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Abstract

Conventional geometric design methods for pre-signal systems usually use the expected
traffic demand, which may obtain a short sorting area distance and lead to frequent queue
spillbacks due to stochastic traffic arrivals. On the other hand, if one selects a longer sorting
area distance, the geometric design will suffer from low spatial utilization with higher delay
and lower capacity. In this paper, we propose a geometric design method for intersections
with pre-signal systems using a phase swap strategy. The geometric design can balance
the desire of storing more vehicles to prevent spillbacks and improve the spatial utilization of
the road. We model the traffic dynamic within the pre-signal system using queue theory and
shockwave theory to determine the furthest point a queue can reach. The length of the pre-
signal system should be short enough to improve spatial utilization but longer than the fur-
thest point of the queue to prevent queue spillback. The effectiveness of the pre-signal sys-
tem is evaluated by the VISSIM Signal Control Application Programming Interfaces
(SCAPI). The results indicate that the proposed design plan increases the spatial utilization
of the pre-signal system by 7.5% while maintaining a similar delay, queue length and ratio of
flow to saturation flow.

Introduction
Background

Conventional traffic signal control improves the efficiency of at-grade intersections by separat-
ing conflicting movements in time[1]. When the traffic demand approaches the road capacity,
conventional traffic signal control cannot significantly improve traffic efficiency[2]. One of the
possible ways to improve traffic efficiency is to increase the capacity for bottleneck movement
[3]. Because the road space in modern cities is often limited, commonly used methods, such as
increasing the number of lanes or setting the turning bay[4], are difficult to implement. The
pre-signal system[5], which adds an auxiliary traffic signal group at the upstream section of the
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intersection approach, makes it possible to use all the road space between two stop lines for
one movement at a specific time interval, without requiring additional road space. The posi-
tioning of the pre-signal system can increase the effective number of lanes for discharging
vehicles or, equivalently, allow more room for the optimization of traffic signal timing, which
can significantly improve the traffic efficiency under congestion status. However, the pre-sig-
nal system increases the complexity of traffic management and control of the intersection.
Inappropriate geometric design and uncoordinated signal timings between the pre-signal and
main signal will be the most critical causes of the low operational efficiency. If the pre-signal
system is “switched on” under the congestion status, the signal timing plan and geometric lay-
out need to be carefully designed to keep all the vehicles running orderly and efficiently.

The pre-signal re-organizes traffic in the sorting area using a tandem sorting or phase swap
sorting traffic control strategy[6]. The major difference between the tandem sorting and phase
swap sorting is the phase sequence. Compared with the tandem sorting strategy, the phase
swap sorting can fill the sorting area during the green phase stage in the crossing direction[7].
Thus, the phase swap sorting can then be considered as an ideal method for the pre-signal due
to its better time utilization. As shown in Fig 1, both tandem sorting and swap sorting will stop
all traffic at the pre-signal stop line, and then tandemly discharges traffic heading the same
direction into the sorting area. By filtering the traffic using the pre-signal, the main signal can
use all the cross-sections of the sorting area to discharge vehicles heading to the same direc-
tion. In addition, all the phase stages of the main signal will still be protected. In short, left
turning vehicles (LV) and throughput vehicles (TV) will form tandem batches in the pre-signal
system and travel through the sorting area as well as the intersection cross-section using all the
lanes.

As illustrated in Fig 1, the pre-signal system can consider all of the lanes as the sorting
area[8], which can be termed full utilization, or can utilize two or more lanes for a specific
turning movement or special usage, such as bus transit[9], which can be termed partial utili-
zation. Once the lane allocation of the sorting area is selected, the parameters that need to
be determined are the minimum length of the road segment located upstream of the pre-sig-
nal stop line and the length of the sorting area. Once the geometric design is implemented,
it cannot be altered easily, which means the geometric design should be able to service most
traffic conditions without reducing efficiency. Although the pre-signal can meter the vehi-
cles entering the sorting area, the pre-signal system can easily experience queue spillbacks
when the length of the sorting area or the upstream area is determined using the expected
traffic demand. On the other hand, there is no queue spillback when the sorting area and
upstream area are long enough. However, the spatial utilization of the road will drop signifi-
cantly as the length increases. When the sorting area length is too long, it will cause an
unnecessary stochastic delay. There will even be additional travel delay and capacity drop if
the geometric design and related signal timing don’t match the variation of the saturated
flow rate of the main signal. Thus, the geometric design of the pre-signal system should be
carefully optimized to provide enough road space to park most vehicles and maintain high
operational efficiency.

