pedestrians. The unused time
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is the average of the observed unused times per cycle. In general, the trend of estimated

pedestrian presence-times compared with others follow similar trend.
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Fig. 4.28 Comparison of observed, estimated pedestrian presence-time and observed unused

time of LTV

From the observations it is found that there are very low pedestrian demands on Ueda
and Nishiosu crosswalks. Therefore, there is a gap between the last near-side pedestrian exit
time and the entry time of first far-side pedestrian. In this case there are not overlap time
between near-side pedestrian platoon blockage time and far-side pedestrian platoon blockage
time. Then the first LTV vehicles have a chance to pass before the far-side pedestrian arrive
the conflict-area. It will result in short unused time of LTV. Therefore, as it is shown in
Fig.4.28 the observed unused time (blue colour) is shorter than proposed method estimation
(red colour) for Ueda and Nishiosu crosswalks. Furthermore, since the Nishiosu crosswalk is
longer than Ueda crosswalk, the larger difference between observed unused time of LTV and
proposed method estimation can be found. Kanayama and Otsu-dori crosswalks have higher
number of pedestrians compared with the others. Therefore, the possibility is less for the far-
side first pedestrian to arrive at the conflict-area before the near-side last pedestrian exit from
the conflict-area, due to this the blockage effect is determined by the entry time of the near-
side first pedestrian and the exit time of the far-side last pedestrian. The proposed method
estimation is slightly larger than the observed ones for Otsu-dori and Kanayama crosswalks;
the possible reason is related with the variation in number of pedestrians per cycle. The
proposed method used the average number of pedestrians while the observed pedestrian
presence-times are calculated per cycle and then averaged. In addition, the unused time of
first LTV at Kanayama and Otsu-dori crosswalks are larger than the proposed method

estimated presence-times. The possible reason is related with the arrival time of turning
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vehicles from stop line to the crosswalk, due to this sometimes even at low pedestrian demand
condition LTV may take long time to arrive and pass the crosswalk. Therefore, in this case
unused time has extra time (in addition to pedestrian presence-time). Estimated pedestrian
presence-time of Otsu-dori crosswalk is relatively greater than other crosswalks. Therefore,
when crosswalk length is long the pedestrian presence distribution become wide along the
crosswalks and the presence-time will be larger due to the dispersion of crossing pedestrians

along the crosswalk.

4.6 Summary

In this chapter, the waiting pedestrian’s characteristics are empirically observed and
modelled. The observed crossing pedestrian’s position distribution under different crosswalks
within elapsed green time is characterized by grouping the bi-directional pedestrian flows.
The influencing factors for the bi-directional pedestrian movement within the assigned green
time are also investigated. The observation indicated that the position distribution of crossing
pedestrians along the crosswalk can be influenced by signal timing, bi-directional pedestrian
flow interaction and crosswalk length. The waiting pedestrian presence probability is
modelled based on the pedestrian position distribution observation results of signalized
crosswalks. The Weibull distribution o and g coefficients of the pedestrian presence
probability model are fitted by considering the influencing factors. Elapsed time has a
positive impact to both a and £, which shows pedestrian platoon dispersed in the direction of
flow when elapsed time increases. Crosswalk length has a negative impact to a, suggesting
that there are the wider distributions along the longer crosswalk. On the longer crosswalks,
pedestrian platoon tends to disperse. The number of subject direction waiting pedestrian gs is
another significant variable for a and f with negative impact. It shows that higher gs results in
the wider distribution. For the number of opposite direction waiting pedestrian go, after
addition of the new data samples of Sasashima crosswalk, it become significant and the
impact is positive for a. With increase in ¢o the distributions become compacted. This is
because the high demand of opposing pedestrians will impede the pedestrian platoon to
disperse.

Moreover, after the position distribution of the crossing pedestrians by elapsed green
time is expressed using the pedestrian presence probability model, the pedestrian crossing
probability of the edge of the conflict-area is estimated (at the entry and exit section of the
conflict-area), then estimation of the expected elapsed time necessary to cross the conflict-

area by assuming some percentage of crossing pedestrian clearance is computed. After that, to
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generalize the estimation of EPT an equation is proposed which consider the influence of
crosswalk length and bi-directional waiting pedestrian demand.

Finally, the estimated waiting pedestrian presence-time at the conflict-area is compared
with estimation procedures of Zhang’s method, HCM procedure, JSTE procedures and also
the unused time of left turning vehicles, the comparison result showed that the proposed
estimation method can represent the waiting pedestrian’s presence-time realistically by

considering significant influencing factors.
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Chapter 5

Left-turning Vehicles Discharge Flow

5.1 Overview

In the previous chapter the crossing pedestrian’s characteristics is investigated to
understand the effect of pedestrians on left turning vehicles. To effectively estimate the left
turn lane capacity, under concurrent signal timing design the proper consideration of crossing
pedestrians and left turning vehicles interaction is necessary. Therefore, in this chapter the
other main user at signalized intersection i.e. left turning vehicles characteristics will be
discussed. After the empirical observation of the left turning vehicles movement it is
attempted to model the discharge flow rate of under the presence of crossing pedestrians at

different crosswalk layout conditions.

5.2 Observed intersections

5.2.1 Study sites and traffic conditions

For the left turning vehicles discharge flow rate analysis, six signalized intersections
located in Nagoya, Japan are selected and the movements of vehicles are video recorded in

the weekdays, considering the peak hour and under sunny weather condition. The
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intersections have different pedestrian demand situations and crosswalk geometric

characteristics. The geometric condition, traffic condition and signal settings of the selected

signalized crosswalks are summarized in Table 5.1 and the layout of the observed crosswalks

are shown in Fig. 5.1. from (a) to (f).

Table 5.1 Conditions of observed sites

Intersection name (a) (b) (c) (d) (e) €3]
Kanayama Ueda Nishi | Otsu | Mizuho | Imaike
osu | -dori -
kuyakus
hyo
Subject crosswalk East South | North | West East East
PG (s) 48-61 47-62 38 37 58 45
. G (s) 57-71 61-67 52 54 70 60
Signal phase
PFG (s) 6 8 8 9 4 8
Cycle length (s) 148-174 | 144-176 | 160 | 160 140 160
Waiting Near | Range 0-13 0-3 0-4 | 1-13 3-25 1-6
pedestrians | -side | Average 5 2 3 6 9 4
(ped/cycle) | Far- | Range 0-10 0-4 0-3 | 2-12 1-5 2-9
side | Average 4 2 2 5 3 5
Arriving Near | Range 0-6 0-2 0-3 0-3 4-9 1-4
pedestrians | -side | Average 3 1 2 2 7 3
(ped/cycle) | Far- | Range 0-3 0-5 0-2 | 1-6 0-1 1-3
side | Average 2 2 1 3 1 2
Crosswalk Length (m) 16 21 32 34 10 21
geometry Width (m) 6 5 6 6 6 7
Intersection angle 0 (degree) 93 124 78 91 93 100
Setback distance of LTV stop 214 16.5 17.5 | 21.5 13.5 28
line /s (m)
Setback distance of subject 4.0 20.1 13.1 | 12.5 1.5 14.5
crosswalk /c (m)
Number of sample cycles for 14 24 27 19 4 9

LTV analysis

*Mizuho-kuyaushyo hereinafter named as Mizuho.
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Fig.5.1 Layout of observed crosswalks
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The positions of pedestrians when they cross along the crosswalk and when the rear
wheel of the left turning vehicles start from the stop line until it passes the conflict-area at
every 0.1s are manually extracted from observation videos by using the image processing
system Traffic Analyzer (Suzuki and Nakamura, 2006) then the coordinates in these images
are converted to global coordinate through the projective transformation. Kalman smoothing
method is applied to estimate trajectories of left turning vehicles at each time interval. The
observed cycles are selected by considering certain constraints that may affect the discharge
flow rate 1.e. only passenger cars, no impact of bicycles and no impact of heavy vehicles. All
observed cycles had continues left turning vehicles flow at the onset of green, with a

minimum five number of lined up left turning vehicles.
5.2.2 Observation of left-turning vehicles discharge flow

In this study the discharge flow of left turning vehicles is measured at the edge of the
crosswalk located opposite to the x-axis as shown in Fig.5.2. The travel time of left turning
vehicles from the stop line up to the discharge flow measurement section is affected by stop-
line and crosswalk setback distances. As our target is to understand the influence of crossing
pedestrians on the left turning vehicles movement, the observation must be after the vehicles
pass the shared space.

