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ARTICLE INFO ABSTRACT

Keywords: One of the most complex issues for the design of at-grade signalized intersections is accom-
Signalized intersection modating left-turn (LT) movements, especially when approaches have insufficient available
Left—tu.rn waiting area spatial resources. In this study, we mitigated this problem by reorganizing left-turning traffic
Capacity analysis flows within intersections through the use of a left-turn waiting area (LTWA). We proposed a

series of design pattern left-turn waiting areas for different combinations of spatial and temporal
treatments of left-turn movements: exclusive left-turn lanes with protected left-turn phasing,
exclusive left-turn lanes with permitted left-turn phasing, and shared left-turn lanes with per-
mitted left-turn phasing. Based on probability theory, an analytical procedure is developed for
estimating the capacity of shared and short lanes. Explicit VISSIM simulations are conducted to
validate the accuracy of the proposed capacity models, and the impact of design parameters for
the proposed system on the left-turn capacity are studied. On the basis of the analyses, benefits of
the proposed system are identified, and the domain of application where these benefits are most
significant is identified. In addition, optimal LTWA design scheme and critical LT volumes of
exclusive LT lane and protected LT phase with different LTWA schemes are presented from the
operation efficiency perspective.

1. Introduction

Maximizing the potential capacity of existing roadways has become a priority in light of growing traffic demand and diminishing
resources to develop more capacity (Li, 2011; Ma et al., 2014; Yin, 2008; Yu and Recker, 2006; Zhang et al., 2013). One of the most
complex issues for increasing the capacity of at-grade signalized intersections is accommodating left-turn (LT) movements on all
approaches efficiently. In some cases, LT movements may create a negative impact on the efficiency and even safety of traffic
operations if not treated properly (Xuan et al., 2011).

At a typical four-legged signalized intersection under light LT demand conditions, the optimum signal timing plan normally
involves two phases; left-turning vehicles (LVs) and through-going vehicles (TVs) share one phase during which left turning is
permitted. If there is a sufficient number of LVs, a protected LT phase is typically introduced at signalized intersections to handle the
flow (Oppenlander and Oppenlander, 1989; Zhang et al., 2006). This is considered the most effective way to provide safe traffic
operations and handle large LT volumes with less delay (Al-Kaisy and Stewart, 2001). Several studies have suggested that potential
criteria for selecting the protected LT phase fall into five categories: delay, traffic volume, crash/conflict experience, speed, and
intersection geometry (Lin and Machemehl, 1983).

* Corresponding author.
E-mail addresses: mawanjing@tongji.edu.cn (W. Ma), 2014liuye@tongji.edu.cn (Y. Liu), jing zhao_traffic@163.com (J. Zhao), ning.wu@rub.de (N. Wu).

http://dx.doi.org/10.1016/j.tra.2017.08.021

Received 25 August 2015; Received in revised form 26 June 2017; Accepted 21 August 2017
Available online 19 September 2017

0965-8564/ © 2017 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/09658564
http://www.elsevier.com/locate/tra
http://dx.doi.org/10.1016/j.tra.2017.08.021
http://dx.doi.org/10.1016/j.tra.2017.08.021
mailto:mawanjing@tongji.edu.cn
mailto:2014liuye@tongji.edu.cn
mailto:jing_zhao_traffic@163.com
mailto:ning.wu@rub.de
http://dx.doi.org/10.1016/j.tra.2017.08.021
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tra.2017.08.021&domain=pdf

W. Ma et al. Transportation Research Part A 105 (2017) 181-196

Besides the signal phase and timing optimization, problems with LT traffic can also be addressed in the geometric design of
intersections (Wong and Wong, 2003). According to Ousama’s research, exclusive LT lanes play an important role in the effective
organization of intersections. Kikuchi and Oppenlander (Oppenlander and Oppenlander, 1989; Kikuchi et al., 1993) developed
methodologies to determine recommended lengths of LT lanes at signalized intersections. They concluded that the LT length is related
to the traffic volume, geometry, and intersection control type. The impact of the spatial distribution of LT lanes (inside and outside an
approach) was evaluated by comparing turning speeds and saturation flow rates for LVs (Liu et al., 2011; Yang et al., 2012).

Previous works have focused on estimating the capacity of LT lanes. Lin provided logical explanations for the causal relationships
between the capacity and saturation of a shared LT lane and governing variables such as the number of opposing lanes, opposing flow
rate, proportion of LT traffic in opposing lanes, proportion of LT traffic (Lin, 1992), and the critical gap on the secondary road
(Pollatschek et al., 2002). Al-Kaisy and Stewart (2001) discussed three scenarios involving exclusive LT and shared-lane operations
and presented an argument for adding protected LT phases at signalized intersections that previously used permitted-only LT op-
eration. Wu investigated the capacity of minor stream at an unsignalized intersection (Wu, 2001), and the capacity of shared short
lanes at a signalized intersection in simulation studies (Tian and Wu, 2006). The approach capacity with a short LT lane was found to
be specifically related to the length of the short lane, the ratio of turning vehicles, and the green times for both through-going and
turning vehicles. Based on different combinations of the signal phase and lane distribution, HCM 2010 classifies LT traffic flow into
six types to calculate the correction coefficient of the saturation flow rate (Transportation Research Board, 2010).

In large numbers, LVs contribute to oversaturation because they require separate green phase allocations, and these sub-phases
reduce intersection capacity (Xuan et al., 2011; Zhao et al., 2015). These capacity problems are often avoided in practice by banning
and rerouting the offending LVs (Zhao et al., 2014). These strategies are effective because they eliminate LVs and the need for LT
lanes and phases, which increase intersection capacity. However, with these strategies, LVs need to make a detour in the road, which
will increase the traffic flow in the network accordingly. Hence, the performance of these strategies depends on the geometric
characteristics and demand patterns of the network. The implementation of these strategies usually involves construction and re-
quires a substantial amount of space that may not be available.