In this paper, a geometric design of the pre-signal system is determined that will improve
operational efficiency and eliminate the queue spillbacks caused by stochastic traffic arrival
or queue dispersion. We modeled the traffic dynamic of the sorting area and upstream area
to locate the furthest point the queue can reach. The geometric design of the pre-signal sys-
tem can then be determined by preventing queue spillback for most stochastically arriving
traffic and improving the operational efficiency of the intersection with the pre-signal
system.
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Fig 1. General layout of the pre-signal system.
https://doi.org/10.1371/journal.pone.0217741.9001

Literature review

The concept of a tandem intersection has developed from the bus pre-signal. Similar to the
concept of the bike box[10], the bus pre-signal system provides a bus advance area between the
main signal and bus pre-signal, in which buses can advance while the pre-signal is red and
then be discharged ahead of private vehicles[11-13].

Theoretically, a pre-signal system for all vehicles can provide extra capacity for turning
vehicles without reducing the capacity for throughput vehicles. The performance of the pre-
signal system is affected by both the signal timing plan and the geometric design. The lane allo-
cation, the length of the sorting area and the signal coordination between the pre-signal and
the main signal all interact with each other. A suboptimal design may lead to heavy congestion
[14]. Early models follow conventional signal timing methods. The performance indicators,
such as delay and capacity, were estimated by using the probability model[5], Webster delay
model[6] and shockwave model[15]. These models have little considerations on geometric
designs. Newly developed design methods for the pre-signal system can optimize signal timing
with the geometric design[7, 16]. These optimization problems were usually solved using
Binary-Mixed-Integer-Linear-Programming (BMILP) model[17-18]. Because the “optimal”
design calculated by BMILP model is based on the maximum queue length under expected
traffic demand, this design is usually short. Although the signal timing plan of the pre-signal
system can be determined in real time using the dynamic programming[19], the geometric
design parameters are determined using the maximum vehicles can be discharged by the pre-
signal, which is longer than the length needed. This method also needs to install enough detec-
tors, which will increase the overall cost. Though many optimization models were developed
to determine an appropriate design for the pre-signal system, these models are usually difficult
to be directly applied due to the randomness of traffic demand and the physical environmental
limitations of the intersections.

Numerical simulations indicate that a pre-signal system with an ideal configuration can
increase the capacity of an intersection approach with three lanes by 15-50%6, 15]. The oper-
ational efficiency of the intersection (such as delay or number of stops) with pre-signal is lower
than the one of the conventional intersections when the saturation degree is less than 0.9.
However, when the traffic demand approaches or exceeds the original capacity, the pre-signal
system can maintain relatively high efficiency [16]. The reserved capacity of the pre-signal sys-
tem can be as much as twice of the conventional design [7]. Based on field observations in
Shenzhen, the capacity of the intersection increases by approximately 13%[14]. The principal
reason for the difference between the observations and the theory is that drivers need addi-
tional knowledge to deal with the instructions given by the pre-signal[20-21].

The selection of the sorting strategy has a critical influence on the performance of the pre-
signal system. Based on the sorting strategies for the sorting area, the signal timing methods
have the tandem sorting [5, 6, 15] and the phase swap sorting[7, 16]. As shown in Fig 2, the
tandem sorting will discharge the traffic in the sequence of eastbound/westbound LVs and
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Fig 2. Components and operation of the pre-signal system with a tandem design.
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TVs, and then switch to the southbound/northbound LVs and TVs. Both LVs and TVs of the
same approach will be tandemly stored in the sorting area. The design of phase swap sorting
strategy is shown in Fig 3. Under this sorting strategy, the main green phase will be “swapped”
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between the intersecting directions, which makes the traffic be discharged in the sequence of
eastbound/westbound LV, southbound/northbound LVs, eastbound/westbound TVs, and
southbound/northbound TVs. The sorting area must be completely cleared at the end of each
main green phase stage, so that the traffic to be serviced in the next main green phase stage can
enter the sorting area during the main green phase stage for the crossing direction. The move-
ment queued with fewer lanes before the pre-signal can have a longer time to enter the sorting
zone under the tandem sorting design. However, the vehicles heading to different directions in
the sorting area may block each other, which may reduce the overall efficiency. The tandem
design also needs a longer sorting area to store the vehicles waiting for the main green, which
will increase the delay. The vehicles can enter the sorting area using the green duration of the
crossing direction under phase swap sorting strategy. The temporal and spatial utilization of
the phase swap sorting strategy will be better than the tandem sorting.

