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ARTICLE INFO ABSTRACT

Keywords: Contraflow left-turn lane (CLL) design has been increasingly used in China to help relieve traffic
Contraflow left-turn lane congestion associated with left-turning vehicles at signalized intersections. With the CLL design,
Unconventional design one or multiple left-turn lanes are setup in the opposing through lanes adjacent to the median.

Actuated signal control
Shock wave
Signalized intersections

The basic idea of the CLL design is to provide additional capacity to left-turning vehicles by
making use of the opposing through lanes. The primary objective of the present study was to
propose an actuated signal control strategy to improve the operations of the CLL design at sig-
nalized intersections. The proposed control strategy introduced an extra stage between the pre-
signal and the main signal at the signalized intersection with the CLL design. Two detectors were
installed: one at the upstream median opening and the other at the contraflow lane. A procedure
was proposed for optimizing the distance between the upstream median opening and the main
signal, such that the discharge rate of the left-turning vehicles and the utilization rate of the
contraflow lane can be maximized. Simulation experiments were conducted to compare the
performance of the proposed actuated control strategy versus the fixed time control strategy. The
results show that the proposed design concept outperforms the fixed time control strategy in
increasing capacity and reducing delay for left-turning vehicles.

1. Introduction

Signalized intersections are main bottlenecks. Previous researchers have proposed numerous unconventional design concepts to
relieve traffic congestion at signalized intersections. These unconventional design concepts include median U-turns, continuous flow
design, left-turn waiting area design, outside left-turn lane design, tandem design and more recently, the contraflow left-turn lane
(CLL) design (Hummer, 1998; Liu et al., 2008, 2011; Xuan et al., 2011; Yang et al., 2012; El Esawey and Sayed, 2013; Yang et al.,
2013; Zhao et al., 2013; Bie and Liu, 2014; Krause et al., 2014; Dong et al., 2016; Guler et al., 2016; Kozey et al., 2016; Wu et al.,
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Fig. 1. Geometric layout of contraflow left-turn lane design.

2016; Yang and Cheng, 2017; Yang and Shi, 2017; Zhao et al., 2018). As for the CLL design, one or multiple contraflow left-turn lanes
are deployed in the opposing through lanes adjacent to the median. The basic idea of the design concept is to provide additional
capacity to left-turning vehicles by making use of the opposing through lanes dynamically.

A typical geometric layout of the CLL design at a signalized intersection is shown in Fig. 1. On each approach, a median opening is
installed upstream of the stop line at the main signal. A pre-signal with the same signal cycle as the main signal is setup at the median
opening to control the vehicles entering the contraflow lane. The CLL design can be deployed to one or multiple legs of a signalized
intersection. If the CLL is deployed to one leg only, it will not affect the signal timing planning and geometric design of the other three
legs. Thus, the use of CLL design could be quite flexible, and its applicability depends on the geometric design characteristics and
traffic conditions at signalized intersections. In China, the CLL design was deployed at five signalized intersections in the city of
Handan in 2014 and has been expanded to more than fifty signalized intersections in twelve cities during the past three years.

Fig. 2 depicts the signal timing plan for the CLL design at a four-leg signalized intersection with a stage-based scheme. Note that in
Fig. 2 the CLL design is applied to four legs of the intersection. For convenience, the right-turn movements and pedestrians are
excluded because they do not significantly influence the operations of the CLL design. Therefore, there is only one movement in each
phase, and both movements and phases are denoted by the green squares in Fig. 2. In stage one, the through movements on the minor
road are starting to be discharged (movement 4 and 8 in Fig. 2). After a while, the pre-signals on the major road turn green and the
left-turning vehicles queuing upstream of the median openings are starting to enter the contraflow lanes through the median openings
(movement 9 and 12). In stage two, the left-turning vehicles in both conventional and contraflow lanes are starting to be discharged
together (movement 1 and 5). In this stage, the pre-signals on the major road turn red, and the entrance into contraflow lanes is
prohibited. The purpose is to guarantee that vehicles in the contraflow lanes can be fully discharged during stage two. The following
two stages are similar to the first two stages mentioned above. A field video is provided to help readers better understand the design
concept (see: https://youtu.be/xb5cvAAbulQ). Note that the use of CLL design requires a leading protected left-turn phase and the
left-turn movements should follow the through movement on the crossing street.

The idea of using pre-signals at signalized intersections is not new. Xuan et al. proposed an unconventional left-turn treatment
called “tandem” intersection design. Two stop lines were deployed at a signalized intersection, and the area between these two stop
lines is called the “sorting area”. The lanes in the sorting area are jointly and dynamically used by both left-turning and through
vehicles. A pre-signal is installed upstream of the main signal to allocate green time to left-turning and through vehicles alternatively.
The pre-signal starts its cycle by giving green time to the left-turn movement, allowing the left-turning vehicles to enter the sorting
area when the main signal turns red. Then, the pre-signal allows the through vehicles to enter the sorting area, lining up behind the
left-turning vehicles. With the tandem design, both left-turning and through vehicles can make use of more lanes than those at
conventional signalized intersections, resulting in increased capacity (Xuan et al., 2011).