Discharge flow
measurement section

_;IJ!/Conﬂict area
# Far-side

X

Waiting area

Near-side| >
0

Left turning ;
Crosswalk setback
distance (/,)

Stop line setback

distar{cﬁeflf) 77777 0 j/lntersection angle

Fig.5.2 Layout of subject crosswalk and definitions of basic terms

In the observation the last left turning vehicle is the last vehicle passing the
measurement cross-section in the group of left turning vehicles under continues flow

condition and #, is the measurement cross-section passing time of the last vehicle in the group
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of continues left turning vehicles that started from the onset of green. Pedestrian green time
(PG) is the time interval assigned for crossing pedestrians from both sides of the crosswalk.
Pedestrian flash green time (PFG) is the time interval arriving pedestrian are not allowed to
enter into the crosswalk, however pedestrians who are still on the crosswalk have to finish
crossing within this time interval and Green time (QG) is assigned green time for left turning

vehicles.

A Far-side waiting
Near-side waiting ~ pedestrians
pedestrians

Arriving
pedestrians

100 ..................................................... ——

Elapged green
| time (s)

passing pedestrians/vehicles (%)

Cumulative percentage of conflict-area

Expected waiting Left turning t
pedestrians presence- vehicles discharge time 7
time (EPT)

Pedestrian signal PFG _
Vehicle signal -

Fig.5.3 Pedestrian and left turning vehicle conflict-area passing distribution

As it is shown in Fig.5.3 within the assigned concurrent signal timing we may have two
portions (EPT and left turning vehicles discharge time) of time intervals. The time intervals
are proposed based on the crossing pedestrians and left turning vehicles movement
characteristics. At the onset of PG, a group of waiting pedestrians start to pass the conflict-
area and when the last pedestrians from near-side/far-side clear from the conflict-area the first
time interval portion will finish. Arriving pedestrians can enter the crosswalk at any time after
the onset of green until they clear in the PFG time; meanwhile left turning vehicles may pass
the crosswalk by searching acceptable gap between arriving pedestrians. Therefore, the
second time interval portion is the left turning vehicles discharge flow time by interacting

with arriving pedestrians.
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Left tuning vehicles discharge time is defined as the expected time after the waiting
pedestrian platoon clear from the conflict-area until the last queued left turning vehicle pass
the conflict area (the observation section is the edge of the conflict-area along the left turning
vehicles movement direction as shown in Fig.5.2). In the cumulative distribution of number
of left turning vehicles passing the conflict-area as shown in Fig.5.3, the slope of the line
which connects the end of EPT and # is the discharge flow rate (Q) of the left turning
vehicles movement within available discharge time under the influence of arriving
pedestrians. Left turning vehicle discharge flow rate can be influenced by the pedestrian
arrival rate and the geometric layout of the crosswalk and intersection, like crosswalk setback
distance, intersection angle, stop-line setback distance and crosswalk length. To estimate the
discharge flow rate of left turning vehicles, observation of the conflict-area passing time of
the last queued vehicle is necessary. Therefore, discharge flow rate for each observed cycle

can be estimated using Equation (5.1).

n
=3600%| ———
© t — EPT -1

Where, Q is the discharge flow rate (veh/hr), n is the number of discharged left turning

vehicles, t: is crosswalk exit time of the last queued left turning vehicle and EPT is the

observed waiting pedestrian presence-time (s).
5.2.3 Left-turning vehicles discharge flow distribution within the green time

Fig.5.4 show example cycles of observed left turning vehicles passing time distribution
within available green time for Kanayama crosswalk. The distribution curves located in
different horizontal position and also they have different slope (Q), which implies that for the
observed cycles the influence of pedestrians and the response of left turning vehicles may
significantly fluctuate when we compare observed cycles. As shown in Fig.5.4, from
distribution curves we can notice that the first left turning vehicle passing time is shifted at
least 15s after the onset of green, two factors may contribute for this; the first one is the
influence of waiting pedestrians i.e. waiting pedestrians may block the movement of left
turning vehicles and the second one is related with geometric layout of the crosswalk i.e. if
the position of stop line for the left turning vehicles is far from the crosswalk it takes time to
arrive at the subject crosswalk before they pass the conflict-area.

In Fig.5.4 the red color distribution curve represents an observed cycle without arriving

pedestrian presence. As it is shown in the figure, the position of the red curve is in the front
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position and the curve slope is relatively steep compared with the others. This indicate that, if
there are no arriving pedestrians left turning vehicles start to discharge in short time after the
waiting pedestrians clear from the conflict-area. The green color distribution curve represents
an observed cycle in which arriving pedestrians enter only from near-side direction. Therefore,
the position of the curve is shifted to the right from the red curve and the slope is similar with
the red curve, because only near-side arriving pedestrians influence the left turning vehicles.
The other curves (black and blue) characterize an observed cycle with both directional
arriving pedestrians. Their position and slope are different because of the variance in the

number of arriving pedestrians per cycle and directional composition of arriving pedestrians.
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Fig.5.4 Cumulative number of left turning vehicles for Kanayama crosswalk

5.3. Modeling left-turning vehicles discharge flow rate

5.3.1 Influencing factors

After the observation of left turning vehicles passing time distribution the discharge flow
rate is computed using Equation (5.1) for all observed cycles. Fig.5.5 and Fig.5.6 shows
examples of the discharge flow rate related with pedestrian arrival rate of Kanayama and
Otsu-dori crosswalks. For both crosswalks, the discharge flow rate has a decreasing trend
with increase in near-side and far-side pedestrian arrival rates, as the correlation coefficients

are negative. The discharge flow rates of Kanayama crosswalk are located below that of Otsu-
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dori plots. Left turning vehicles may have difficulty to find acceptable gaps quickly in
Kanayama crosswalk because the crosswalk length of Kanayama is shorter than Otsu-dori,

consequently pedestrians may arrive at the conflict-area within short time.
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Fig.5.5 Observed discharge flow rate related with near-side pedestrian arrival rate.
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Fig.5.6 Observed discharge flow rate related with near-side pedestrian arrival rate.

In addition, Fig.5.7 shows the variation of discharge flow rate with increasing crosswalk
length, the discharge flow rate is significantly differing by increasing crosswalk length. For

shorter crosswalks left turning vehicles may wait for longer time before they pass the conflict-
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area, consequently discharge flow rate is lower. Because, entering pedestrians may presence

on the conflict-area frequently due to the short arriving time in the case of short crosswalks.
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Fig.5.7 Variation of discharge flow rate with increasing crosswalk length

The correlation of possible influencing factors on left turning vehicles discharge flow
rate is calculated to identify the significant influencing factors. Table 5.2 shows the result of
the correlation between influencing factors and discharge flow rate. As we observe from the
result near-side and far-side pedestrian arrival rates, crosswalk length, stop line setback
distance and crosswalk setback distance have a significant correlation with discharge flow
rate, therefore considering those factors as the influencing factor of discharge flow rate

estimation is reasonable.

Table 5.2 Correlation of influencing factors with discharge flow rate

Influencing factors Correlation
Near-side pedestrian arrival rate rate(ped/sec) -0.5655
Far-side pedestrian arrival rate (ped/sec) -0.3744
Intersection angle 0.1002
Stop line set back distance (m) -0.4378
Crosswalk set back distance (m) 0.5219
Crosswalk length (m) 0.2833

5.3.2. Discharge flow rate model result and discussion
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Based on the trend of the observed discharge flow rates and by considering the significant
influencing factors, the linear regression model is adopted for the discharge flow rate

modeling as shown in Equation 5.2.

Q=(b*q,)+(by*q;)+(bs*1. )+(by*I; )+ (bs*L)+c (5.2)

Where, b;to bsand c are coefficients of influencing factors, O is the discharge flow rate
(veh/hr), g» is near-side pedestrian arrival rate (ped/hr), gris far-side pedestrian arrival rate
(ped/hr), s is stop line setback distance (m), I is crosswalk set back distance and L is
crosswalk length (m).

Table 5.3 Coefficients of discharge flow rate model

Variables Coefficient t-Stat R?
Intercept 1039 4.99
Near-side pedestrian arrival rate (ped/hr) g -0.9449 -3.07 0.53
Far-side pedestrian arrival rate (ped/hr) gy -1.291 -3.64 _
Crosswalk set back distance (m) Ic 16.86 2.88 (n=97)
Stop line set back distance (m) /s -18.80 -2.20
Crosswalk length (m) L 12.36 3.06

Table 5.3 shows the coefficients for the linear regression model of discharge flow rate.
Since the observation show a linear trend of discharge flow rate correlated with influencing
factors and for simplification reason a linear regression model is applied. Near-side and far-
side pedestrian arrival rates have a negative impact to left turning vehicles discharge flow rate,
when higher number of pedestrian’s presence in the conflict-area the possibility of left turning
vehicles to pass the conflict-area will be lower. Stop line set back distance has a negative
impact on left turning vehicles discharge flow rate, when the stop line is far from the
intersection the arriving time to the crosswalk will be long due to that there will be delay to
pass the conflict-area and unused green time may increase. Consequently, with short
discharge flow time the total number of left turning vehicles will be decrease. On the other
hand, crosswalk set back distance and crosswalk length have a positive impact to discharge
flow rate. This implies that when the crosswalk position is near to the intersection the left
turning vehicles discharge flow rate will decrease. The reason is may be related with sight
distance, left turning vehicles can easily notice the crossing pedestrians at the onset of green
and they will approach with lower turning speed, due to that the number of turning vehicles

per cycle will decrease. In addition, for shorter crosswalks left turning vehicles may wait for
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longer time before they pass the conflict-area. Because, arriving pedestrians may presence on
the conflict-area frequently due to short arriving time. In the model, crosswalk setback
distance has higher influence on discharge flow rate compared with other variables. This
implies that, even if we have lower pedestrian demand on the crosswalk, without proper

crosswalk layout design the left turning vehicles discharge flow rate may decrease.