Compared with other spatial traffic management measures, such as median U-turns, jug-
handles, superstreets, continuous flow intersections and bowties[22-24], a pre-signal system is
relatively easy to implement in the urban intersection. The geometric design of sorting areas,
which includes lane allocation and length determination, is the primary work of designing
pre-signal systems. Besides the Binary-Mixed-Integer-Linear-Programming (BMILP) model,
the cellular automaton model[25] was also applied to optimize the length of the sorting area.
The literature listed above recommends a length of 50-100 m for a sorting area with three
lanes. The length of 50 m was calculated using expected traffic demand, but it will not be
enough when the traffic demand exceeds this value. Limited method has considerations on the
stochastic property of traffic demand, which may lead to inefficient utilization of the sorting
area or insufficient sorting space. If the sorting area is too short, queue spillback will frequently
occur when the arrival flow is heavy. At this time, the phase stages of the signal timing must be
switched frequently, which also leads to higher lost time. On the other hand, if the sorting area
is too long, the road space cannot be fully utilized, which will reduce the overall efficiency.

Little research has focused on the performance in terms of the spatial utilization of the road
within the pre-signal system in consideration of the stochastic arrival property. These two gaps
are summarized as follows.

1. Though the existing research can provide appropriate signal timing plans in multiple ways,
the overall performance of the pre-signal system cannot be improved unless the geometric
design is suitable. The existing research[5, 19] has determined the length of the sorting area
using the largest number of vehicles that the main green phase stage can discharge. How-
ever, the furthest point that a queue can reach will be longer than the maximum queue
length under static conditions. Because the furthest point of the queue will continually
move further on the process of queue dispersion, the geometric design based on the maxi-
mum queue length can still experience queue spillback. Thus, the dynamic queue formation
and dispersion process should be carefully modeled to determine an appropriate length of
the sorting area for the purpose of improving operational efficiency and reducing the prob-
ability of queue spillbacks.

2. Most existing recommendations are determined by the expected value of the traffic
demand, which may fail to service almost half the traffic demand in the stochastic arrival
process. If the geometric design parameters are calculated using this expected value, there
will be a high probability of queue spillback in both the upstream area and sorting area. As
aresult, a general guideline is urgently needed for determining the appropriate geometric
design of the pre-signal system.
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Objective and contributions

The objective of this study is to develop a compound model for the geometric design of the
pre-signal system to maximize its benefits. In consideration of various traffic demands and
their stochastic properties, the traffic dynamics in both the upstream area and sorting area will
be modeled using queue theory and shockwave theory, respectively. The minimum length of
each component of the pre-signal system can be estimated by calculating the traffic status and
boundary conditions, which are related to the traffic demand.

The major contributions of this study are twofold: (1) A series of analytical methods are
established to describe the traffic dynamic in the pre-signal system based on the characteristics
of each component. Queue theory is utilized to describe the queue generation process with
Poisson arrivals behind the pre-signal stop line. The shockwave model meets the characteris-
tics of traffic flow in the sorting area with many constraints. (2) The characteristics of the ran-
dom arrival process and queue dispersion process are considered, which helps ensure that the
proposed design of the pre-signal system will meet the requirements of traffic demand higher
than a specific threshold.

The remainder of this paper is organized as follows. Section 2 analyzes the traffic dynamic
of the upstream area, the keep-clear area and the sorting area of the pre-signal system. The
method to obtain the geometric design of the pre-signal system is proposed in section 3. Sec-
tion 4 evaluates the proposed geometric design plan through traffic simulation. Section 5 con-
cludes the paper.