Based on these challenges, this paper proposes a method to increase capacity by the proper design of the left-turn waiting area
(LTWA) within an intersection. The implementation of this strategy does not require banning left turns or reconstructing the in-
tersection. The proposed strategy focuses on making full use of the spatial resources of an intersection.
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Fig. 1. Layouts of LT lanes and LTWAs.
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The idea of an LTWA is not new. LTWAs have been used in several countries, including China, for many years. As shown in Fig. 1,
this design allows LVs to enter the waiting areas after the through-going phase starts. Vehicles in the waiting areas are discharged
during the following LT phase. When the LT phase ends, incoming vehicles are not allowed to enter the waiting areas until the start of
the next through-going phase. In practice, this type of LTWA can be considered as an extension of an exclusive LT lane at a signalized
intersection. The presence of an LTWA reduces the probability of spillback of LVs in adjacent through-going lanes during over-
saturated conditions (Liu et al., 2011). Several studies have focused on the capacity of LT lanes with LTWAs in a protected/permitted
LT phase (Messer and Fambro, 1977; Ni et al., 2006; Xu et al., 2008; Yang et al., 2012; Zhao et al., 2013; Zhou and Zhuang, 2012).

However, LT lanes and waiting lanes currently have a 1-to-1 relationship pattern, as shown in Fig. 1(a). Only the same number of
lanes as those at the approaches can be used for discharging LVs. Hence, the capacity cannot be significantly increased (Liu et al.,
2011). Moreover, LTWAs can only be used at intersections with a protected LT phase and exclusive LT lanes. This requirement limits
their usage.

This paper proposes a series of new LTWA design patterns for different combinations of spatial and temporal intersection
characteristics, e.g., exclusive and shared LT lanes and permitted and protected LT phases. A set of capacity models is developed for
each combination to capture the impact of LTWA layout parameters (e.g., the number of lanes and total storage capacity of waiting
areas). Based on these models, the domain of application for setting LTWAs and optimal LTWA design are proposed. In addition,
critical volumes of exclusive LT lane and protected LT phase with setting LTWAs are presented from the operation efficiency per-
spective. The remainder of this paper is organized as follows. Section 2 describes three typical spatial and temporal configuration
scenarios. Section 3 presents capacity estimation models of LT traffic flow in three scenarios. Section 4 demonstrates six numerical
examples and model validation, and presents the sensitivity analysis. Section 5 gives the conclusions and proposes future work.

2. Basic concept

Fig. 1 presents the basic idea of an LTWA. In terms of the temporal configuration, the LT movement is treated with two phase
types: protected and permitted. In terms of spatial configuration, the LT movement is treated with two lane types: exclusive or shared.
Note that exclusive lanes are needed if a protected LT phase is used. There are two types of corresponding relationships between LT
lanes and LT waiting lanes: one-to-one (Fig. 1(a)) or one-to-multiple (Fig. 1(b)).

Fig. 1(a) and (b) presents simplified geometric features of an LTWA, which extends from an exclusive LT lane to the intersection.
This is applied in exclusive LT lanes and is equivalent to advancing the stop line to the furthest edge of the LTWA. The only difference
between LT lanes and waiting lanes is that the former is one-to-one, as shown in Fig. 1(a), while the latter is one-to-multiple, as shown
in Fig. 1(b). Fig. 1(c) and (d) shows the geometric features when a shared LT lane is used. In these configurations, the effective storage
capacity of the LTWA is less than that in Fig. 1(a) and (b). TVs that share lanes with LTs can proceed through the intersection when
LVs remain in an LTWA and will be blocked if the number of LVs exceeds the effective storage capacity of the LTWA. Fig. 1(c) reflects
the one-to-one relationship of LT lanes and LTWAs, while Fig. 1(d) depicts the one-to-multiple configuration. In actuality, in order to
ensure safe motor vehicle operation, the layout of all types of LTWAs should meet two essential geometric conditions: On the one
hand, the trajectory of bidirectional LT vehicles should keep a safe distance, ON = 1.2m (SAC and AQSIQ, 2009), as shown in
Fig. 1(b). On the other hand, the setting of LTWA must not hinder the operation of opposing TVs.

In terms of combinations of LT phases (protected or permitted) and spatial features, three scenarios can be generalized, as given in
Table 1.

3. Capacity analysis

This section presents an analysis on the operation mechanisms of traffic flow in exclusive or shared LT lanes for three scenarios. In
general, there are two stop lines for LTs at intersections with LTWAs, as shown in Fig. 2: the approach stop line (SL I) and LTWA stop
line (SL II). In order to make full use of the queuing space, SL II is located very close to the conflict point between LVs and opposing
TVs. Therefore, the capacity of LT lanes is limited by the two stop lines. On this basis, quantitative models were developed to estimate
the capacities of exclusive or shared LT lanes in three scenarios.

3.1. Assumptions

1) The arrivals of vehicles are independent and assumed to follow a Poisson distribution.

Table 1
Description of three scenarios.

Scenario Phase type Approach type Corresponding relationship Figure
Scenario 1 Protected Exclusive LT One-to-one Fig. 1(a)
One-to-multiple Fig. 1(b)
Scenario 2 Permitted Exclusive LT One-to-one Fig. 1(a)
One-to-multiple Fig. 1(b)
Scenario 3 Permitted Shared LT One-to-one Fig. 1(c)
One-to-multiple Fig. 1(d)
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tine (Example with K=4)

Trajectories of
vehicles
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Trajectory of (K+1)th vehicle SLI SLI

Fig. 2. Operation mechanism analysis for LVs in scenario 1.

2) Drivers are assumed to be both consistent and homogeneous, so the critical gap and follow-up time do not vary among LVs.

3) The locations of SL II and conflict points between LVs and opposite TVs are the same. Because the impact of opposing LVs is
neglected, TVs pass SL I to go through the intersection.

4) Traffic demand and saturation are assumed to be consistent within a period of time.

3.2. Parameter description

To facilitate model presentation, Table 2 summarizes the key parameters used hereafter.