5.3.3. Validation of the discharge flow rate model

To validate the discharge flow rate model, the model estimation is compared with the
observed discharge flow rates. As the validation shown in Fig.5.8, the proposed model can
reasonably estimate the left turning vehicles discharge flow rate by considering the influence
of pedestrians and different crosswalk layout. The MAPE values of each crosswalk are
reasonably low, which implies that the model can estimate the observed discharge flow rate
with lower error. However, the MAPE value of Mizuho crosswalk is comparatively higher,

which is because of the small number of sample.
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Fig.5.8 Left turning vehicles discharge flow rate model validation

5.4. Summary

In this chapter the left turning vehicles discharge flow rate is observed and then
modeled considering the significant influencing factors. Left turning vehicles discharge time
is defined as the expected time after the waiting pedestrian platoon clear from the conflict-

area until the last queued left turning vehicle passes the edge of the conflict area along the left
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turning vehicles movement direction. The observed discharge flow rate distribution at
different signalized intersections showed that the position and slope are different because of
the variance in the number of arriving pedestrians per cycle and directional composition of
arriving pedestrians. Therefore, the discharge flow rate is modeled by checking the
correlation of possible influencing factors on left turning vehicles discharge flow rate to
identify the significant influencing factors.

The discharge flow rate model revealed that, near-side and far-side pedestrian arrival
rates have a negative impact to left turning vehicles discharge flow rate, when higher number
of pedestrian’s presence in the conflict-area the possibility of left turning vehicles to pass the
conflict-area will be lower. Stop line set back distance has a negative impact on left turning
vehicles discharge flow rate, when the stop line is far from the intersection the arriving time
to the crosswalk will be long due to that there will be delay to pass the conflict-area and
unused green time may increase. Consequently, with short discharge flow time the total
number of left turning vehicles will be decrease. On the other hand, crosswalk set back
distance and crosswalk length have a positive impact to discharge flow rate. This implies that
when the crosswalk position is near to the intersection the left turning vehicles discharge flow
rate will decrease. The reason is may be related with sight distance, left turning vehicles can
easily notice the crossing pedestrians at the onset of green and they will approach with lower
turning speed, due to that the number of turning vehicles per cycle will decrease. In addition,
for shorter crosswalks left turning vehicles may wait for longer time before they pass the
conflict-area. Because, arriving pedestrians may presence on the conflict-area frequently due

to short arriving time.
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Chapter 6

Left-turn Lane Capacity Estimation

6.1 Overview

In the previous chapters, the crossing pedestrian’s characteristics and the left turning
vehicles discharge flow conditions are investigated. Therefore, after understanding of the
crossing pedestrians and left turning vehicles characteristics at the signalized intersections
then the next procedure is to estimate the left turn lane capacity by combining the analysis
results of chapter 4 and 5. The conceptual procedure of the proposed left turn lane capacity
estimation method is discussed in chapter 3, on the proposed method the waiting pedestrian’s
impact considered as EPT, while the crosswalk layout condition and the arriving pedestrians
impact considered in the discharge flow rate model. This chapter tries to explain the left turn
lane capacity estimation by assigning some case study conditions. In addition, the validation

and sensitivity of the proposed method will be checked. Finally, the application of the
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proposed method as an adjustment factor for pedestrian and crosswalk layout impact on left
turn lane capacity is discussed.
6.2 Validation of the proposed method

6.2.1 Comparison with empirically observed left-turn lane capacity

To validate the estimation of proposed method it is compared with empirically observed
capacity and then it is compared with estimation of some selected manuals. The empirically
observed capacity is computed by selecting saturated cycles from the observed signalized
crosswalks and recording the total number of left turning vehicles when they pass the
conflict-area under the condition of crossing pedestrians within the green time. A total of 20
cycles found from the observed six signalized crosswalks which have a continuous left

turning vehicles flow conditions.
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Fig 6.1 validation of capacity estimation

Fig 6.1 shows the comparison of the estimated capacity by the proposed method and the
observed capacity at the saturated cycles using a 45-degree plot. As it is shown in the plot the
plots are concentrated around the 45-degree line, which implies that the estimated capacity
based on the proposed method can reasonably represent the observed capacity conditions

under different pedestrian demand and signalized crosswalks. While the estimation by JSTE
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and HCM are far from the 45-degree line, which implies the estimation procedures may need

some modifications to realistically represent the capacity estimation.

6.2.2 Comparison with existing manuals estimations

The proposed capacity estimation method results are compared with two existing capacity
estimation procedures, i.e. Guide for Planning, Design and Traffic Signal Control of Japan
(JSTE 2018 manual) and Highway capacity manual (HCM 2016). Table 6.1 shows the
summary of the comparison between the estimation methods. In addition, the estimation
methods compared with observed capacity as a benchmark, the observed capacity calculated
based on observed over saturated cycles of different crosswalks. The HCM method proposes
adjustment factors based on the average pedestrian volume as the basic input and then the
capacity is estimated by adjusting the base saturation flow rate. While the JSTE method
similarly propose adjustment factors which are derived from simulation analysis to adjust the
base saturation flow rate, However, the JSTE method consider crosswalk length as an
additional factor in the adjustment factors proposals. Based on the comparison results, JSTE
and HCM methods overestimate left turn lane capacity, while proposed method capacity
estimation is reasonable compared with the others. The reason behind this variation in
capacity estimation is related with;

v" Pedestrian platoon distribution (proposed method) vs. number of pedestrian (HCM

and JSTE) based estimation.

v’ Effect of different bi-directional pedestrian demand ratio.

v’ Base saturation flow rate of 1800 pcu/hr (JSTE and HCM) vs. 900 -1500 pcu/hr

(proposed method), reduction due to impact of crosswalk layout conditions.

Table 6.1 Comparison of left turn lane capacity estimations

Cycle | Crosswalk | Near-side | Far-side Observed | Proposed JSTE HCM

No. pedestrian | pedestrian | capacity | method estimation | estimation
volume volume (veh/hr) estimation | (veh/hr) (veh/hr)
(Ped/hr) | (Ped/hr) (veh/hr)

1 Nishiosu 45 90 248 171 537 462

2 Nishiosu 0 45 315 174 547 559

3 Nishiosu 45 45 293 299 546 510
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4 Nishiosu 68 113 270 213 516 413

5 Nishiosu 23 90 338 213 546 486
MAPE | 42.65 45.7 39.6
RMSE | 94.35 247.2 197.7

6 Otsu-dori 90 473 113 187 338 38

7 Otsu-dori 90 225 158 180 408 289

8 Otsu-dori 68 315 180 194 386 220

9 Otsu-dori 113 338 113 136 370 152
MAPE | 19.24 62.7 71,5
RMSE | 41.1 235.6 80.5

10 Ueda 0 135 315 209 595 574

11 Ueda 0 0 383 432 698 698

12 Ueda 0 23 405 417 629 677

13 Ueda 68 68 383 359 595 574
MAPE | 17.8 40.8 40.9
RMSE | 59.6 261.0 263.1

14 Imaike 135 180 158 141 488 444

15 Imaike 90 135 203 203 535 441

16 Imaike 180 113 158 114 500 371
MAPE | 16.5 66.1 58.7
RMSE | 26.6 334.8 248.3

Total MAPE | 24.3 56.6 51.0
Total RMSE | 61.6 287.5 221.4

Additionally, in order to quantitatively evaluate the relative margin of estimation errors,
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Mean Absolute Percentage Error (MAPE) and Root Mean Squared Error (RMSE) are
computed for all methods. MAPE are measures that indicate about the mean of the dispersion
between predicted and observed value, for each one with the estimation model. While RMSE
is a measure of model error, for both cases lower value represents a better prediction model.
As it is shown in Table 6.1, for all crosswalks the RMSE and MAPE values of the proposed
method is lower than that of JSTE and HCM method, this revealed that the proposed method




contemplates additional relevant influencing factors to realistically estimate left turn lane

capacity under different pedestrian demand and crosswalk layout conditions.

6.3 Sensitivity of the proposed method

Chapter 4 and 5 tried to summarize the influence of crossing pedestrians and geometric
layout on the left turning vehicles movement, accordingly their influence on the left turn lane
capacity can be generalized using Equation (3.6). The two main input models for the

proposed capacity estimation equation are EPT and discharge flow (Q).