Queuing process analysis of the pre-signal system
Design considerations

There are two queues within each approach of the pre-signal system: the one behind the main
stop line and the one behind the pre-signal stop line. We need to determine the geometric
parameters related to the road space available to park those queues.

The sorting area is mostly utilized for LV and TV to allocate the right-of-way in the conflict-
ing area. Since there is no conflicting point between the right turning vehicles (RV) and other
motorized movements, the permitted control strategy is usually chosen for RV; that is, the
right turning vehicle can enter the intersection on red when there is no conflict. However, the
RVs should be queued in the sorting area with LVs or TVs when the pre-signal system is of the
full utilization type. In case of a large right turning demand, an exclusive right turning lane
with a partial utilization type signal is recommended.

To avoid deadlock in the conflicting area of the intersection and sorting area, all the
vehicles in these areas must be cleared at the end of each phase stage, which means the
number of exit lanes should be greater or equal to the number of lanes in the sorting area
and the capacity of the sorting area should be large enough to park all the vehicles
advanced into it. There should also be a relatively long inter-green interval for the phase
swap strategy. The main green phase stage should be long enough to clear all the vehicles
queued in the sorting area. The upstream area should also be long enough to prevent spill-
back to the upstream intersection. In this way, the following assumptions are considered
in the proposed method.

o The right turning traffic demand is relatively low. All the RVs will be queued in the sorting
area with LVs or TVs until they receive right-of-way. The traffic demand of RVs is added to
the demands of LVs and TVs respectively. The proportion will be determined by the dura-
tion of pre-signal green for LVs and TVs. Otherwise, they should have an exclusive lane and
have no influence on other vehicles.

PLOS ONE | https://doi.org/10.1371/journal.pone.0217741 May 31,2019 6/22


https://doi.org/10.1371/journal.pone.0217741

@ PLOS | O N E A geometric design method for intersections with pre-signal systems using a phase swap sorting strategy

o The capacity of the exit lanes should be greater than that of the sorting area to guarantee that
all the vehicles leaving the sorting area can be discharged. The downstream intersection will
not have spillback.

o The drivers will follow instructions. No deadlock happens in the pre-signal system.

Traffic dynamic of the pre-signal system

As illustrated in Fig 4, the pre-signal system comprises the sorting area and the upstream area.
A keep-clear area should be set between the sorting area and the stop line of the pre-signal to
provide enough space for drivers to read the signal indications and finish the lane changing
process. Based on these criteria for setting the traffic signal devices, the minimum sight dis-
tance for signal visibility should be no less than 50 meters[26]. The length of the keep-clear
area should be longer than this criterion; otherwise, a warning sign must be installed. The
upstream area should provide enough space for the queued vehicles to finish their correspond-
ing lane changing processes. In this way, the minimum length of the upstream area can be esti-
mated by calculating the queue length and the distances needed for lane changing behaviors.
The sorting area is used to store the transient queues formed by the different offsets and phase
stages of the pre-signal and main signal. The length of the sorting area and its lane allocations
decide the storage capacity of the sorting area. Every effort should be made to ensure these
transient queues do not spill back to the pre-signal and can be totally discharged during the
next green phase stage of the main signal. The length of the sorting area and related lane alloca-
tion areas is another major geometric design task for the pre-signal system.

The characteristics of the arriving flow at the upstream area are affected by the traffic status
and signal timing plan of the upstream intersection, as well as the geometric design of the road
segment. The platoon discharged from the upstream intersection will become dispersive, and
have stochastic property when they arrive the pre-signal system. In this way, queue theory is
an appropriate model to model the queue process behind the pre-signal stop lines, which can

=&

| Stop line Signal head Stop line Signal head
__________ of pre-signal | | of pre-signal | | of main signal | | of pre-signal
| = = O Ef X [ 2] [ A ][ 2 [[ 2] [=2][—=N DDD“I
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Fig 4. Layout and traffic dynamic analysis of the pre-signal system.
https://doi.org/10.1371/journal.pone.0217741.9004
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be modeled by two sub-queuing systems. The longer queue length for LVs and TVs can be uti-
lized to determine the appropriate length of the upstream area. The queue within the sorting
area is highly controlled by the signal coordination plan and geometric design. Thus, the traffic
in the sorting area has little stochastic property, which makes shockwave an ideal way to
model it. There will be multiple shockwaves generated during the queuing process. The maxi-
mum queue length can then be determined by considering the boundary conditions of these
shockwaves.