Several researchers have evaluated the safety and operational performance of the CLL design. Zhao et al. employed a lane-based
algorithm to optimize the CLL design. They conducted simulation-based analyses using a VISSIM simulation model to evaluate the
effects of the CLL design. The results suggested that the CLL design increases the capacity of signalized intersections (Zhao et al.,
2013; Wong and Wong, 2003). Wu et al. evaluated the operational performance of the CLL design with the field data collected from
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Fig. 2. Signal control plan for the main and pre-signals at the signalized intersection with the CLL design.

five signalized intersections in Handan, China. The authors developed analytical models to calculate the capacity and delay asso-
ciated with the left-turn movements at the selected intersections with the CLL design. They found that the CLL design improves the
capacity of left-turning vehicles at signalized intersections, and the capacity gains mainly depend on the number of left-turning
vehicles that are discharged through the contraflow lanes. Therefore, the capacity gains associated with the CLL design could be quite
stochastic because the usage of contraflow lanes is heavily affected by the arrival pattern of left-turning vehicles. Wu et al. also
proposed a procedure for optimizing the location of the upstream median opening and the green interval of the pre-signal, given the
signal timing plan of the main signal. The authors compared the operational performance of the conventional design, the tandem
design, and the proposed contraflow left-turn lane design through traffic simulations. The results indicated that the CLL design
generates less delay to both through and left-turn movements than the conventional and tandem design do (Wu et al., 2016).

Despite the benefits that have been demonstrated by previous studies, the CLL design may suffer from several limitations: (a)
vehicles that cannot be fully discharged from the contraflow lanes may be exposed to the risks of head-on collisions with the through
vehicles in the opposing direction, leading to safety concerns at signalized intersections; (b) the storage capacity of CLLs sometimes
cannot be fully used mainly because of the stochastic arrival pattern of left-turning vehicles; and (c) the green-time duration of the
pre-signal is constrained by the green-time duration of the through movement on the crossing street, resulting in limited capacity
gains achieved by the CLL design.

So far all the signalized intersections with the CLL design in China used a fixed time signal control system. The primary objective
of the present study was to propose an actuated signal control strategy to improve the operations of the CLL design at signalized
intersections. We expect that with the proposed actuated signal control strategy the limitations associated with the fixed time CLL
design can be addressed, and the operations of the CLL design can be improved. The rest of the paper is organized as follows. First, the
data sources and field data collection procedure are presented. The paper then elaborates the proposed actuated signal control
strategy and discusses the design optimization procedure, followed by a discussion on the comparative analysis results. The con-
clusion and discussion of research findings are included in the last section.

2. Field data collection

The authors conducted field data collection at six approaches at five signalized intersections in Handan, China. The following
criteria were applied for site selection: (a) the selected intersection should be a four-leg intersection, and at least one of the ap-
proaches should be deployed with the CLL design; (b) for the selected approaches, there were no bus stations or roadside parking
space within 100 m upstream and downstream of the stop lines; (c) the left-turn traffic demand should be high. More specifically, the
average queue length for the left-turning vehicles should be greater than eight vehicles per cycle; and (d) the approach grade should
be level. The characteristics of the selected sites are presented in Table 1.
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Table 1
Characteristics of the selected signalized intersections.
Site Intersection D* L" (m) G% (s) g"e (s) n‘y ncon
1 Fudong RD & Lianfang RD NB 50 25 35 2 1
2 Fuhe RD & Lianfang RD WB 50 25 25 2 1
3 Fuhe RD & Lianfang RD EB 50 25 25 2 1
4 Lianfang RD & Zhonghua RD SB 43 15 15 1 1
5 Renmin RD & Fudong RD SB 53 20 35 2 1
6 Renmin RD & Zhonghuabei RD WB 50 25 23 1 1

2 Direction of the approach where the contraflow left-turn lane was deployed.
b The length of the contraflow left-turn lanes.

¢ The green time for the left-turning vehicles at the main signals.

4 The green time duration for the left-turning vehicles at the pre-signals.

¢ The number of contraflow left-turn lanes.

f The number of conventional left-turn lanes.