Sensitivity of EPT

The influencing time interval of waiting pedestrians on the left turning vehicles is
generalized by EPT as it is discussed in chapter 4, the EPT can be influenced by change in bi-
directional pedestrian flow and crosswalk length. Fig.6.2 shows the sensitivity of the EPT for
change in bi-directional pedestrian flow and crosswalk length for the case of G=65s and
PG=60s, as it is noticed from Fig.6.2 (a) EPT has an increasing trend with increase in
crosswalk length, that implies the impact of long crossing time for far-side pedestrians and
higher far-side pedestrian ratio resulted increasing in EPT, because with increase in
pedestrian demand the far-side pedestrians platoon distribution and crossing time will
increase. Fig 6.2 (b) also shows the sensitivity of EPT to change in cycle length for the case
of L=15m, G=65s, PG=60s and far-side ratio=50/50, when the cycle length increase EPT

shows an increasing trend under the same pedestrian arrival rate.
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Fig.6.2 Sensitivity of EPT

The proposed capacity estimation method has six basic input parameters i.e. crosswalk

length, pedestrian demand, bi-directional pedestrian demand ratio, crosswalk set back

distance, stop line set back distance and signal setting. By changing different input values of

the basic components the sensitivity of the proposed method can be computed. Table 6.2

shows the summary of input case study conditions for the sensitivity analysis of the proposed

capacity estimation method and Fig 6.3 shows the flow chart of the proposed method capacity

estimation. The capacity estimation is computed by combining different values of the case

study conditions.

Table 6.2 Case study input conditions

Variable

Conditions

Crosswalk length (m)

15, 20, 25, 30, 35

Pedestrian demand (ped/hr)

0 — 1000 ped/hr

Near-side/Far-side ratio

100/0, 75/25, 50/50, 25/75,0/100

Crosswalk setback distance (m)

5,10, 15

Stop line setback distance (m)

5,10, 15, 20

Signal setting (s)

G=65s, 60s, 55s, EPR= 5s, 10s, 15s, C= 90s,
120s, 160s
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Fig 6.3 Flow chart of proposed method capacity estimation
6.3.1 Sensitivity for crosswalk layout

The proposed method has three crosswalk layout parameters i.e. crosswalk length,
crosswalk set back distance and stop line set back distance. Crosswalk length may
simultaneously influence the crossing pedestrian’s behavior and the left turning vehicles
movement. Based on the models proposed in chapter 4 and 5 the crosswalk length has
negative impact on the pedestrian presence probability and it has a positive impact on the
discharge flow rate of left turning vehicles. While the crosswalk set back distance and stop
line set back distance have an impact on the left turning vehicles movement. Fig. 6.4 shows
the variation in left turn lane capacity at different crosswalk length conditions with increasing
pedestrian demand under the same condition of C=160, EPR=5s, G=65, 1s=5m, l-=5m and
Near/Far ratio =50/50.
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Fig 6.4 Sensitivity of capacity for crosswalk length

The estimation curves plotted in Fig 6.4 can be divided into two portions based on the
order of the increase in crosswalk length conditions. The first portion is from 0 ped/hr up to
100 ped/hr, and in this portion longer crosswalks have higher capacity, because the possibility
to observe bi-direction pedestrian flow is lower and even if there are too small number of
crossing pedestrians left turning vehicles may accept short gaps since the conflict-area will be
wide at long crosswalks. In addition, since crosswalk length has positive impact on discharge
flow rate at 0 ped/hr case longer crosswalks will have higher discharge flow rate, resulting in
higher capacity. In the second portion from after 100 ped/hr up to 800 ped/hr shorter
crosswalks have higher capacity, because the possibility to have unbalanced bi-directional
pedestrian flow is higher within this interval, so that due to the longer crossing time of the far-
side pedestrians the left turning vehicles may wait for long time by giving priority for
crossing pedestrians in case of longer crosswalks. Due to the limitation of the observed
pedestrian demand range less than 800 ped/hr, it is not possible to plot the curves after 800
ped/hr. For greater than 800 ped/hr cases, it is expected that due to the extremely higher
pedestrian flow condition there will be continuous flow of pedestrian along the crosswalk and
it is very difficult for left turning vehicles to find acceptable gaps, vehicles only can get a
chance to pass the conflict area in the clearance time after the end of PFG.

The sensitivity of the left turn lane capacity for change in crosswalk set back distance is
shown in Fig 6.5 under L=20m, Near/Far ratio= 50/50, EPR=5s, G=65s, C=160s. The

increase in crosswalk set back distance by 5m will raise the left turn lane capacity
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approximately by 12% under all pedestrian demand conditions. This implies that under the
same pedestrian demand condition longer crosswalk set back distance may result higher left
turn lane capacity, the possible reason is that when the crosswalk position is near to the
intersection (short crosswalk set back distance) the left turning vehicles discharge flow rate
will decrease. Because of the sight distance range left turning vehicles can easily notice the
crossing pedestrians at the onset of green and they will approach with lower turning speed,

due to that the number of turning vehicles per cycle may decrease.
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Fig 6.5 Sensitivity of capacity for crosswalk setback distance

Fig. 6.6 shows the sensitivity of the estimated capacity for stop line set back distance.
The increase in stop line set back distance by 5Sm will decrease the left turn lane capacity
approximately by 17% under all pedestrian demand conditions. The possible reason is related
with the arrival time of left turning vehicles from the stop line to the subject crosswalk. For
longer stop line set back distance turning vehicles may take long time before they pass the

conflict-area.
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Fig 6.6 Sensitivity of capacity for stop line setback distance

Fig 6.7 shows one example of the sensitivity of capacity estimation under the combined
change in crosswalk setback distance and stop line set back distance with the following
common conditions, L=25m, Near/Far ratio= 50/50, EPR=5s, G=65s, C=160s and pedestrian
demand=450 ped/sec.
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Fig 6.7 Sensitivity of capacity for combined change in crosswalk and stop line setback

distance
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As it is shown in Fig. 6.7 the left turn lane capacity can be varied under different
combination of crosswalk and stop line setback distances. Increasing the setback distance of
the crosswalk without changing the position of stop line will result the left turn lane capacity
to increase, while increasing the stop line distance may have a decreasing effect on the left
turn lane capacity. This implies that the balanced location of the stop line and crosswalk set
back distance must be checked at the planning stage of signalized crosswalks to minimize the

impact on left turn lane capacity.
6.3.2 Sensitivity for bi-directional pedestrian demand ratio

The other main influencing factor in the proposed capacity estimation method is the bi-
directional pedestrian demand. Fig. 6.8 shows a case study estimation of left turn lane
capacity under different near-side/far-side pedestrian flow proportion cases, with increasing
pedestrian volume. For all conditions, when pedestrian demand increases the left turn lane
capacity has a decreasing trend. These implies that the higher the crossing pedestrian’s
presence on the crosswalk, there will be a significant impact on left turning vehicles discharge
flow, so that the application of concurrent signal timing may not be favorable at higher
pedestrian demand conditions.
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Fig.6.8 sensitivity of capacity for far-side pedestrian ratio

As shown in Fig.6.8, the distributions of the curves have decreasing trend with increase
in far-side pedestrian ratio. This implies that, in bi-directional pedestrian flow the opposing

higher pedestrian demand will affect the crossing pedestrian’s movement, thus left turning
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vehicles waiting time will increase. Consequently, left turn lane capacity may decrease; from
the curves we can notice that there will be around 24% reduction of capacity due to the
increase in far-side pedestrian ratio.