In the queuing system, the stop line is the server. Because of the no-memory property of the
exponential distribution[27], the Poisson model is the most commonly used model to describe
the uncontrolled arrival process[19]. For the reason that the arriving traffic must finish the
lane changing and queuing process within the upstream area, we should set enough road space
for the upstream area. Thus, the arrival flows in the upstream road segment is considered as
Poisson flows with arrival rates of 4, and 4, for LVs and TV (with RVs), respectively. The
queued vehicles will travel through the stop line during the green phase stage. We assume that
the service time during the green phase stage follows an exponential distribution with service
rate g, which can be calculated by Eq (1). If there are lanes for one specific movement before
the stop line, the k vehicles will cross the stop line almost at the same time. In other words, the
vehicles will pass the stop line in batches. In the partial-batch model, the server can process
partial batches up to a maximum size of k. The service time for each batch follows an exponen-
tial distribution. This type of service is termed bulk service. This queuing system can be
described using the notation M/M!™™/1. The bulk service queue model can be utilized to
describe the queue before the pre-signal. We have

g
p=s-c (1)
where y is the service rate for one lane (pcu/h), s is the saturation flow rate (pcu/h), g is the cor-
responding green duration (s), and C is the cycle length (s).

Because of the filtering process of the pre-signal, there will be several shockwaves generated
during the formation and dissipation process of the queue. These shockwaves are highly
related to the signal timing plan, geometric design and traffic dynamics within the sorting
area. Most traffic states within the pre-signal system are stable, which makes shockwave theory
an ideal way to estimate the queuing process with the given signal timing and geometric
design. The furthest point that a queue can reach can then be calculated by considering the
boundary conditions. The optimal length of the sorting area can then be estimated by consid-
ering the variations in traffic demand.

Geometric design method for the pre-signal system
Framework

The performance of the pre-signal system is highly related to the corresponding signal timing
plan. A reference timing plan must be provided to process the geometric design method. If the
fixed timing method is selected, the signal timing can be optimized using the Mixed-Integer-
Linear-Programming method proposed by Yan[7]. When the dynamic timing method is
applied, we can use the signal timing plan from Yan’s method as the maximum likelihood ref-
erence timing plan. With the reference timing plan, the required lengths for the upstream area
and the sorting area can be calculated using queue theory and shockwave theory, respectively.
Considering the stochastic property of arriving flow, the geometric design parameters should
meet traffic demand that is higher than a specific percentage. The effectiveness of the geomet-
ric design can be evaluated using the VISSIM with Signal Control Application Programming
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Interfaces (SCAPI)[28]. If the efficiency of the pre-signal system can meet the requirements
under the given traffic demand, the geometric design plan can be accepted. Otherwise, the pro-
posed plan needs to be adjusted. The whole process is summarized in Fig 5.

Length of the upstream area

The upstream road segment with the pre-signal is composed of two independent queueing sys-
tems: one for LVs and the other one for TVs. The upstream road segment should be longer
than the sums of the lengths of the queue generated by the pre-signal and the additional road
space for lane changing behaviors and decelerations. The average queue length during the
green phase stage can be directly estimated by the queuing system, and the queue formed dur-
ing the red indication can be calculated according to the arrival process. The worst condition
between these two sub-queuing systems will be selected to determine the minimum length of
the upstream area.

The queuing system at the pre-signal during the green phase stage is an M/M"//1 queuing
system, which is essentially equivalent to the Erlang arrival queue; that is, the M/M™/1 queu-
ing system is equivalent to the E,/M/1 queuing system. We can take advantage of these two
types of queuing systems to determine the queue length for a specific condition.