We collected three types of data at the selected sites: the geometric design characteristics, signal control features, and traffic flow
data. The lane assignments and the distance between the stop lines and the pre-signals were directly measured in the field. A video
camera was used for recording traffic flow and signal control data. The recorded videos were reviewed in the lab, and the following
information was extracted from the recorded videos: (a) the cycle length, the stage sequence, and the green interval of the main
signals; (b) the green interval of the pre-signals; and (c) the traffic flow data, including the discharge headways of the left-turning
vehicles at the main signals from both the contraflow and the conventional left-turn lanes, the number of the left-turning vehicles in
the contraflow left-turn lanes, and the number of the left-turning vehicles in the conventional left-turn lanes. The discharge headways
of the left-turning vehicles at the main signals were measured using a stopwatch. While measuring discharge headways, the stop lines
at the intersections were considered the reference lines. The first discharge headway was measured as the time interval between the
initiation of the green signal and the time when the front wheel of the first left-turning vehicle crossed over the reference line. Other
headways were measured as the time intervals between two successive left-turning vehicles crossing over the reference lines.

In total, 40 h of traffic data, which covered 783 cycles and 11,619 left-turning vehicles, were collected. The cycle length of the
selected intersections ranged from 145 to 195 s. A parameter called utilization rate was defined and was used to evaluate the usage of
the contraflow lanes. According to our previous study, the usage of contraflow lanes heavily affects the capacity gains achieved by the
CLL design (Wu et al., 2016). The utilization rate was defined as the ratio of the actual number of vehicles that were discharged
through the contraflow lanes to the ideal number of vehicles that should be discharged through the contraflow lanes. Theoretically,
the ideal number of left-turning vehicles in the contraflow lanes may vary across different traffic conditions. More specifically, under
low traffic-volume conditions, the ideal condition is that left-turning vehicles are evenly distributed across contraflow and con-
ventional left-turn lanes, and the queue length in contraflow and conventional left-turn lanes are the same. Under heavy traffic-
volume conditions, the ideal number of vehicles in contraflow lanes equals the storage capacity of contraflow lanes. Therefore, the
utilization rate of CLL can be calculated as

N Nejl + n, . L(ney+n
cLL (nell L‘ow)7 if Q< (nelt + neon)

Lo Qnelr L
Utlization Rate = . CL L +nm)
CLL s 1l
ave N Li‘ Q > Cl con

Lncy Lave (1)

where N¢;; denotes the actual number of vehicles that are discharged through contraflow lanes (veh); n.; denotes the number of
contraflow lanes; n.,, denotes the number of conventional left-turn lanes; Q denotes the traffic demand per cycle (veh); L denotes the
length of the contraflow lane (m); and L., denotes the average length of left-turning vehicles (m). The box-plots of the utilization
rates observed at the selected sites are depicted in Fig. 3. As left-turn traffic demand increased, there was a general tendency that the
utilization rate of contraflow lanes would also increase. However, the contraflow lanes were barely fully used even under heavy
traffic-volume conditions. In addition, the utilization rate of the contraflow lanes was quite stochastic, especially under low and
median traffic-volume conditions.

Of the 11,619 left-turning vehicles, 5045 were discharged through the contraflow lanes, while 6574 were discharged through the
conventional left-turn lanes. The queue discharge patterns of the left-turning vehicles at the selected sites are displayed by plotting
the average discharge headways for different queuing positions in Fig. 4. The queue discharge patterns did not display an easily
identifiable saturation state, and the curves associated with the contraflow lanes were generally below the curves associated with the
conventional left-turn lanes. The finding suggests that the average discharge headways in the contraflow lanes were smaller than
those in the conventional lanes, and the difference in discharge headways was even larger at the end of the left-turn queues. The
results are intuitive because field observations showed that the drivers in the contraflow lanes were concerned with getting dis-
charged before the end of the left-turn stages, leading to compressed discharge headways at the end of left-turn queues. Note that the
average discharge headways of the first vehicles at the selected sites were quite small, mainly due to the use of countdown signal
timers (Liu et al., 2013).

Summary statistics of the discharge headways of the left-turning vehicles in both the contraflow and the conventional left-turn
lanes are presented in Table 2. The observed discharge headways varied across different sites and different types of left-turn lanes. On
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Fig. 3. The box-plots of the utilization rates of the contraflow lanes at the selected sites.

average, the discharge headways in the contraflow lanes varied from 0.98 to 9.57, with a mean of 2.65 s. The discharge headways in
the conventional left-turn lanes varied from 0.86 to 10.81, with a mean of 2.78 s. When measuring the headways, we only took into
account the left-turning vehicles that have stopped in the discharge lanes to distinguish random arrivals from queues. The observed
large headways such as 9.57 and 10.81 s happened in very rare conditions which are possibly caused by drivers distractions. t-Tests
were conducted to compare the average discharge headways in the conventional left-turn lanes and those in the contraflow lanes. The
results suggest that the average discharge headways in the contraflow lanes were significantly smaller than those in the conventional
lanes (p-value = 0.006).