3.3. Capacity formulation

3.3.1. Scenario 1: protected LT phase and exclusive LT lane

This is the most common scenario in many cities in China. The LT traffic flow operation mechanism is illustrated below. LVs enter
the waiting area during the through-going phase. Vehicles in the LTWA are discharged during the lagging LT phase. When the LT
phase ends, the LVs are prohibited from entering the waiting areas until the next through-going phase is initiated.

The capacity of LT lanes is jointly determined by the capacities at SL I and SL II, as shown in Egs. (1)-(5). The capacity at SL I can
be calculated with Eq. (3) because all LVs can pass SL I during the green phase for LVs and TVs. The number of vehicles that pass SL II
can be divided into two parts: the vehicles waiting at the LTWA, and vehicles entering the LTWA after the start of the LT phase. The
first part is equal to the storage capacity of the LTWA K. The second part is calculated based on the operation state of left turn traffic
flow; moreover, effective green time of LT phase is also influenced by associated shock waves in the LTWA and increased clearance
time with last through-going phase.

As indicated in Fig. 2, at the beginning of the LT phase, LVs pass SL II and create a queuing shock wave that propagates backward
to SL I. Then, vehicles waiting at SL I begin to discharge with the saturation flow rate, and the effective green time of the protected LT
phase should substract Ly;/uy, s. Meanwhile, as shown in Fig. 3, when LT phase begins, as discussed previously, LVs started from SL II
at the intersection with LTWAs, instead of SL I at the intersection without LTWAs. This implies a longer clearance time is needed to
guarantee the last through-going vehicle can pass through the collision point before the first left turn vehicle is in the lagging LT
phase. Clearance time between through-going phase and lagging left-turn phase without and with LTWAs, is denoted by tejear, t'clears
respectively. They are calculated using Egs. (1) and (2).

L L
Lelear = 36(ﬂ__L)

Vio Vi (@))]
, Lo L—L L
Croar = 3.6(ﬂ—L7k1) = tutoar + 3.6—2

Vro Vi Vi @

Assuming that t ., is greater than zero without LTWA, the clearance time should be increased (3.6%’;1)5. It is predicted that the
cycle length and other phases’ green time are unaffected; moreover, the effective green time of the ﬁ)rotected LT phase should
decrease 3.6LV—"Lls.

Hence, the capacity at SL II can be calculated with Eq. (4). The capacity of this scenario is then the minimum of Cap1 and Cap2, as

shown in Eq. (5).
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Notation.
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LTWA designing parameters

i

Number of LT lanes, 1, 2, ..., n

Capacity of LTWA (pcu)

Capacity of the first waiting lane, which is the one closest to the road centerline in the LTWA (pcu)

Average capacity of LTWA lanes other than the first waiting lane (pcu)

Number of lanes in the LTWA

Length of first waiting lane (m)

Reduction factor of other waiting lanes in the LTWA to the first waiting lane. This is determined by the geometric conditions of the
intersection. In order to simplify the calculation between a and capacity and reflect their relationship clearly, k = ak; and K = kg + (n—1)k
Proportionality factor of the length and capacity of the first waiting lane in the LTWA. In other words, the reciprocal of the jam density
B = Lia/ki (m/pcu). This varies with the driving characteristics at different intersections and should be determined by field measurements
according to the formulation from the literature (Oppenlander and Oppenlander, 1989)

Vehicle operation characteristic parameters

qr Volume of LT traffic flow of entrance lane (pcu/h)
qr Volume of through traffic flow of entrance lane (pcu/h)
qro Volume of opposing through traffic flow (pcu/h)
AL Arrival rate of LT traffic flow (pcu/s)
Ar Arrival rate of through traffic flow (pcu/s)
Aro Arrival rate of opposing through traffic flow (pcu/s)
SL Saturation flow rate of LT traffic flow (pcu/s)
St Saturation flow rate of through traffic flow (pcu/s)
STO Saturation flow rate of opposing through traffic flow (pcu/s)
StL Saturation flow rate of left through-going traffic flow (pcu/s)
v Average travel speed of LT traffic flow (km/h)
vr Average travel speed of through-going traffic flow (km/h)
Vro Average travel speed of opposing through-going traffic flow (km/h)
h, Minimum time headway of LT traffic flow (s)
t, Critical gap of LT traffic flow (s)
t Following time headway of LT traffic flow (s)
Cap Capacity of exclusive LT or shared lane (pcu/h)
Signal scheme parameters
C Cycle length (s)
& Effective green time of LT phase (assuming that the effective green time is equal to the green signal-showing time) (s)
&r Effective green time of through-going phase (s)
& Effective green time of left through-going phase (s)
I Amber time of adjacent phase (s)
Parameters involved in three specific scenarios
Scenario 1
Ly Distance of left turn vehicles travel from stop line in LTWAs to collision points with LTWAs, as shown in Fig. 3
Lto Distance of through vehicles travel from stop line to collision points with LTWAs, as shown in Fig. 3
&’ Effective green time of LT phase with LTWA in scenario 1, which is equal to g;—L1/vy, (s)
Uy Wave velocity of starting wave (km/h)
tw Time needed for starting wave to spread from furthest edge of LTWA to stop line (s)
Capl Maximum number of LVs passing through stop line per hour (pcu/h)
Cap2 Maximum number of LVs passing through conflict spot per hour (pcu/h)
Scenarios 2 and 3
Py Proportion of LVs in shared LT lane
Pr Proportion of TVs in shared LT lane
Sto Distance from stop line to collision point of opposing through-going traffic flow (m)
St Distance from stop line to collision point of LT traffic flow (m)
Q. Capacity of minor traffic flow (LT traffic flow) (pcu/s)
t; Duration of stage i (explained in Sections 3.3.2 and 3.3.3) (s)
Di Probability of i TVs passing SL I in a certain stage
Ny Maximum or expected number of LVs passing through “collision point” in stage i (pcu)
N Maximum or expected number of TVs passing through SL II in stage i (pcu)
Lar Number of LT arrival vehicles at beginning of stage 2 (pcu)
Lar Number of through-going arrival vehicles at beginning of stage 2 (pcu)
L'g Number of arriving LVs at beginning of stage 3 (pcu)
L'ar Number of arriving TVs at beginning of stage 3 (pcu)
Cap;, Capacity of LT traffic flow in shared lane (pcu/h)
Capl = g(gT +1+g)

- —3.6Li1 /Uy —3.6LiaV,
Cap2 = 3600 (K+ g W) _ 3600 (K+ g 1/ Uy a L)

hy 3)

c hy (©)]

t
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(a) Without LTWAs

(b) Exclusive left turn lane with LTWAs (c) Shared left turn lane with LTWAs

Fig. 3. Trajectories of LVs and opposing TVs.