Fig. 6.9 shows the sensitivity of the estimated left turn lane capacity for bi-directional
pedestrian demand with crosswalk set back distance of 20m, crosswalk length of 30m and
stop line set back distance of 5Sm. With increase in both near-side and far-side pedestrian
demand the left turn capacity shows a decreasing trend, since the pedestrian presence-time in
the conflict area will be higher for higher pedestrian demand situations consequently the left

tuning vehicles may have long waiting time before passing the crosswalk.
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Fig 6.9 Sensitivity of capacity for bi-directional pedestrian demand

From Fig. 6.9 we can notice that the zero capacity starting pedestrian demand point for
near-side direction and far-side direction is different i.e. 600ped/hr and 800 ped/hr,
respectively. This implies that the far-side pedestrian flow has higher influence on the left
turn lane capacity estimation due to the longer crossing time of far-side pedestrians to pass
the conflict area of the subject crosswalk and due to the opposing higher pedestrian demand

circumstance; capacity may deteriorate even at lower near-side pedestrian demand conditions.
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6.3.3 Sensitivity for signal timing

Sensitivity to EPR

There are different types of signal timing phase strategies for consideration of
pedestrian-vehicle interaction, such as concurrent pedestrian phase, Exclusive Pedestrian
Phase, Leading Pedestrian Interval and Early Pedestrian Red time. The performance of each
strategy is dependent on the proper consideration of pedestrian-vehicle interaction at the
signalized crosswalk. In this study, left turn lane capacity is studied under the case of
concurrent signal timing design. Thus, settings of the pedestrian green time and the effective
green time will influence the capacity estimation. Particularly, the setting of the exclusive
pedestrian red time (EPR) may have significant impact on the discharge flow characteristics
of left turning vehicles, because EPR is the clearance time interval for turning vehicles
without the direct influence of crossing pedestrians. Fig. 6.10 shows the sensitivity of the
capacity estimation under different conditions of signal timing settings (EPR and G) and with

common settings of Near/far ped. Ratio =50/50, L=20m, 1s=5m, lc=5m, C=160.
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Fig 6.10 Sensitivity of capacity for signal timing settings

As shown in Fig 6.10 when G increases the left turn lane capacities also have higher
increasing possibility, since the left turning vehicles will have long available green time for
possible discharge flow. In the same way, for short EPR interval cases the estimated capacity
is lower due to significant impact of crossing pedestrians with higher blockage probability for

left turning vehicles.
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Sensitivity to Cycle length

The other signal timing parameter in the proposed method is cycle length. Fig.6.11
shows the sensitivity of left turn lane capacity for change in cycle length for the case of
G=65s, PG=60s, 1s=5m, 1c=5m, L=20m and Near/far ratio=50/50. As it is noticed from Fig
6.11, with increase in cycle length the estimated capacity showed a decreasing trend; since the
available green time per hour will decrease with increase in cycle length then left turning

vehicles have higher turning possibilities in shorter cycle lengths.
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Fig. 6.11 Sensitivity of capacity for cycle length

Fig. 6.12 also show the sensitivity of capacity for cycle length with the same green
ratio, the plotted curves in Fig. 6.12 have the same input conditions of EPR=5s, 1s==5m, lc=5m,
L=20m, Near/Far ped. ratio =50/50 and green ratio of 0.4, however even if they have the
same green ratio and basic input parameters the estimated capacity showed different results
for different cycle lengths. The estimated capacity has a decreasing trend with decrease in
cycle length. Because, the pedestrian arrival rate will increase for short green time (the case
of C=90s) at the same pedestrian demand case with the others, that will result in a decrease in
discharge flow rate of left turning vehicles. The difference in estimated capacity is minimized
with increase in pedestrian demand; this implies that in the case of higher pedestrian demand
regardless of the cycle length the available green time will be occupied by crossing

pedestrians and left turning vehicles will use only the EPR time interval.
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Fig.6.12. Sensitivity of capacity for cycle length with the same green ratio

6.4 Application of the proposed method

6.4.1 Adjustment factors

Most researches and existing manuals recommend different types of adjustment factors
to consider the impact of influencing factors on the base traffic flow. For example, the
highway capacity manual (HCM 2016) considers that there are 11 factors that affect
saturation flow estimates. These factors are: lane width, heavy vehicles in traffic stream,
approach grade, existence of a parking lane and parking activity adjacent to lane group,
blocking effect of local buses that stop within intersection area, area type, lane utilization,
left-turn vehicle presence in a lane group, right-turn vehicle presence in a lane group,
pedestrian for left-turn groups, and pedestrian for right-turn groups. The accuracy of the
saturation flow rate estimation and capacity estimation may highly depend on the proper
consideration of the influencing factors. Therefore, to have realistic capacity estimation the
effective computation of adjustment factors of the influencing factors is necessary.

6.4.2 Adjustment factors to consider pedestrian and crosswalk layout influence on left
turn lane capacity

As it is discussed in detail from chapter 3 up to chapter 5 about the empirical observation
and modeling of crossing pedestrians and left turning vehicles characteristics, in this study the
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impact of bi-directional pedestrian flow and the crosswalk layout on the left turning vehicles

discharge flow is investigated, so that the realistic left turn lane capacity by considering the

presence of bi-directional pedestrian flow at different crosswalk layout conditions can be

proposed. To apply the result of the proposed capacity estimation procedure in the

performance evaluation procedure of signalized intersections and in the signal timing design

procedures, the development of adjustment factors is essential. The adjustment factors are

suggested based on the following procedures by considering the analysis discussed for

crossing pedestrians and left turning vehicles in chapter 4 and 5, respectively.

Step 1:

Step 2:

Estimation of the pedestrian presence probability (PPP) based on the modified PPP
model. As it is discussed in chapter 4, the pedestrian presence along the crosswalk by
elapsed time for different crosswalk layout conditions can be estimated by the
developed PPP model.

Computation of waiting pedestrian presence-time at the conflict-area of signalized
crosswalk by utilizing the PPP model. As it is summarized in chapter 4, by setting the
time thresholds for first/last pedestrians in the bi-directional waiting pedestrian’s
flows occupancy of the conflict-area by the bi-directional waiting pedestrian group

movements can be computed.

Step 3: The discharge flow rate of the left turning vehicles by considering the presence of bi-

Step 4:

Step 5:

directional arriving pedestrians at different crosswalk layout conditions can be
estimated based on the discharge flow model proposed in chapter 5.

The left turn lane capacity can be estimated by combining the estimated waiting
pedestrian presence-time and the discharge flow of left turning vehicles, the basic
equation is introduced in chapter 3. In the proposed left turn lane capacity estimation
equation, the capacity that is influenced by crossing pedestrians and without the
influence of crossing pedestrians must be estimated separately and finally add up
together to have the total left turn lane capacity.

Adjustment factors are computed using Equation 6.1, the proportional change in
estimated capacity under crossing bi-directional pedestrian influence is compared
with the base capacity without crossing pedestrians influence.

(G*Q(O,XU)j_[(G_EPT)*Q(Xp)Xc)J

C C

f, =1-

(G*Q(O,Xc )j ©

C
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Where, G is left turning vehicle green time (s), EPT is expected waiting pedestrian-
presence time (s), Q is discharge flow rate (veh/hr), Xp is the influence of pedestrians, Xc is
the influence of crosswalk layout and C is cycle length (s).

After following the above steps, the adjustment factors to consider the impact of bi-
directional pedestrian flow and crosswalk layout to estimate the left turn lane capacity can be
generated. Fig 6.13 shows one example of proposed adjustment factors for 20m crosswalk

length, S5m crosswalk setback distance and Sm stop line setback distance conditions.

Adjustment factors

Fig. 6.13 Adjustment factors for bi-directional pedestrian flow

Table 6.3 summarize the contour plots of the adjustment factors under selected cases of
different crosswalk length, crosswalk set back distance and stop line set back distance
situations of the bi-directional pedestrian flows with assigned C=160s, G=65s and EPR=5s
signal timing conditions. Using the table, we can easily pick the required adjustment factor to
contemplate the impact of bi-directional pedestrian flow and crosswalk layout in the left turn
lane capacity estimation, consequently the signalized intersections performance evaluation

and signal timing design procedures will have realistic estimated left turn lane capacity values.
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Table 6.3 Contour plots of adjustment factors
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In general, the contour plots show that adjustment factors have a decreasing trend with

increase in bi-directional pedestrian demand and we can easily select the possible adjustment

factor for bi-directional pedestrian demand situation under different crosswalk layout

conditions.

Base capacity

The combination of the base capacity and adjustment factors are used to estimate the

capacity under the influence of bi-directional pedestrian demand and crosswalk layout. The

base capacity is computed by setting the bi-directional pedestrian demand as zero in the

proposed capacity estimation equation (Equation 3.6) as shown in equation 6.2. After the

estimation of the adjustment factors, the base capacity is multiplied by the adjustment factors

to estimate the left turn lane capacity under different bi-directional pedestrian demand and

crosswalk layout conditions.
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¢, = w (6.2)

Where, c» 1s base capacity (veh/hr), G is left turning vehicle green time (s), Q is discharge

flow rate (veh/hr), Xc is the influence of crosswalk layout and C is cycle length (s).

6.4.3 Adjustment factor equation

For simplified application of the proposed method it is better to generalize the
adjustment factor estimation by proposing an equation. Thus, adjustment factor (f) equation is
proposed to consider the impact of bi-directional pedestrian flows and crosswalk layout,
based on the results of the proposed capacity estimation procedures. Accordingly,
practitioners can apply the proposed left turn lane capacity estimation method by substituting
the influencing factors in the generalized proposed equation and multiplying with base
discharge flow rates. Different equations are checked to fit the results of the proposed method
estimation values and then the best fitted option is adopted. Equation 6.3 and Equation 6.4
shows the proposed equations as linear and exponential curves, respectively. The adjustment
factor (f) is also computed using equation 6.5. The coefficients of the proposed equation are

shown in Table 6.4. and Table 6.5.