The data in Table 2 suggest that the discharge headways were quite stochastic in both the conventional and the contraflow left-
turn lanes. The maximum discharge headways observed at the selected sites varied from 6.55 to 10.81 s and were much larger than
the mean discharge headways. Field observations showed that the extra-large discharge headways were mainly caused by abnormal
driving behaviors such as hesitations and distractions. The great variance in the discharge headways of the left-turning vehicles
increased the chance that the left-turning vehicles in the contraflow lanes failed to be discharged during the left-turn stages. This is
probably the major safety concern associated with the CLL design. To address this concern, current practice is to use relatively short
contraflow lanes. The limitations of this application are twofold: (a) short contraflow lanes reduce the capacity gains that can be
achieved by the CLL design; (b) even with short contraflow lanes, it is still possible that the vehicles in the contraflow lanes cannot be
fully discharged before the end of the left-turn phases. Of the 5045 vehicles observed at the selected contraflow lanes, 27 vehicles
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Fig. 4. Comparison of queue discharge patterns in contraflow and conventional left-turn lanes.

failed to get discharged before the end of the left-turn phases. Rather than staying in the contraflow lanes, all the 27 vehicles chose to
run on the red light to avoid the potential conflicts with the opposing through vehicles.

3. Proposed actuated signal control strategy

Two major concerns need to be addressed to improve the operations of the CLL design at signalized intersections: (a) the CLL
design uses a pre-signal to control the number of the left-turning vehicles that can enter the contraflow lanes. The left-turning vehicles
can only enter the contraflow lanes during a pre-specified time window. Due to the random arrival patterns of left-turning vehicles,
the contraflow lanes cannot be fully used, leading to limited capacity gains associated with the CLL design; and (b) the left-turning
vehicles in the contraflow can only be discharged during a pre-specified time window, i.e., the left-turn stage of the main signals.
Considering the large variation in queue discharge time, vehicles may fail to be discharged during the left-turn stage, leading to safety
concerns.

In the present study, we proposed an actuated signal control strategy that aimed at addressing the concerns mentioned above. To
simplify the problem, the present paper only focused on the most basic condition in which the CLL design was applied to one
approach at a signalized intersection. We assumed that the other approaches have fixed green time duration. Therefore, the whole
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Table 2
Summary statistics of the saturation headways of left-turning vehicles.
Site Sample Size Lane Min. Max. Mean Std. Deviations
1 2183 Conventional 0.93 10.81 3.02 1.14
1861 Contraflow 1.05 9.57 291 1.01
2 568 Conventional 1.28 9.28 3.21 0.98
471 Contraflow 1.09 8.26 2.77 0.74
3 919 Conventional 0.86 6.55 2.99 0.98
766 Contraflow 1.36 9.16 2.55 0.89
4 777 Conventional 1.20 6.67 2.68 0.91
289 Contraflow 1.09 5.39 2.56 0.75
5 1284 Conventional 1.00 8.30 2.78 0.92
1168 Contraflow 0.98 8.39 2.70 0.93
6 842 Conventional 1.10 8.48 2.68 0.92
490 Contraflow 1.10 7.31 2.57 0.89
Total 6574 Conventional 0.86 10.81 2.78 1.07
5045 Contraflow 0.98 9.57 2.65 0.85

intersection is under semi-actuated control. The proposed strategy could be easily extended to full-actuated control plans under
which the CLLs were deployed to multiple approaches. The detailed geometric design characteristics and signal control plan are
shown in Fig. 5. Two sets of traffic detectors need to be installed to identify if there are vehicles waiting at the median opening and
the contraflow lane, and their locations are depicted in Fig. 5. Both the main and the pre-signals are actuated signals that adjust the
green time according to the left-turn traffic demand. Moreover, the proposed control strategy introduces an extra stage between the
main and the pre-signals. The extra stage represents the time when both the main and pre-signals are green. With the extra stage, the
time window through which the left-turning vehicles enter the contraflow lane is greatly extended, leading to an increased utilization
rate of the contraflow lane. The stage-based signal control plan of the case illustrated in Fig. 5 is elaborated as follows:

Stage 1: the controller allocates green time to the left-turn movements from the minor street (movement 3 and 7);

Stage 2: the through vehicles (movement 4 and 8) from the minor street start to be discharged. After a few seconds, the pre-signal
turns green and the left-turning vehicles (movement 9) are starting to advance into the contraflow lane through the median
opening;

Stage 3: the left-turn phases in the main signals turn green and all the left-turning vehicles (movement 1 and 5) are starting to be
discharged, including those in the contraflow and the conventional left-turn lanes. Meanwhile, the pre-signal remains green, and
vehicles can still move into the contraflow lane (movement 9). The stage ends when either of the following conditions is satisfied:
(a) the green time of the pre-signal reaches the pre-specified maximum value; and (b) the green time of the pre-signal is larger
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Fig. 5. A semi-actuated control example for the proposed CLL control strategy.
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Fig. 6. Framework of the proposed signal control strategy.