Cap = min{Cap1,Cap2} ()]

3.3.2. Scenario 2: permitted LT phase and exclusive LT lane

In Scenario 2, LVs cannot enter the LTWA until the permitted LT phase is initiated. Along the same line, the capacity of an
exclusive LT lane must be assessed according to two aspects: the maximum number of vehicles passing SL I and whether or not
vehicles can proceed through SL I It is assumed that opposing TVs have higher priority than LVs, which means that LVs only pass
through the intersection by utilizing an appropriate critical gap. During left turn green time, LVs can stop in LTWAs to seek ap-
propriate critical gaps. When the permitted LT phase ends, vehicles in the LTWA must leave the area. According to traffic rules, no
vehicle is allowed to stay in the area. Therefore, the operation mechanism for LVs to pass through the intersection can be divided into
four stages.

I. Stage 1: Green initial

There are two possible scenarios in stage 1. If drivers obey traffic rule I (i.e., opposing TVs first pass the collision point), the
expected number of LVs passing through the collision point (SL II) in stage 1, Ny;, is zero. However, if drivers follow traffic rule II
(i.e., vehicles that arrive first at the collision point are first to leave), then the number of LVs is determined by the geometric
conditions and vehicle velocity. Generally speaking, the distance from SL I to the collision point (SL II) of LVs is closer than that for
opposing TVs, so LVs may move through the collision point before the first opposing TVs do. Therefore, if drivers follow traffic rule II,
which is very popular in China, t; and N;; can be obtained with the following formulas:

ti = Sro/vro 6

N = [(h—i)/th
Vro VL (7)

Eq. (6) represents the time for the first opposing TV to move from SLI to SLII. In Eq. (7), the number of LVs passing SL II in stage 1
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is calculated based on a ratio of two variables: the time lag between the first LV and the opposing TV, (%g—%), and the following
headway time of LVs,ts

II. Stage 2: Opposing through-going traffic flow passes through the collision point (SL II) at the saturation flow rate
This stage starts as the first opposing TV arrives at SL II and ends when the opposing through-going queue is cleared. Because

opposing TVs that arrive at the stop line during the red phase need to leave SL II at the saturation flow rate, LVs have to wait during
this period in the LTWA, and N;, = 0. The duration of this stage ¢, is expressed by Eq. (9):

Np=0 8
b= Ar0(C—gp)
= 20 STC

Sto—4r0 ()]

III. Stage 3: LVs pass the collision point (SL II) utilizing the accepted gap

This stage starts as the opposing through-going movement begins to pass SL II at an unsaturated flow rate and ends when the
green phase is ended. The opposing through-going traffic flow is assumed to be the major flow, and the LT traffic flow is assumed to
be the minor one. The critical gap t. and following headway time t; are affected by factors such as the number of opposing through-
going lanes and proportion of heavy traffic. These can be calculated according to the Highway Capacity Manual 2010. Based on
critical gap theory, the capacity of the minor traffic flow Q; (LT traffic flow in this stage) can be obtained by using Eq. (8), and t3 and
N3 are as given in Eq. (11):

e—Totc
QL= ATOl—e‘i’lTO‘f (10)
& = g —h—H N3 = min{nQr,ks.} an

In Eq. (9), the duration of the stage is the remaining permitted LT phase time (g, —t—5), and nQ;, is the maximum number of
vehicles that pass SL II considering the multiple waiting lane parameter n. ts; is the maximum number of vehicles passing SL I in
stage 3. Therefore, Ny takes the smaller value between nt;Q; and t;s;.

IV. Stage 4: LTWA is cleared during inter-green interval

When the permitted LT phase ends, there may be some vehicles left in the LTWA. These leave the area and pass SL II during the
inter-green interval. The inter-green interval starts from the end of the current green light to the start of next green light, aiming to
separate conflicting traffic flows at signalized intersection. The duration of inter-green interval, along with amber and red intervals, is
a key design variable in providing efficient and safe operation at intersections. Amber signal light is set to duel with dilemma zone
when signal changes from green light to red light. All-red time is to make sure vehicles which have passed stop lines during amber
pass through collision points safely before the first vehicle in the following phase arrives at the point. There are various signal timing
design methods to calculating it in present study, and the main influencing factors include clearance/entering distance, speeds,
approach slopes, the length of vehicles, and crossing time. One method is shown in Egs. (1) and (2) in the paper. To simplify
calculation in case studies, amber time and all-red time are considered to be 3 and 0 seconds in the paper. In practice, inter-green
interval should be determined by specific conditions. The maximum number of LVs passing SL II N, is the storage capacity of the
LTWA K.

In conclusion, for the scenario of an exclusive LT lane with a permitted LT phase, the maximum number N; of LVs passing SL II
and the capacity of the exclusive LT lane Cap are as given in Egs. (12) and (13):

NL = min{(NLl + NL2 + NL3 + NL4)’gTLsL} (12)
3600
Cap = N;
p T v 13)

In Eq. (12), the maximum number of LVs passing the intersection is the sum of Ny; and is restricted by the saturation volume of
LVs g 1.