Option 1
EPR
c=a *q,ta,*q,+a;*l, +a,*I; +as*L+a, *(Tj+a7 *(%)%—b (6.3)

Option 2

EPR G
* * % % * * k| —
(al anra2 qf+a3 Zc+a4 ls+a5 L+a6 ( G j+a7 (CD

c=b*e (6.4)

(6.5)

C(OaXcaXs)_C(Xanc:Xs)
c(0,X.,X,)

Where, ¢ is left-turn lane capacity (veh/hr), f is adjustment factor, g is near-side
pedestrian arrival rate (ped/hr), gr is far-side pedestrian arrival rate (ped/hr), - is crosswalk
setback distance (m), /s is stop line set back distance (m), L is crosswalk length (m), EPR is

exclusive pedestrian red time (s), C is cycle length (s), Xcis impact of crosswalk layout, X; is
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impact of signal timing, X, is impact of pedestrian demand and G is left turning vehicles
green time (s).

Fig 6.14 shows the plots of the estimated capacity for different cycle lengths based on
the proposed method by combining the different crosswalk layout, bi-directional pedestrian
demand and signal timing cases. From the plot of the proposed capacity estimation and the
pattern on the sensitivity analysis we can notice that the plotted curves have one bending
point moving vertically under different input conditions, and this bending point is shifting
horizontally with decrease in cycle length. The threshold value of option 1 equation is
estimated by checking the fittings of the two lines at different threshold locations and the
threshold location that resulted better fitted lines is selected i.e. threshold value which
resulted a lower estimation error for the trend lines is selected.

For different cycle length the threshold value location is shifted horizontally, Fig. 6.16 shows
the location of the threshold points (bending points) for different cycle length cases. The
bending points (intersection of the two slope lines) are shifting horizontality with decrease in
cycle length. Consequently, the threshold pedestrian demand for the piecewise linear equation
is correlated with cycle length(C) as:

Pedestrian demand (ped/hr) =-2.33*C + 528.5
Thus, the option-1 linear equation can be estimated by dividing the plots in to two piecewise

linear equations. While option-2 equation is one continuous curve equation by combining all

points.
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Fig 6.14 Proposed method capacity estimation
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Fig 6.15 Pedestrian demand threshold points at different cycle length

Consequently, the coefficients and other statistics data of the proposed option-1 and option-2

equations are summarized in Table 6.4. and Table 6.5.

Table 6.4 Option 1 equation coefficients

Total pedestrian demand | Total pedestrian demand >
Variable <(-2.23*C+528.5) ped/hr (-2.23*C+528.5) ped/hr

Coefficients t-stat Coefficients t-stat
Constant -124.8 -2.51 231.4 23.7
Near side pedestrian demand -1.131 -8.58 -0.2655 -104
gn(ped/hr)
Far side pedestrian demand gy -1.470 -11.2 -0.3853 -148
(ped/hr)
Crosswalk setback distance /. (m) 6.675 17.7 4.182 59.2
Stop line setback distance /s (m) -7.440 -19.8 -4.663 -65.9
Crosswalk length L (m) 0.8456 2.12 -0.4774 -6.34
EPR ratio (EPR/G) 1112 2.15 -469.2 -4.80
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Green time ratio (G/C) 1356 53.3 520.9 80.9

R? 0.95 0.81

n 360 8767

Table 6.5 Option 2 equation coefficients

Variables Coefficients t-stat

B 231.8 94.34
Near side pedestrian demand ¢» (ped/hr) -0.001331 -88.11
Far side pedestrian demand gy ped/hr -0.002361 -154.1
Crosswalk setback distance /. (cm) 3.308 79.26
Stop line setback distance /s (cm) -3.667 -87.87
Crosswalk length L(cm) 0.3081 6.931
EPR ratio (EPR/G) -3.467 -6.015
Green time ratio (G/C) 2.375 62.55

R? 0.77

N 8767

As it is summarized from the coefficients result, the bi-directional pedestrian demand, stop
line setback distance, crosswalk length and signal timing ratio have a negative impact on the
adjustment factors, while crosswalk setback distance has a positive impact on the adjustment
factors.

To validate the proposed equations, one case of comparison between the equation
estimation and the proposed method estimation is computed under the condition of L=20m,
Is=5m, le=5m, Near/Far ped.ratio=50/50, EPR=5s, G=65s and C=90s, 120s and 160s. Fig.
6.16 shows the comparison of the original method and the simplified equation estimation of
the left-turn lane capacity. As it is clearly noticed from the graphs the option 1 equation
prediction is more reasonable to generalize the original method results. In addition, under
different settings of crosswalk layout, signal setting and bi-directional pedestrian demands the
45-degree validation plot is shown in Fig 6.17, the validation plot also revealed that the
optionl equation can successfully predict the estimation results of the original method. Even

if the option 2 equation estimation accuracy is less than option 1 equation estimations,
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however the option 2 equation estimation is simpler to apply since it is written as one

equation and the plotted curves are smooth.
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Fig 6.17 Validation of equation estimations

As a result, based on the validation results the option 1 equation can be adopted to
generalize the estimation results of the original method. The adjustment factor (f) equation
that can be easily usable by practitioners can be applied following the flow chart shown in Fig

6.18.
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Fig 6.18 Flow chart for adjustment factors estimation

6.4.4 Comparison of adjustment factor estimations with HCM

As it is discussed in Chapter 2 the exiting manuals propose an adjustment factors to
consider the impact of pedestrians on the left turning vehicles flow and capacity is estimated
based on the proposed adjustment factors. The proposed adjustment factors of this study are
compared with widely usable method of HCM adjustment factors under the same conditions
of L=20m, 1s=5m, lc=5m, C=160, EPR=5s and G=65s. Fig 6.19 shows the adjustment factors
contour plots for the HCM method and the proposed method. As it is discussed in Chapter 2,
for the adjustment factor estimation based on HCM procedure, only the pedestrian demand is
necessary. Therefore, for the HCM case the adjustment factors are computed by combining
the near-side and far-side pedestrian demands, while for the proposed method case the
adjustment factors are computed under different combinations of near-side and far-side

pedestrian demands.
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Fig 6.19 Adjustment factors contour plots based on HCM method and proposed method

The comparison of adjustment factors from Fig 6.19 shows that the HCM method have
higher adjustment factors under the same condition with the proposed method, thus HCM
method overestimate the capacity estimation when the adjustment factors multiplied by base
saturation flow rate, because bi-directional pedestrian interaction and combined impact of
crosswalk layout is not considered. However, in the proposed method of this study left turn
lane capacity is estimated by considering the bi-directional pedestrian flow interaction under
different crosswalk layout conditions, thus realistic impacts of crossing pedestrians can be

captured in the proposed adjustment factors.

6.5 Summary

In this chapter, left turn lane capacity is estimated by considering the discussions in
chapter 4 and 5 about the detailed investigation of crossing pedestrians and left turning
vehicles characteristics. The validation of the proposed estimation procedure is evaluated by
two ways; first the proposed method capacity estimation is compared with the observed
capacity estimation at selected saturated cycles of the signalized crosswalks, and next the
proposed method capacity estimation is compared with the estimation results of selected
existing manuals. For both comparisons the proposed estimation method performs better.
Because, in the proposed capacity estimation the realistic bi-directional pedestrians flow and
the influence of crosswalk layouts are considered by following some detailed empirical
observations, in which those factors are not covered in the existing methods.

In addition, the sensitivity of the proposed method for change in crosswalk layout

parameters, signal timing setting and bi-directional pedestrian flows are investigated. The
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results showed that longer crosswalks have higher capacity at lower pedestrian demand
conditions because the possibility to observe bi-direction pedestrian flow is lower and even if
there are too small number of crossing pedestrians left turning vehicles may accept short gaps
since the conflict-area will be wide at long crosswalks. Moreover, the increase in crosswalk
set back distance will raise the left turn lane capacity approximately by 17% under all
pedestrian demand conditions and the sensitivity to the bi-directional pedestrian flow shows
that the far-side pedestrian flow has higher influence on the left turn lane capacity estimation
and due to the opposing higher pedestrian demand circumstance; capacity may deteriorate
even at lower near-side pedestrian demand conditions.

Finally, the adjustment factors to consider the influence of bi-directional pedestrian flow
and crosswalk layout on the left turn lane capacity are proposed. The adjustment factor
estimation procedure summarizes the overall discussion of this study about the crossing
pedestrians and left tuning vehicles characteristics. Therefore, using the adjustment factors we
can easily understand and apply the impact of crossing pedestrians and crosswalk layout in

the signalized intersection performance evaluation and signal timing design procedures.
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Chapter 7

Conclusion and Future works

7.1 Conclusions

In this study, a methodology for the exclusive left turn lane capacity estimation is
proposed by considering the influence of crossing pedestrians and crosswalk layout
conditions under concurrent signal timing designed signalized intersections. The main

conclusion points of this study are summarized below.