than its minimum green time and no vehicles are detected by detector 1. Note that stage 3 is the extra stage mentioned above.
When stage 3 ends, the pre-signal is turned off but the left-turn phases in the main signal still remain green;

Stage 4: the left-turning vehicles continue to be discharged (movement 1 and 5). The main signal will stay green as long as there
are vehicles left in the contraflow lane, which can be detected by the detector 2. The stage 4 ends when either of the following
conditions is satisfied: (a) the green time of the main signals is larger than its minimum value, and there are no vehicles left in the
contraflow lane; and (b) the green time of the main signal reaches the pre-specified maximum value; and

Stage 5: the through vehicles (movement 2 and 6) from the major street start to be discharged, indicating the end of the cycle.

The control logic of the proposed semi-actuated control strategy is also depicted in Fig. 6 to help better understand the signal
control plan.

3.1. The maximum and minimum green time duration

In actuated signal control systems, the maximum and minimum green time are critical parameters which define the interval of
possible green time durations. In this section, the value of these two parameters for both the main signal and the pre-signal are
discussed, respectively, considering the unique operations of the CLL design.

3.1.1. The main signal

The maximum green time duration of the main signal should be selected to ensure that vehicles in contraflow lanes can be fully
discharged, considering the variations in discharge headways. In the proposed control strategy, the maximum green time for the left-
turn movement at the main signal was used to address the extreme condition in which vehicles were trapped in the contraflow left-
turn lane, which could be caused by mechanical failures or driver distractions. In this condition, without the constraint of the
maximum green time, the left-turn phase in the main signal will always remain green and cause the collapse of the whole control
system. The maximum green time is given by

Gmax(s) =T+ Npeak (h + 30) 2)

where G,q.(5) denotes the maximum green time for the left-turn movements in the main signal (s); T; denotes the startup lost time of
the left-turn queue in the contraflow lane, which equals 2.95s according to the data at the selected sites (s); Npeq« denotes the
maximum number of the left-turning vehicles that are discharged in the contraflow lane during peak periods, and Np.q equals 10
vehicles per lane based on the data at the selected sites; h denotes the saturation headway of the left-turning vehicles in the con-
traflow lane, and h equals 2.65s based on the data at the selected sites; and o denotes the standard deviation of the saturation
headway, and o equals 0.85s based on the data at the selected sites.

The function of Eq. (2) was developed based on the probability theory. The purpose was to ensure that the maximum green time
was statistically long enough for a normal discharging process. According to the probability theory, h + 30 covers the vast majority of
the possible discharge headways in the real world. For example, if the headway of left-turning vehicles follows a normal distribution,
the probability that the average discharge headway is greater than h + 30 is smaller than 0.3%. Thus, the use of Eq. (2) ensures that
vehicles will not fail to be discharged due to the stochastic nature of discharge headways. The maximum green time can only be
reached in extreme conditions in which vehicles are trapped in the contraflow left-turn lane.

For the minimum green time duration of left-turn movements at the main signal, the CLL design doesn’t actually introduce extra
constraints. Conventionally, the minimum green time should be selected with specific conditions by considering drivers’ expectancy,
pedestrian needs, queue clearance and bicycle timing. We recommend that practitioners reference the Signal Timing Manual when
deciding the minimum green time duration at the main signal (Urbanik et al., 2015).
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Fig. 7. Concerns with the use of long and short contraflow lanes.

3.1.2. The pre-signal

Considering the operational characteristics of the CLL design, the minimum green time duration at the pre-signal Gni,(9) can be
set to be equal to the green time duration of through movements G(4) in the crossing road in Fig. 5. The maximum value of the pre-
signal G,.x(9) can be set to be approximately equal to the sum of the green time duration for the through movement in the crossing
road G(4) and the optimal green time duration of the left-turn movement. Note that in the real world the selection of maximum and
minimum green time durations is quite subjective, and until recently, no widely accepted procedures or methods are available. In
practice, the selection of maximum and minimum green time durations should consider both the operational characteristics of the
CLL design, and other influence factors such as facility type.

4. Optimization of the CLL design

With the proposed semi-actuated control strategy, the location of the upstream median opening should be carefully selected such
that the utilization rate of the contraflow lane can be maximized. Note that the location of the upstream median opening directly
determines the length of the contraflow lane. The following two conditions need to be considered: (a) if the distance between the
median opening and the main signal (L) is too long, the CLL design will be less efficient during off-peak periods, because only a few
left-turning vehicles will use the contraflow lane (see Fig. 7(a)); while (b) if the L is too short, the left-turn lanes, including both the
contraflow and conventional left-turn lanes, might be starved of traffic because there is only one lane for supplying left-turning
vehicles, while multiple lanes for discharging them (Fig. 7(b)).