3.3.3. Scenario 3: permitted LT phase and shared LT lane

In the case of a shared LT lane with a permitted LT phase, the operation of the LT traffic flow is similar to that in scenario 2 and is
classified into four stages. The only difference is that when LVs spill out of the waiting area, vehicles in the shared LT lane will be
blocked. Thus, the movement process of the through-going traffic flow in a shared LT lane is particularly complex and the number of
TVs passing the intersection is related to the queue length of LVs, the capacity of the LTWA, and the arrival rates of the LVs and TVs.
The computational models for the capacity of a shared LT lane can be developed based on the following four stages.

Stage 1: Green initial

In stage 1, t; and Ny; can be calculated as given in Egs. (6) and (7), and the maximum number of TVs in the shared LT lane can be

187



W. Ma et al. Transportation Research Part A 105 (2017) 181-196

estimated as the product of the duration t; and saturation of the TVs s7.

Stage 2: Opposite through-going traffic flow passes the collision point (SL II) at the saturation flow rate

The duration and number of LVs passing SL II of stage 2 can be calculated by using Egs. (8) and (9). As described above, if the
number of arriving LVs is more than K, the (K + 1)th LV blocks the TVs in the shared lane. As a result, it is necessary to compare the
parameters Ly, and K and calculate the expected number of TVs according to binominal distribution theory (Tian and Wu, 2006). The
probability that i TVs passing through SL I and the expected number of TVs are denoted by p; and Er, respectively. These are given by
Egs. (14)-(19):

Lo = (C—g)AL + A.65—Npy
Lgr = (C—g)Ar + Arti—Npy 14

In Eq. (14), the number of LT arrival vehicles at the beginning of stage 2 Ly; is divided into three parts. (C—g)A, represents the
number of LVs arriving during the red light, 1,4 is the average number of LVs arriving during stage 1, and N;; is the number of LVs
departing during stage 1. The number of through-going arrival vehicles at the beginning of stage 2 Ly is calculated similarly to Lg;.
According to the relationship between Ly and the storage capacity of the LTWA K, the capacity at stage 2 can be calculated with the
following equations.

D Ly 2EK+1)

When stage 2 starts, the number of arriving LVs is more than the capacity of the LTWA K. The probability p; that i TVs pass
through the intersection before the (K + 1)th LV is described in Eq. (15):
p; = CLxPiPEP = Cl « PLPEY (i = 0,1,....Lar) (15)
Lar Lar ) )
Er= ), pi= )} iCigPiPf*
i=0 i=0 (16)

Eq. (16) is used to calculate the expected number of TVs. Owing to Ly, > (K + 1), the maximum number of departing TV is Ly
2) LdL =K

When stage 2 starts, the number of arriving LVs is equal to the capacity of the LTWA K:

D = CL g PiPEY (i = 0,1,...,.Lar + ts7) a7
Lgr+t2sT
Er= ), pi
i=0 a8)

Egs. (17) and (18) are explained similar to Egs. (15) and (16). The only difference is the maximum number of departing TVs.
When the arriving LVs K, enter the waiting area, TVs can still pass SL I. The maximum number of departing TVs is (Lgr + 657).

3) LdL <K

When stage 2 starts, the number of arriving LVs is less than the capacity of the LTWA K. Moreover, the number of arriving LVs at
the end of stage 2 may be more or less than K. Thus, the calculation of p; and Er is divided into two situations:

(1) Lo + by > (K + 1), p, = Cl, ¢ PLPK PLEp = 31412 pj

>
i i Lar+ist .
() Lar + b, < K, py = Clyyy i PRPE M) By = 34072 pi

Therefore, the expected number of TVs passing through the intersection in stage 2 N7, can be summarized as

Lar
D iCLxPEPE (L 2 (K + 1)
i=0
Ldr+t2sT ) )
iCl g PtPE Ly = K)
Nry = =0
Lar+t2sT
iCl g PR PE  (Lay < K\Lap + b4 2 (K + 1))
i=0
Ldr+1t2sT
ic; P{P{F MLy < K Lyr + by < K)
i+(Ldr+0241) T L dL sbedL AL X
i=0 19)

Stage 3: LVs pass the collision point (SL II) utilizing the accepted gap
The calculations for t3, Q;, and N3 are the same as those in scenario 2 and can use Egs. (10) and (11). N’;, and N’7, represent the
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average number of LVs and TVs, respectively, leaving the intersection during stage 2. If the number of arriving LVs at the end of stage
3 is more than (nt3Q; + K), the (nt3 Q; + K + 1)th LV blocks the TVs in the shared lane; otherwise, there is no possibility of the
arriving TVs passing SL I at the end of stage 3.

Ly = Lar + A,=Np = Lar, + 4,,—0
Lar+tAr
LdIT = LdT + ATtZ_NT/‘Z = LdT + /1Tt2— Z pll
i=0 (20)

In Eq. (20), the number of arriving LVs and TVs at the initial part of stage 3 L’ and L4y are calculated just like Ly, and Lgr. This
depends on three factors: the number of arriving vehicles at the initial part of stage 2, the number of arriving vehicles during stage 2,
and the number of departing vehicles during stage 2.

1) LéL + [3)LL > (l’l[g,QL + K+ 1)

When stage 3 ends, the number of arriving LVs is more than (nt3Q; + K). Under these conditions, the arriving LVs block some TVs
from progressing through SL I. Then, p; (the probability of i TVs passing SL I in stage 3) and Er are calculated as follows:

P = Cliusauei PRI ORL (= 12,0, Lir + t357) (21)
Ld’T+t3sT

Er = Z b
i=0

In Eq. (21), (nt3Q; + K) represents the number of LVs passing SL I in the stage, and the maximum number of TVs passing SL I is
(Lar + tsr).