7.1.1 Consideration of bi-directional pedestrian flow

In realistic condition of crossing pedestrians flow there are two directional flows from
the two opposite sides of the crosswalks; therefore, in the study of pedestrian flow analysis
this condition of crossing pedestrian’s characteristics must be studied. In this study, first the
bi-directional waiting pedestrian flow is empirically investigated and based on the
observation it is noticed that due to the bi-directional pedestrian flow the crossing time of
pedestrians is significantly varied, this implies the opposing pedestrian flow interaction can
influence the speed of crossing pedestrians. Moreover, the waiting pedestrian platoon
dispersion characteristics showed significant change under different combination of bi-
directional pedestrian flow interactions especially at higher pedestrian demand crosswalks.

Consequently, the waiting pedestrian presence probability by time is modeled considering the
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bi-directional pedestrian demand conditions. Most of existing methodologies represent the
crossing pedestrian flows along the crosswalk by simulators, it is not appropriate to utilize for
everyone and calibration is necessary before the application that consumes considerable time.
Therefore, by utilizing the modified pedestrian presence probability model proposed in these
study practitioners can easily estimate the crossing pedestrian distribution along the crosswalk
by elapsed time by entering only the bi-directional pedestrian demand and crosswalk length
of the signalized crosswalks.

In the same way, the impact of bi-directional arriving pedestrian flow on the discharge
flow of left turning vehicles is investigated from empirical observations of signalized
crosswalks. The results showed that the arriving pedestrians entering from far-side direction
have higher impact on left turning vehicles discharge flow rate compared with arriving
pedestrians entering from near-side direction, because left turning vehicles are highly
conscious for pedestrians coming towards their position and also far-side pedestrians need

longer time to pass the conflict area due to the crosswalk length.

7.1.2 Waiting pedestrian’s presence time at the conflict-area of signalized crosswalks

Turning vehicles are conscious to crossing pedestrians when they are present inside the
conflict-area. As it is discussed in Chapter 4, the bi-directional crossing pedestrian’s behavior
can be influenced by different factors and the position distribution of the crossing pedestrians
by elapsed green time can be expressed using the pedestrian presence probability model.
After pedestrian crossing probability of the edge of the conflict-area is estimated (at the entry
and exit section of the conflict-area), then the necessary expected elapsed time to cross the
conflict-area is computed by assuming the clearance time thresholds of first and last
pedestrians in the bi-directional waiting pedestrian groups. The result implies that pedestrian
presence probability model can be used to efficiently estimate the expected pedestrian
presence-time of crossing pedestrians at the conflict-area of signalized crosswalks. The
analysis of expected pedestrian presence-time shows that when crosswalk length and
pedestrian demand increase, pedestrian presence-time in the conflict —area will increase. In
addition, in this study a generalized model which is useful to estimate the expected pedestrian
presence-time (EPT) of waiting pedestrians by considering the bi-directional pedestrian
demand and crosswalk length is proposed. Therefore, based on the model we can easily
estimate the influencing time interval of waiting pedestrians at the conflict-area of signalized
crosswalks by considering bi-directional pedestrian flow and crosswalk length. Furthermore,

the comparison of the estimated pedestrian presence-time with observed crossing time
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between first and last pedestrians in waiting pedestrian platoon show similar results for all
observed crosswalks. The estimated pedestrian presence-time showed a better performance
compared with existing estimation procedures.

When pedestrian presence-time in the conflict-area increases, consequently the effect of
the pedestrians on left turning vehicles discharge flow will be significant and this must be
considered in a proper way during signal timing design strategies. If the assigned green time
for turning vehicle is highly influenced by crossing pedestrians in the case of concurrent
signal timing, then the capacity of left turn lane may significantly decrease. In addition, when
turning vehicles wait for long time to yield crossing pedestrians they may show impatient

driving behavior, which causes safety problem for crossing pedestrians.

7.1.3 Crosswalk layout

In this study different crosswalk layout parameters are explored and the significant ones
are correlated with crossing pedestrians/left turning vehicles flows. Three influencing factors
that represent the crosswalk layout are applied in this study i.e. crosswalk length, crosswalk
set back distance and stop line set back distance. Crosswalk length showed a significant
impact on both pedestrians and left turning vehicle flows. It indicated a negative impact on
the pedestrian presence probability distribution, while it has a positive impact on the left
turning vehicles discharge flows. Crosswalk and stop line set back distances are used to
characterize the influence on the discharge flow rate of left turning vehicles. Stop line set
back distance showed a negative impact on left turning vehicles discharge flow rate, when the
stop line is far from the intersection the arriving time to the crosswalk will be long due to that
there will be delay to pass the conflict-area and unused green time may increase. On the other
hand, crosswalk set back distance showed a positive impact to discharge flow rate. This
implies that when the crosswalk position is near to the intersection the left turning vehicles
discharge flow rate will decrease. The reason is related with sight distance, left turning
vehicles can easily notice the crossing pedestrians at the onset of green in the case of short
crosswalk set back so that they will approach with lower turning speed, due to that the
number of turning vehicles per cycle will decrease. The result showed that stop line and
crosswalk setback distance have opposite impact on the left turn vehicles discharge flow rate.
Therefore, we need to have a balanced location of stop line and crosswalk at the planning

stage of signalized crosswalks to minimize the impact on left turn lane capacity estimation.
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7.1.4 Adjustment factors

To make the application of the proposed left-turn lane capacity estimation procedure
more easy and user friendly, capacity estimation and adjustment factors equation is generated
based on the estimation of the proposed original left turn lane capacity estimation procedure
under the combined influence of crosswalk layout and bi-directional pedestrian flows by
combining different possible sensitivity cases. Therefore, using the required adjustment
factors to contemplate the impact of bi-directional pedestrian flow and crosswalk layout in the
left turn lane capacity estimation, consequently the signalized intersections performance
evaluation and signal timing design procedures will have realistic estimated left turn lane

capacity values.

7.2 Future works and limitation of the study

For this study, in the observed intersections most of road users are ordinary adults. The
elderly and children are seldom observed. Consequently, the pedestrian presence probability
distribution cannot represent the distribution of all-inclusive pedestrians; elderly and children
pedestrians along the crosswalk may have extremely different behaviors. Therefore, in the
future the composition of the observed pedestrian position distribution must be explored.

This study assumed the left turning vehicles and crossing pedestrians strictly obey the
priority of pedestrians in the shared space, i.e. in PG time interval pedestrians has priority
while left turners has priority in EPR time interval, however if there are significant number of
jaywalkers and non-yielding drivers the capacity estimation procedure may need further
analysis.

Regarding the conflict in the shared space of the signalized crosswalks only the impact
of bi-directional pedestrians on the left turning vehicles discharge flow is analyzed. However,
bicycles and other non-motorized vehicles are also important users who may influence the
movement of left turning vehicles at the conflict-area, therefore the analysis of bicycles at the
signalized intersection must also be further investigated by considering the difference of the
cyclist behavior by the operation types of bicycle lanes. In addition, the combined effect of
crossing pedestrians and cyclists must be investigated.

For the case of left turning vehicles, in this study only the discharge flow of passenger
cars is analyzed, however there are other road users with a mixed traffic flow conditions i.e.
in the future the movement of heavy vehicles, buses, motor bicycles etc. combined with

passenger cars must be studied. The discharge flow characteristics of the mixed traffic
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condition will be different and the correlation with crossing pedestrians and geometric layout
of the crosswalk is also another dimension of variations.

In this study, only concurrent signal timing setting is examined, however the impact of
crossing pedestrians and crosswalk layout at different signal timing conditions like leading
pedestrian interval (LPI) setting need further investigation. In addition, the shared left-turn
lane is not covered in this study, it may be difficult to apply the proposed method for a shared
left-turn lane since the left tuning vehicles characteristics in a shared lane is different from an
exclusive left-turn lane and in the future the proposed method can be modified to consider the
shared left-turn lanes.

The observed signalized intersections are within a limited range of geometric layout and
pedestrian demand conditions, i.e. bi-directional pedestrian demand rang of 0 — 1000 ped/hr ,
crosswalk length of 15m - 35m, crosswalk width of 5m — 10m, stop line setback distance of
13m — 28m, crosswalk setback distance of 2m — 20m. Consequently, the application range
will be limited and in the future by observing additional database of different range of

signalized crosswalks the proposed models and analysis can be further tuned.

119



References

Akash, J., Ankit, G., Rajat, R. (2014): Pedestrian Crossing Behavior Analysis at
Intersections, International Journal for Traffic and Transport Engineering,4(1): pp.103— 116.

Akin, D. and Sisiopiku, V. (2007): Modeling Interactions between Pedestrians and Turning
Vehicles at Signalized Crosswalks Operating Under Combined Pedestrian-Vehicle Interval,
Transportation Research Board 86th Annual Meeting.