Considering the two conditions mentioned above, the optimization of the L can be considered a two-stage optimization problem.
The first objective seeks to minimize the green time for the left-turn movements in the main signal during peak periods. The objective
can be achieved when the left-turning vehicles that arrive at the intersection during the left-turn phase plus those queuing at the main
signal are greater than or equal to the discharge capacity provided by both the contraflow and the conventional left-turn lanes. In this
condition, all the left-turning vehicles can be discharged with the saturation flow rate. To achieve this objective, the L must be
sufficiently long because it directly determines the storage capacity of the contraflow lane and, accordingly, the number of vehicles
queuing at the main signal. When the first objective is satisfied, the second objective seeks to minimize the L such that the utilization
rate of the contraflow lane can be improved during off-peak periods.

A graphical method based on the shock wave theory was used to solve the optimization problem. The shock wave theory was
originally proposed by Lighthill-Whitham for modeling the dynamics of traffic flow (Lighthill and Whitham, 1955). Fig. 8 depicts the
shock wave propagation and the corresponding fundamental diagram for a typical CLL design. Note that in the present study the
shock wave analysis focuses on a single contraflow lane, which is bounded by the distance between the upstream median opening and
the main signal (see Fig. 8). Assuming that the contraflow lane is fully occupied at the beginning, before the initiation of the left-turn
stage in the main signal, the vehicles in the contraflow lane are in traffic state 2, which corresponds to the jam state in the funda-
mental diagram (see Fig. 8(c)). When the left-turn stage starts, vehicles in the contraflow lane start discharging at the saturation flow
rate, and they are in traffic state 4, which corresponds to the capacity state in the fundamental diagram. The change from the traffic
state 2 to the traffic state 4 generates a shock wave that propagates upstream, and the shock wave is denoted by the line AC in
Fig. 8(b). When the shock wave moves to the rear end of the queue, all vehicles in the contraflow lane are in the traffic state 4, as
shown in Fig. 8(b).

After that, vehicles will continue to enter the contraflow lane with an inflow rate that equals half of the saturation flow rate,
because only half of the upstream left-turning vehicles will choose to use the contraflow lane (see Fig. 8(a)). The newly entered
vehicles in the contraflow lane are in traffic state 3. A new shock wave, which is denoted by the line CE, is generated and keeps
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Fig. 8. Shock wave propagation and fundamental diagram for a typical CLL design.

transferring vehicles from the traffic state 4 to the traffic state 3. When the pre-signal is turned off, no vehicles can enter the
contraflow lane. Another shock wave, which is denoted by the line DE, is generated, transferring vehicles from the traffic state 3 to
traffic state 1. Note that the traffic state 1 is an empty state, which corresponds to the original point of the fundamental diagram. In
Fig. 8(b), the shock wave CE and DE both move towards downstream and intersect at point E until all the vehicles are turned into the
traffic state 4.

In practice, there are three different time-space diagrams, corresponding to long, short, and ideal contraflow lanes under the
proposed semi-actuated control strategy (see Fig. 9(a)-(c)). Fig. 9 illustrates the traffic dynamics in the contraflow lane during the
Stage Three as depicted in Fig. 5. When the length of the contraflow lane is too long, all the left-turning vehicles are transferred into
the traffic state 4 before they reach the stop line (see Fig. 9(a)). In this condition, all the left-turning vehicles are discharged at the
saturation flow rate, which satisfies the first objective of the optimization problem. However, the overlong contraflow lane will make
the CLL design less efficient during off-peak periods, which does not meet the second optimization objective. If the length of the
contraflow lane is too short, however, part of the left-turning vehicles will pass through the stop line when they are still in the traffic
state 3. In other words, these vehicles will be discharged with a flow rate smaller than the saturation flow rate, leading to a longer
queue discharge time (see Fig. 9(b)). Fig. 9(c) depicts the ideal condition in which all the left-turning vehicles are transferred into the
traffic state 4 just when they reach the stop line. In this condition, all the left-turning vehicles are discharged at the saturation flow
rate, and the length of the contraflow lane is also minimized. Note that the green time of the pre-signal shown in Fig. 9 depends on the
number of vehicles that need to enter the contraflow lane during the Stage Three. Therefore, the green time of the pre-signal is
different across Fig. 9(a)—(c).

Given the above discussions, the problem for optimizing the L can then be simplified and converted to the following computable
simultaneous equations

Qph
Gopr = —2——
Pt Ne + Neon (3)
Distance Distance Distance
(a) Long CLL (b) Short CLL (c) Ideal CLL
State-3

Pre-signal

\'ﬁ | P

Pre-signal

Time

Stop Line

Extended green time

.:

Fig. 9. The time-space diagrams for long, short and contraflow lanes.