(22)

2) Lj;, + 4, < (nQ, + K)

When stage 3 ends, the number of arriving LVs is (Lg; + ts7). In this case, all of the arriving LVs stay in the LTWA and do not
block TVs. Compared to Eq. (19), (ntz Q. + K) should be replaced with (Lj; + ts.), as given in Egs. (23) and (24):

i i oLy +13AL) /.
p = Cil+(Lf’,L+t3/1L)PTI‘PL AT G = 1,2,....Lir + &St) (23)
Ld’T+t3sT
Er= ), Bi
i—o 24)

Therefore, the expected number of TVs passing through SL I in stage 3 N3 is summarized as follows:
Ld’T+tasT
Er= ) iChamaoPrPI U (LY + 6 > (nQp + K + 1))

i=0
Nr3 =

Ld’T+l3sT ( 0
i i L+
Er = Z lCi‘+(LL’1L+l3AL)P%PL WIS+ 64, < (13Q + K))
i=0 (25)

Stage 4: LTWA is cleared during the inter-green interval.
Similar to stage 4 in situation 2, the maximum number of LVs passing SL II Ny, is K, and Np4 = 0. In summary, in scenario 3, the
capacity of the shared LT lane and the LT traffic flow are given as follows:

Cap = min{(NLl + NLZ + NL3 + NL4 + NTl + NTZ + NT3 + NT4)53600%STL} (26)

Cap, = CapF, (27)
4. Model validation and analysis
4.1. Case description
Fig. 4 shows the lane distributions and signal schemes for the three scenarios. To validate the accuracy and illustrate the ap-
plicability of the proposed models, the capacity of left turn and through traffic flows considering setting LTWAs from the intersection
south approach is studied, and six numerical cases of three scenarios are designed in the paper.
Scenario 1: exclusive LT lane with protected LT phases, as shown in Fig. 4(a) and (c).

Scenario 2: exclusive LT lane with permitted LT phase, as shown in Fig. 4(a) and (d).
Scenario 3: shared LT lane with permitted LT phase, as shown in Fig. 4(b) and (d).
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Fig. 4. Lane layouts and signal phases.

The traffic demands were the same in the three scenarios, and the signal-timing scheme was calculated based on the principle that
the phases have the same key traffic flow saturation. a and  were 0.5 and 8.5 in these cases. Table 3 presents the parameters for the
cases.

4.2. Model validation

In order to test the accuracy of the proposed model, simulation models were built for each scenario listed above with the VISSIM
software package. Parameters in numerical cases were obtained based on the observation of real signalized intersections in Shanghai
to guarantee their rationality, and VISSIM simulation model parameters should be adjusted accordingly. In the VISSIM models, the
average speeds of the LVs and TVs were 20 and 25 km/h, respectively. The critical gap and following headway were 5.5 and 2.5 s,

Table 3
Parameters used in six cases.

Scenario

Scenario 1

Scenario 2

Scenario 3

Figure
Signal scheme

Traffic volume

Vehicle movement

Geometric conditions
Ratio factors

Fig. 4(a) and (c)

C =120/90 s
gr = 35/20s
g = 25/24s
I=3s

qr = 277 pcu/h
qr = 416 pcu/h
s;, = 1420 pcu/h
st = 1520 pcu/h

Fig. 4(a) and (d)

C =120/80s
gr = 60/40 s
I=3s

qr = 277 pcu/h
qr = 416 pcu/h
qro = 500 pcu/h
s, = 1300 pcu/h
sy = 1800 pcu/h
sto = 1800 pcu/h
P, =0.4Pr=0.6

vy = 20km/h; vp = vro=25km/h; tc = 5.55; t; = 2.5

S, =27m; S0 = 45m
a=0.5p8=385

Fig. 4(b) and (d)

C =120/80s
gr = 60/40's
I=3s

qr = 277 pcu/h
qr = 416 pcu/h
qro = 500 pcu/h
st = 1300 pcu/h
sto = 1800 pcu/h
P, =0.4; Pr = 0.6
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Table 4
Results of models, simulations, and hypothesis tests of three scenarios.

Scenario 1 n 1 2

C =120 k; 0 1 2 3 1 2 3
VISSIM 290 293 297 297 301 320 334
Model 295 300 309 313 309 325 340
Relative Error 1.7% 0.7% 4.0% 5.4% 3.0% 1.6% 1.8%

T=Y ti=64,¢ < T<c

Accept the null hypothesis; no significant difference

c=90 VISSIM 398 390 392 372 400 410 416
Model 378 378 378 377 398 418 437
Relative error —5.0% -3.1% —3.6% 1.3% —0.5% 2.0% 5.0%

T=Y =556 <T<c

Accept the null hypothesis; no significant difference

Scenario 2 n 1 2

C =120 ki 0 1 2 3 1 2 3
VISSIM 265 300 345 388 491 516 532
Model 270 300 330 360 450 480 540
Relative error 1.9% 0.0% —4.3% -7.2% —8.4% —7.0% 1.5%

T= 23:1 rp =53, ¢ < T < cy Accept the null hypothesis; no significant difference

C =280 VISSIM 276 344 382 432 523 528 599
Model 270 315 360 405 495 540 630
Relative Error -2.2% —8.4% —5.8% —6.3% —5.4% 2.3% 5.2%

T= 2;1 1i = 54, ¢c; < T < ¢, Accept the null hypothesis; no significant difference

Scenario 3 n 1 2

C =120 k; 0 1 2 3 1 2 3
VISSIM 154 221 232 239 222 230 230
Model 168 204 228 252 222 252 252
Relative Error 9.1% —=7.7% -1.7% 5.4% 0.0% 9.6% 9.6%

T= 217:1 1 =48.5, ¢c; < T < ¢ Accept the null hypothesis; no significant difference

C =280 VISSIM 170 246 262 262 236 243 245
Model 180 234 252 252 252 252 252
Relative Error 5.9% —4.9% —3.8% —3.8% 6.8% 3.7% 2.9%

T= 2;1 1i = 46, c; < T < ¢, Accept the null hypothesis; no significant difference

respectively. The signal scheme, saturations of different lanes, proportion of LVs and TVs, and geometric conditions were guaranteed
to be the same in the simulations and capacity estimation models. Ten simulations from different random seeds were conducted and
the final results were the average values over ten simulations.