If the arrival rate for an intersection approach with k lanes is k1 and the interarrival times
are exponentially distributed, the Poisson distribution can be utilized to describe the arrival

Expected flow rate of
LVsand TVs

Mixed-Integer-Linear-
Programming model

Lane allocation

Signal coordination
timing plan
Evaluation of M/M™//1
queue system

Length of the
upstream area

Traffic dynamic modeling
using shockwave

Length of the
sorting area

Design of no-
parking area

VISSIM SCAPI

Evaluation of the
performance

Fig 5. Framework of the geometric design method.

https://doi.org/10.1371/journal.pone.0217741.9005
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flow. Since the distributaries of a Poisson flow and the confluence of several Poisson flows are
also Poisson distributed, we can consider at k arrivals with exponentially distributed interarri-
val times. Then, the interarrival times are Erlang type-k distributed with a mean of 1/4. As this
system is identical in structure to the full-batch bulk-service model, we can obtain the proba-
bilities p,,, denoting the number of customers in the system in a steady state, by Eq (2):

nk+k—1

p= 3 7 =pL—r)()" (2)

j=nk

Here, p is the traffic intensity and r, is the single root in (0, 1) of the characteristic equation
shown by Eq (3):

urt — (kA +pr+ki=0 (3)

Like the M/M/1 queue, the Eq (2) has a geometric form, with r{ as the geometric parameter
instead of p. Based on the characteristics of the queue with general-time steady-state system-
size probabilities, the queue length of the E,/M/1 queue can be calculated by Eq (4):

k - kyn—1 __ k 1 _ p
L=p(1- 1’0)21’1(?’0) =p(1—rp) (1- T§)2 —1_ rk (4)

n=1

The queue generated during the red phase stage equals the number of vehicles arriving at
the stop line during the red phase stage, which can be calculated using the characteristics of the
Poisson flow. Therefore, the probability of N, arrivals occurring during the red duration r can
be calculated using Eq (5), and the cumulative probability is shown in Eq (6). If a queue length
under a specific percentage is needed, we can calculate the number of arrivals when the cumu-
lative probability is less than the selected threshold:

e " (kir)"

P(N, = n) = "% (5)

C(N, =n) = zn:P(Nr =) (6)

In conclusion, the minimum length of the upstream area of the pre-signal system can be
determined by summing the average queue lengths during the green/red phase stage and the
road spaces needed for lane changing and decelerating, which have been well studied[29].

Design of the sorting area

The traffic dynamic in the sorting area is highly related to the geometric design, the signal tim-
ing of the main signal and the pre-signal. Suppose the vehicles entering the sorting area are
from k lanes at the pre-signal and there are j lanes in the sorting area (j>>k). Thus, when the
queuing system at the pre-signal is stable (1C<pg,), the expected number of vehicles that can
enter the sorting area should equal the number of arrivals of the queuing system. If the number
of arrivals is greater than the maximum number of departures in the pre-signal green phase
stage (AC>ug,), the model will turn to be the production of the saturation flow rate, the
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number of lanes and the duration of the pre-signal green phase stage (see Eq (7)):

kiC 2C < pg,
kug, = ksE 2C > g,

The time-space continuum of the traffic dynamic within the sorting area can be analyzed
using shockwave theory. Based on the discharge flow rate of the pre-signal, the time-space con-
tinuum of the traffic dynamic within the sorting area can be divided into two categories.
When the queuing system at the pre-signal is stable, the service rate at the beginning of the
green phase stage will be the saturation flow rate s. When the queue is cleared, the vehicles will
be discharged at the arrive rate kA. Fig 6 illustrates the time-space diagram for the throughput
movement within one cycle. There are six traffic states with six related shockwaves. When the

pre-signal turns red, the vehicles will begin to form a queue in the upstream area. At this time,
a shockwave with speed w; will be generated to separate the arrival flow (state 1) and the queue
(state 2). The queue will be discharged at the saturation flow rate at the beginning of the green
phase stage of the pre-signal (state 3: there are k lanes behind the pre-signal stop line). When
the vehicles cross the stop line at the pre-signal, the number of lanes increases to j from k. The
density is then reduced to k/j of the density in state 3 with the same flow rate (state 4). The
main signal will be red when the leading vehicles arrive at its stop line. The queue will be
formed again within the sorting area (state 5). At this time, a backward shockwave with speed
w3 will be generated and will meet the forward shockwave generated at the point where the
queue in the upstream area is fully cleared. When these two shockwaves meet, another back-
ward shockwave with speed ws (w3>ws = w;) will be generated. The pre-signal green phase
stage will end early. At this time, the speed of shockwave w5 will be zero (details will be dis-
cussed in section 4.3). When this shockwave meets the backward shockwave generated at the
beginning of the main green phase stage, the queue within the sorting area will be completely
cleared. The queue within the sorting area will be discharged with a flow rate of js and the opti-
mum density (state 6). The shockwave between state 5 and state 6 will propagate backward at