62



J. Wu, et al. Transportation Research Part C 104 (2019) 53-65

L 44 — D
Tac=|—|s 1= ——"—
Ac ‘vl‘ 1T 36k — ko)
L 44— 4 d4Mcon
Teg=|—|; v = 43 =
v, 3.6(ks— k) 7 M + Neon
Gopt = Tac + Tce (6)

Qyh (kz—k4 +k4—k3)

B 3.6(Ney + Neon) 4 — q, qdy — 43 7

where G, denotes the optimal green time of the left-turn movements at the main signal during peak periods, and can be calculated
by assuming that all the left-turning vehicles are discharged at the saturation flow rate, and the queues in different left-turn lanes are
all the same (s); Q, denotes the left-turn traffic demand per cycle during peak periods (veh/cycle); q; denotes the traffic flow rate in
traffic state i (veh/h); k; denotes the traffic density in traffic state i (veh/km); v; denotes the speed of shock wave j (m/s); Tsc denotes
the time during which the shock wave AC passes through the contraflow lane (s); Tcg denotes the time during which the shock wave
CE passes through the contraflow lane (s); and h denotes the saturation headway at the main signal (s). The Eq. (7) can be directly
used for estimating the optimum length of a contraflow lane given the proposed semi-actuated control strategy, and all the para-
meters in the Eq. (7) can be measured using field data.

5. Comparison with fixed time CLL design

Simulation experiments were conducted to compare the operational performance associated with the proposed semi-actuated
control strategy and those with the fixed time control strategy. The considered CLL design used a conventional and a contraflow lane
for discharging left-turning vehicles. Our previous study demonstrated that the CLL design with a conventional and a contraflow lane
provided larger capacity for left-turn movement than a conventional left-turn lane did. The contraflow lane served as an extra
discharge lane, and the number of left-turning vehicles that was discharged through the contraflow lane can be considered the
capacity gains. Theoretically, the maximum capacity gains should be equal to the capacity of a conventional left-turn lane if the
contraflow lane was fully used (Wu et al., 2016). In the simulation experiments, the conventional left-turn lane design with dual left-
turn lanes was used as a benchmark to identify to what extent the proposed semi-actuated control strategy increased the capacity
gains associated with the contraflow lane.

In total, three simulation models were developed, and the characteristics of different design concepts are presented in Table 3. For
the CLL design with the proposed semi-actuated control strategy, the distance between the main signal and the upstream median
opening (L) was optimized following the procedure provided by the present study, while the L for the CLL design with the fixed time
control strategy was optimized following the procedure provided by our previous study (Wu et al., 2016). Note that the L was
optimized assuming that the traffic demand during peak periods equaled 550 veh/h, which was the average left-turn traffic demand
during peak periods at the selected sites. The simulation models were developed with the software package VISSIM 5.4 based on the
geometric design characteristics of one of our selected sites (site 6) and were calibrated and validated based on field data. To evaluate
the performance of different design concepts for both peak and off-peak periods, a variety of traffic demand scenarios, which ranged
from 300 to 600 veh/h with an interval of 50 veh/h, were considered. For each traffic demand scenario, the results of the first 25 min
were omitted to exclude the initiation period of simulation. In addition, the random seeds were changed every 25 min. In total, the
simulation ran for 125 min for each scenario. The throughput volume of the left-turning vehicles, the green time for the left-turn
movements, and the control delay to the left-turning vehicles were recorded, and the results are shown in Tables 4-6.

The results of the simulation experiments suggest that the proposed semi-actuated control strategy outperforms the fixed time
control strategy. As shown in Table 5, the maximum throughput volume of the left-turning vehicles achieved by the semi-actuated
control strategy was about 593.8 veh/h, which was slightly smaller than that achieved by the conventional dual left-turn lanes
(601 veh/h), but much larger than that achieved by the fixed time control strategy (531.8 veh/h). In all scenarios, the proposed semi-
actuated control strategy also generated less delay to the left-turning vehicles than the fixed time control strategy did. In Table 6, t-
Test shows that the difference is statistically significant at a 95% level of confidence when the demand is larger than 400 veh/h. When
the left-turn traffic demand reached 600 veh/h, the proposed semi-actuated control strategy generated 128.4% less delay to the left-
turning vehicles than the conventional fixed-time CLL strategy did. It also should be noted that for the conventional design, a larger
demand will always result in a larger delay; however, under low and medium demand, the CLL designs do not necessarily experience
a larger delay with increasing demand. This is because the increased demand will promote the use of contraflow lane, lead to a more