The difference between the capacity estimation models and simulations was considered by using the rank sum test, which is a
nonparametric hypothesis test method. The null hypothesis H, means that there is no difference between two samples. In the rank
sum test, the test statistic T is the rank sum of two samples. Assuming a confidence level of 0.05, the sample size and critical values
were 7 and ¢; = 37 and ¢, = 68. The test results are given in Table 4.

In scenario 1, for cases of different signal cycles, there was no significant difference in the model and simulation results when the
confidence level was 0.05. The range of the relative error was [ —5.0%, 5.4%], and the average relative error of the samples was
1.02%. The existing relative error was mainly caused by the parameter f (i.e., proportionality factor of the length and capacity of the
first LT waiting lane), which was given a default value in simulations and could not be accurately calibrated to 8.5. Furthermore, the
VISSIM simulation results were random, which led to some deviations from the capacity in the estimated models. For cases of
different signal cycles in scenario 2, there was no significant difference when the confidence level is 0.05. The range of the relative
error was [ —8.4%, 5.2%], and the average relative error of the samples was — 3.15%. For this model, the calculation of LVs passing
SL I in stage 3 was simplified by assuming that the critical gap obeyed a uniform distribution rather than a Poisson distribution in the
simulation. This may have resulted in some relative errors in scenario 2. For cases of different signal cycles in scenario 3, there was no
significant difference when the confidence level was 0.05. The range of the relative error was [—7.7%, 9.6%], and the average
relative error of the samples was 2.22%. For the model, the probability that TVs were blocked by LVs was described by using a
binomial distribution probability model (Tian and Wu, 2006; Zhou and Zhuang, 2012) to obtain the expected capacity of LVs in the
shared LT lane. In contrast, the simulation results were more stochastic, which may have produced some relative errors.

In conclusion, the rank sum test results showed no significant difference (at a confidence level of 0.05) for the six cases and that
the range of the relative error was [ —10%, 10%]. Thus, the three capacity estimation models were confirmed to have high accuracy.

4.3. Sensitivity analysis

As stated previously, several critical design factors affect the results of capacity calculation models; these include the number of
lanes in the LTWA, n, and capacity of the first waiting lane in the LTWA k;. Sensitivity analyses are conducted on the parameters n
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and k; to provide operational guidelines for designing LTWAs with certain combinations of lane distributions and signal phases at
signalized intersections. In the numerical cases, n ranges from 1 to 4, k; ranges from 1 to 12, and the signal schemes are described in
Table 3. The cycle length for all three scenarios is 120 s. cap0 denotes the initial capacity of LVs without an LTWA, while cap(min)
and cap(max) denote the minimum and maximum capacities of LVs with n and k; of 1-4 and 1-12, respectively.

4.3.1. Scope of application of LTWAs layout in scenario 1/2/3

As stated previously in 3.3.1, compared with the capacity of exclusive LT lane without LTWAs, the capacity of left turn traffic flow
with LTWAs is the result of mutual balance between storage capacity of LTWAs and the decrease of effective green time of LT phase.
According to Eq. (3), 3.68s;(1/vy + 1/uy) < (K/k) = 1 + a(n—1), setting LTWAs can improve the capacity of the LT lane, which
increases with parameters n and k; increasing. When 3.68s;, (1/v; + 1/uy) = 1 + a(n—1), the capacity of the LT lane is not affected by
the LTWA. When 3.68s.(1/v + 1/uy) > 1 + a(n—1), setting LTWAs reduces the capacity of the LT lane, which decreases with in-
creasing k;. In order to facilitate applications in practice, this paper discusses the adaptable range of setting LTWAs in different
combinations (vy,s;), as illustrated in Fig. 5.

Fig. 5 shows the scope of application of setting LTWAs in scenario 1 under different $(6 m/pcu, 8 m/pcu, 10 m/pcu) when
average speed of left turn vehicles v; lies within [15 km/h, 45 km/h] and saturation flow rate of left turn vehicles s; belongs to
[1400pcu/h, 1800pcu/h]. The green region indicates that the capacity of left turn traffic flow will increase with setting LTWAs (n, the
number of lanes in LTWAs, =1), and the red region means the capacity will increase only when n = 2. If the factor n is limited no
more than 1, the red region also represents it shouldn’t set LTWAs. Moreover, with the factor f§ increasing, the green area decreases
and red area increases, which means the requirement of setting LTWAs gets much stricter. The reference values of v; and s; can be
adopted as Fig. 5 shown.

In scenario 2 (an exclusive LT lane with a permitted LT phase) and scenario 3 (a shared LT lane with a permitted LT phase), the
layout of the LTWA can improve the capacity of exclusive and shared LT lane. From the perspective of traffic operation benefit,
LTWAs are recommended in scenario 2 and scenario 3.

4.3.2. Capacity analysis in scenario 1/2/3

As shown in Fig. 6(al)—(a3), setting an LTWA can improve the capacity of exclusive or shared LT lanes with a permitted LT phase
(scenarios 2 and 3). For scenario 1 (with exclusive LT lane and protected LT phase) in the case when n=1,
3.6Bs,(1/vy + 1/uy) = 0.80 < 1 = 1 + an—1, the capacity of LT traffic flow can be improved by setting LTWAs, as shown in Fig. 6(al).
As shown in Fig. 6(a2) and (a3), the capacity curves with an LTWA always lie above the initial capacity curves without an LTWA. In
three scenarios, increasing the capacity of the first waiting lane k; and number of lanes in the LTWA n can help improve the capacity
of LVs. The maximum capacity in the three considered scenarios was limited by the saturation flow rate of left turns, the proportion of
LVs and TVs, and the volume of opposing TVs. Compared with scenario 1, scenarios 2 and 3 could obtain the maximum capacities
with increasing k; more easily when n = 2.