Alhajyaseen, W. K. M. and Nakamura, H. (2009): A Methodology for Modeling
Pedestrian Platoon Discharge and Crossing Times at Signalized Intersections, Proceedings of
Transportation Research Board (TRB) 88th Annual Meeting, CD-ROM, Washington D.C.,
USA,

Boumediene, A., Brahimi, K., Belguesmia, N. and Bouakkaz, K. (2009): Saturation flow
versus green time at two stage signal controlled intersections, Transport, 24:4, 288-295

Chen, Y., He, Y. and Sun, X. (2015): Impact of Pedestrian Traffic on Saturation Rate of
Protected Left-turn at Urban Intersections, Open Journal of Applied Sciences, pp. 22-31.

David, J. (1974): Capacity and Quality of Service of Arterial Street Intersections, Texas
Transportation Institute Technical Report, Research report 30-1.

Emagnu, Y., Zhang, X., Iryo-Asano, M. and Nakamura, H, (2020): Estimation of
expected pedestrian presence-time at the conflict-area of signalized crosswalks, Journal of
Japan Society of Traffic Engineers, Ser.D3, Vol.76, No. 5.

Emagnu, Y., Zhang, X., Iryo-Asano, M. and Nakamura, H, (2021): Estimation of Waiting
Pedestrian Occupancy-time at Signalized Crosswalks for Turning Vehicle Maneuver Analysis,
Proceedings of Transportation Research Board (TRB) 100th Annual Meeting, Washington
D.C., USA.

Emagnu, Y., Zhang, X., Iryo-Asano, M. and Nakamura, H, (2021): Estimation method of
left turn lane capacity under the influence of pedestrians and crosswalk layout at signalized
crosswalks, ITS Journal of Civil Engineering, Vol.36, No.1.

Finnish Road Administration (2002): Capacity and Level of Service of Finnish Signalized
Intersections

Fitzpatrick, K. and Schneider, W., (2005): Turn speeds and crashes within right-turn lanes,
Technical report, FHWA/TX-05/0-4365-4, Texas Transportation Institute

Goh, P. and Lam, W. (2004): Pedestrian Flows and Walking Speed: A Problem at
Signalized Crosswalks, ITE Journal, 2004.

Iasmin, H., Kojima, A., and Kubota, H. (2015): Yielding behavior of left turning driver
towards pedestrian/cyclist: Impact of intersection angle, Journal of Eastern Asia Society for

120



Transportation Studies, Vol.11,

Ikenoue, K. and Saito, T. (1972): Computation of Pedestrian and Turning Vehicle
Interference Probability in Simulation, Reports of the National Research Institute of Police
Science. Research on traffic safety and regulation, Vol.13, No.l, pp.12-23. (in Japanese)

Institute of Transportation Engineers (2008): Canadian capacity guide of signalized
intersections,

Jacquemart, G., (2012): Determining the Ideal Location for Pedestrian Crosswalks at
Signalized Intersections, ITE journal.

Japan Society of Traffic Engineers (JSTE) (2018): Planning and Design of at-grade
Intersections - Basic Edition -; Guide for Planning, Design and Traffic Signal Control of
Japan, (in Japanese)

Jin J., Wang, W., Wets, G., Wang, X., Mao, Y. and Jiang, X. (2014): Effect of Restricted
Sight on Right-Turn Driver Behavior with Pedestrians at Signalized Intersection, Advances in
Mechanical Engineering Volume 2014.

Kawai, Y., Katakura, M., Shikata, S. and Oguchi, T. (2003): Characteristics and
Quantitative Analysis of Crossing Pedestrian and Bicycles Affecting the Left-turn Flow at
Signalized Intersection, Proceedings of Infrastructure Planning, Vol. 20, No. 4, pp.957-966.
(in Japanese)

Khosla, K., & Williams, J. C. (2006): Saturation Flow at Signalized Intersections during
Longer Green Time. Transportation Research Record, 1978(1), 61-67.

Lee, J. Y. S. and Lam, W. H. K. (2008): Simulation pedestrian movements at signalized
crosswalks in Hong Kong, Transportation Research Part A, Vol. 42, pp. 1314-1325.

Lu, L., Ren, G.,, Wang, W. and Chan, C. (2015): Application of SFCA pedestrian
simulation model to the signalized crosswalk width design, Transportation Research Part A,
Vol. 80, pp. 76-89, 2015.

Lu, X., Wang, J. (2019): Analysis of the Right-turn lane Capacity under the influence of
pedestrians, 19" COTA International Conference of Transportation.

Milazzo, J., Rouphail, N., Hummer, J. and Allen, P. (1998): Effect of Pedestrians on
Capacity of Signalized Intersections. Transportation Research Record: Journal of the
Transportation Research Board.

Muley, D., Alhajyaseen, W., Kharbechea, M., Al-Salem, M (2018): Pedestrians’ Speed
Analysis at Signalized Crosswalks, The 9th International Conference on Ambient Systems,
Networks and Technologies, Procedia Computer Science 130 (2018) pp.567-574.

Nassereddine, H., Kelvin, R. and Noyce, D. (2021): Modeling Vehicle-Pedestrian
Interactions Using a Non-Probabilistic Regression Approach, Transportation Research
Record: Journal of the Transportation Research Board, Vol 2675, Issue 1.

121



Park, J., Yang W., Yu, W., Wanger 1., and Ahemed, S. (2014): An investigation of
pedestrian crossing speed at signalized intersections with heavy pedestrian volumes,
Transportation Research Board Annual Meeting.

Pengpeng, J., Tuo, S. and Junqiang D. (2014): The Study on Right-Turn Vehicle Capacity
under Mixed Traffic Flow Conditions, Proceedings of the 10" Asia Pacific Transportation
Development Conference.

Roshani, M. and Bargegol, I. (2017): Effect of Pedestrians on the Saturation Flow Rate of
Right Turn Movements at Signalized Intersection - Case Study from Rasht City, WMCAUS
1OP Publishing IOP Conf. Series: Materials Science and Engineering, 245.

Shimaa, H., Ibrahim, H., and Islam, E. (2018): Impact of geometry and traffic
characteristics on saturation flow rates at signalized intersections, Engineering Research
Journal, Vol. 41, No. 1, PP: 49-56

Sreru, T., (1990): Combined Effect of radius and Pedestrians on Right-Turn Saturation Flow
at Signalized Intersections, Transportation Research Record: 1287.

Suzuki, K. and Nakamura, H. (2006): Traffic Analyzer - The Integrated Video Image
Processing System for Traffic Flow Analysis, Proceedings of the 13th World Congress on
Intelligent Transportation Systems.

Suzuki, K., Kozuka, K. and Fujita, M. (2004): Risk-taking behavior of crossing pedestrians
and bicycles at intergreen time, Proceedings of 24th Japan Society of Traffic Engineering
Annual Meeting, pp. 317-320. (in Japanese)

Tarawneh, M. S., & Mccoy, P. T. (1996): Effect of Intersection Channelization and Skew
on Driver Performance. Transportation Research Record, 1523(1), 73-82.

Teknomo, K. (2006): Application of microscopic pedestrian simulation model,
Transportation Research Part F, Vol. 9, pp. 15-27,

Transportation Research Board (2016): Highway Capacity Manual (HCM), National
Research Council, Washington, D.C, U.S.A.

U.S department of  transportation, Federal Highway Administration:
https://highways.dot.gov/

Yokozeki, T., Mori, K. and Yano, N., (2016): An Analysis of the Relationship between
Remaining Pedestrian and Pedestrian Flash Time, Proceedings of Infrastructure Planning,
No.54, pp.1851-1857, CD-ROM. (in Japanese)

Zhang, W., Yang, X. and Xu, Z. (2012): Study on the Capacity of Right-Turn Movement
under Pedestrians’ Influence at Signalized Intersections, Proceedings of international
Conference of Chinese Transportation Professionals (1C-CTP).

Zhang, X. and Nakamura, H (2017): Analytical study on the relationship between Level of
Pedestrian-vehicle separation and performance of signalized intersections, Journal of Japan

122



Society of Traffic Engineers, Vol.3, No.5, pp. 11-20. (in Japanese)

Zhang, X. and Nakamura, H. (2015): Modeling Pedestrian Presence Probability on
Signalized Crosswalks for the Safety Assessment Considering Crosswalk Length and Signal
Timing, Journal of the Eastern Asia Society for Transportation Studies, Vol. 11, pp. 1403-
1415.

Zhang, X., Nakamura, H., Iryo-Asano, M. and Chen, P. (2014): Modeling pedestrian
speed at signalized crosswalks considering crosswalk length and pedestrian signal timing,
Journal of Japan Society of Civil Engineers, Ser. D3, Vol. 70, No. 5.

Zhu, H. and Yang, X. (2019): Analysis of Pedestrian-Crossing Speed Characteristics at
Traffic Intersections, /9th COTA International Conference of Transportation Professionals.

123