Table 3
Characteristics of different design concepts.
Design concepts Control strategy L (m) Neon ner Cycle length(s)
Actuated CLL Actuated 50 1 1 -
Fixed CLL Fixed Time 56 1 1 150
Fixed Conventional Fixed Time - 2 0 150
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Table 4
Average green time for the left-turn movements for different design concepts.
Design concepts Average green time(s) Left-turn traffic demand (veh/h)
300 350 400 450 500 550 600
Actuated CLL Main signal 24.2 24.0 24.6 25.6 26.5 27.7 29.3
Pre-signal 51.3 52.5 56.8 59.8 63.3 66.8 69.6
Fixed CLL Main signal 30.0 30.0 30.0 30.0 30.0 30.0 30.0
Pre-signal 45.0 45.0 45.0 45.0 45.0 45.0 45.0
Fixed Conventional Main signal 30.0 30.0 30.0 30.0 30.0 30.0 30.0
Table 5
Comparison of the throughput volume associated with different design concepts.
Design Concept Throughput Volume (veh/h) Demand (veh/h)
300 350 400 450 500 550 600
Fixed-CLL Mean 303.8 340.6 405.6 448.8 499.2 531.4 531.8
Std. Deviations 74.6 62.7 60.2 69.9 56.2 15.9 15.4
Actuated-CLL Mean 303.8 352.3 403.7 451.2 499.2 546.2 593.8
Std. Deviations 81.8 93.5 83.1 98.7 109.7 87.1 67.2
Fixed-Conventional Mean 303.8 351.4 405.1 449.3 501.6 549.6 601.0
Std. Deviations 74.0 75.1 77.0 85.2 93.6 87.4 76.6
Table 6
Comparison of delay performance associated with different design concepts.
Design Concept Delay (s) Demand (veh/h)
300 350 400 450 500 550 600
Fixed-CLL Mean 62.1 60.7 63.1 68.9 88.6 208.1 223.3
Std. Deviations 11.1 11.5 12.3 12.9 20.9 40.5 28.6
Actuated-CLL Mean 60.3 56.8 57.6 55.7 61.0 68.7 130.1
Std. Deviations 12.1 11.9 10.6 10.4 12.0 20.4 34.9
Fixed-Conventional Mean 52.0 52.3 53.1 55.9 56.7 57.6 65.1
Std. Deviations 12.1 12.2 10.0 9.8 8.6 11.4 11.6
P-value of t-Test” 0.46 0.10 0.01 < 0.01 < 0.01 < 0.01 < 0.01

@ The t-Test of average delay between Fixed-CLL and Actuated-CLL.

balanced queue distribution, and thus decrease average delay. The increasing demand and consequent promotion in the utilization
rate of the contraflow lane jointly impact the average delay and result in the non-monotonic relationship between demand and delay,
in the low and medium scenarios.

6. Conclusions and discussions

This study proposed a semi-actuated control strategy to improve the operations of the CLL design at signalized intersections. The
proposed control strategy introduced an extra stage between the pre-signal and the main signal at the signalized intersection with the
CLL design. Two detectors were installed: one at the upstream median opening and the other at the contraflow lanes. A procedure was
proposed for optimizing the distance between the upstream median opening and the main signal such that the discharge rate of the
left-turning vehicles and the utilization rate of the contraflow lanes can be maximized. Simulation experiments were conducted to
compare the operational performance of the proposed semi-actuated control strategy versus the fixed time control strategy. The
results show that the proposed design concept outperforms the fixed time control strategy in increasing capacity and reducing delay
for left-turning vehicles.

One possible limitation associated with the proposed approach lies in the reliability of the semi-actuated system control system.
To address this concern, a backup fixed time control plan can be considered in practical engineering applications. Considering the low
utilization rate of contraflow left-turn lanes during low-volume conditions, engineers may also consider closing the contraflow lane
during off-peak hours. In addition, numerous factors may affect the performance of the CLL design. One of the interesting issues is the
influence of the signal timing of upstream signalized intersections on the operations of the CLL design. The CLL design at different
signalized intersections can also be coordinated to maximize system efficiency.
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The other possible limitation associated with the CLL design lies in the potential conflicts between the vehicles trapped in the CLL
and opposing through vehicles. This condition may happen due to mechanical failure or driver distractions. Even though field data
suggest that the chance of vehicles being trapped in the CLL is very small, its potential impacts on safety cannot be fully ignored. With
the proposed semi-actuated control strategy, the chance that vehicles are trapped in the CLL is greatly reduced. Thus, the proposed
semi-actuated control strategy has potential to increase the safety performance of the CLL design. However, more comprehensive
research is needed to evaluate the safety impacts of the CLL design and the proposed semi-actuated control strategy. The authors
suggest that future studies should focus on these issues.
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