In order to review the performance of the proposed model under different situations, a new parameter, termed the capacity ratio,
was defined:

cap—cap0

capacity ratio =
pacty cap 28)

Fig. 6(b1)-(b3) shows the capacity ratio for different scenarios. The counter lines in these figures verified that both the storage
capacity of the first waiting lane k; and number of lanes n affect the LV capacity, and a capacity ratio value corresponds to multiple
combinations [n, k;]. However, the LTWA had different degrees of impact in the three scenarios, and the maximum capacity ratios
were 1.4, 1.2, and 0.3, respectively for the three scenarios. In the three scenarios, the curves became more severe along the Y-axis (n).
This shows that a greater value of n allowed the maximum capacity of k; to be obtained more easily. In the cases corresponding to the
maximum capacity, the combinations for [n, k;] were {[2,5]1[4,4]}, and {[2,6]1[3,51[4,4]} for scenarios 2 and 3, respectively.

Figs. 7 and 8 compare and plot the capacities of an exclusive or shared left turn lane, with and without LTWA, in the three typical
scenarios with the same signal timing algorithm, cycle length, traffic volume, and geometric conditions.

In scenario 1 (an exclusive LT lane with a protected LT phase), cap0, cap(min), and cap(max) were equal to 295, 309, and 756,
respectively. In scenario 2 (an exclusive LT lane with a permitted LT phase), cap0, cap(min), and cap(max) were 300, 300, and 690,
respectively. In scenario 3 (a shared LT lane with a permitted LT phase), cap0, cap(min), and cap(max) were 284, 311, and 686,
respectively. There existed an overlap of [300, 686] among LV capacity sets in three scenarios. That is, the differences among
operation efficiency in three scenarios can be reduced by setting LTWAs. Determining whether the spatial configuration and signal
scheme without LTWAs is suitable to the condition with LTWAs requires further study.

In scenario 2 (the exclusive LT lane with a permitted LT phase), setting an LTWA can improve the capacity of LT traffic flow and
may surpass the capacity in scenario 1 (an exclusive LT lane with a protected LT phase). Due to the decrease in phases and lost time,
operation effectiveness of intersection in scenario 2 will be better than that in scenario 1. Therefore, setting LTWAs is likely to change
the critical volume for designing protected LT phase, and various design schemes of LTWA may corresponding to different critical
volumes. Similarly, the critical volume of exclusive LT lane with LTWAs may be adjusted. Considering that capacity of LVs cannot
estimate the operation of approach exactly, the “average control delay of approach” is chosen as the critical criterion, and different
critical volumes with LTWAs are concluded in Table 5. Critical volumes of exclusive left turn lane are obtained by comparing the
average control delay of approach in scenario 2 and scenario 3, and critical volumes of protected left turn phase are determined based
on delay comparison between scenario 1 and scenario 2.
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Fig. 5. Scope of application of LTWAs layout in scenario 1.
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Fig. 6. Capacity analysis for left turn traffic flow in three scenarios.

Compared with HCM 2010 conclusions (100 vph for exclusive LT lane and 240 vph for protected LT phase), setting LTWAs can
increase critical volumes of exclusive LT lane and protected LT phase with increasing n or k;, which may change the best lane layout
and signal scheme in intersections compared with no LTWAs.

5. Conclusion

Probability theory and analysis of the LV operation mechanism are used to propose capacity estimation models for LT traffic flow
in exclusive or shared LT lanes in three typical scenarios. Numerical examples and simulation results are presented to demonstrate the
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Table 5
Critical volumes of exclusive LT lane and protected LT phase with LTWAs.

qro (pcu/h) 500 300

(nk;) Exclusive LT lane Protected LT phase Exclusive LT lane Protected LT phase
(1,0) 65 224 65 222
1,2) 94 284 94 280
1,4 104 342 108 458
(1,6) 100 402 158 422
(2,2) 94 298 96 298
2,9 107 406 130 410
(2,6) 158 406 186 422
3,2) 94 298 106 416
(3,4) 158 406 186 422
(3,6) 180 406 188 432

effectiveness of the proposed capacity estimation models.

This paper discusses the impact of LTWAs on operation of signalized intersection from the perspective of motor vehicle efficiency
(capacity and delay), and draws some conclusions about how to set LTWAs.

The first issue is whether an approach needs LTWAs. For scenario 1 (exclusive LT lane with a protected LT phase), setting an
LTWA can improve the LT traffic flow capacity only when the parameters satisfy the inequality 1 + an—1 > 3.68s, (1/v;, + 1/uy) (as
shown in Fig. 5). When B is 10 m/pcu, setting LTWAs is recommended if the average speed of LVs exceeds 37 km/h and not re-
commended if that’s less than 23 km/h. Else, determining whether an approach is applicable for LTWAs should be based on the
maximum n (number of lanes in LTWAs) and the inequality. For scenario 2/3 (an exclusive LT lane with a permitted LT phase or a
shared LT lane with a permitted LT phase), the layout of the LTWA can improve the LT traffic flow capacity and decrease delay in any
scenario. Thus, setting LTWAs in appropriate conditions is recommended.
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The second issue is how to set LTWAs to achieve maximum operation efficiency. Capacity will increase with increasing n(number
of lanes in the LTWA) or k; (capacity of the first waiting lane). When K (Capacity of LTWA) is kept constant, the more n, the better
operation efficiency of LVs. Moreover, the capacity of LVs does not correlate positively with K, and it is influenced by LTWA design
parameters (n,k;). In practical applications, engineers can choose an appropriate LTWA design scheme based on accurate service level
using capacity ratio contour plot, as shown in Fig. 6(b1)—(b3). Finally, this paper chooses average control delay of approach as critical
criterion, and concludes different critical left turn volumes of exclusive LT lanes and protected LT phase with different LTWAs design
schemes, which is instructive to left turn traffic design.

This paper presents the preliminary evaluation results for the proposed model under bidirectional balanced LT traffic demand.
More extensive numerical experiments or field tests will be conducted in the future to assess the effectiveness of the proposed model
with various traffic demand patterns and intersection geometry configurations. Moreover, future work will explore the best LTWAs
design scheme from multiple perspectives, such as traffic safety and motor vehicles’ energy consumption. In addition, research into
the LTWA capacity can be combined with a dynamic lane assignment approach, which may greatly improve traffic efficiency at
signalized intersections.
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