7 & 3 — >} > Main signal green for throughput
5
Stop line of
‘main signal Vehicle L i
: State 5 .
traj¢ctory State 6
| State 0 \ Length of
i the sorting
o, area (1)
w3 ;
:
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maximum State 4 ws
queue ,—|
The farthest yi / \\ SEED Length of
location of the \ the No-
queue parking
Stop line of area (1)
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|
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| for throughput
vV
S
|

Fig 6. Time-space diagram of the pre-signal system (Type 1).
https://doi.org/10.1371/journal.pone.0217741.g006
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speed w,. The flow rate and density of each state are listed in Table 1. Since all the vehicles in
the pre-signal system are traveling with limitations, we can assume that these vehicles travel at
a constant speed v.

Eqgs (8) to (18) can be established to describe the time-space relationships of the traffic
dynamics within a type 1 pre-signal system. The modeling of traffic dynamics should be
divided into three parts. Egs (9) to (11) describe the relationships between state 1, state 2 and
state 3. Egs (12) to (14) describe the relationship between state 3 and state 4. Eqs (15) and (16)
describe the relationship between state 5 and state 6. As shown in Eq (17), we can then acquire
the relationship between the length of the sorting area () and the furthest point that the queue
can reach (l;). Eq (17) indicates that the longer the sorting area, the shorter the maximum
queue length. Since the length of the sorting area should be greater or equal to the maximum
length of the queue, we can then calculate the extreme length of the sorting area by assuming
these two lengths are the same, as shown in Eq (18).

Aq
-1 8
w =4 (8)
I I
rp+—0: -2 (9)
W, w,
[N
= ——21 (10)
@,y —I—CL)1
w, T
fy = ——— " (11)
W, +
L+1
t, = v . (12)
fy+ 6 =1, + 1 (13)
vt — gty =1+ 1+, (14)
t,+t,+t,—t,=r, (15)
Wyt + o t, = w,t; (16)
=t = ( w,0,(0, — w;)(0, +v) % 0, @, .ls + (17)

o, +o) (o, +to)v-o0;) 7 (o,+0) " o +to v

Table 1. Parameters for each traffic state within the pre-signal system.

Traffic state State 1 State 2 State 3 State 4 State 5 State 6
Flow rate KA 0 k-s k-s 0 js
Density k-Alv k; K kfj ki, k; Ky,

k and j are the numbers of lanes of the upstream area and the sorting area, respectively. k; is the jam density and k,, is the optimum density, which is the density when

the flow rate reaches its capacity.

https://doi.org/10.1371/journal.pone.0217741.t001
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Fig 7. Time-space diagram of the pre-signal system (Type 2).
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0,0, V(wl B ws)(wl + V) v lP

V(wl + w4) — W0y (wl + w2)(V - 605) o W, + 0, ' Wy + @,

(18)

rm

If the pre-signal discharges flow at the saturation flow rate during all the green phase stages,
the time-space continuum of the traffic dynamic within the sorting area can be shown as Fig 7.
The sorting area should be long enough to store all the vehicles discharged by the pre-signal.
In other words, the two shockwaves (w; and w,) must meet within the sorting area (see Fig 7).
In a similar way to the modeling process described previously, we can obtain the relationship
shown in Eq (19). The minimum length of the sorting area can then be calculated by Eq (20).

1 +1 Yk, —k k —k i — Kk,
g — = P:—L<’ I f):(] L) (19)

" v qm—O_q’m—O kjs

l '.k.s.v
_ _r\_J KRSV
I= <’m v> (G — Kk + jks (20)

Case studies

Experimental design

As shown in Fig 8, a four-arm intersection with a pre-signal installed at each approach is
selected to optimize the geometric design. There are three lanes at each approach. Two lanes
before the stop line of the pre-signal are utilized for the TVs and RVs, while the remaining
lane services the LVs. Assuming there are no special vehicles, the full utilization type sorting
area is selected. As shown in Table 2, three scenarios with corresponding expected traffic
demands are selected to test the proposed method. Scenario 1 is the congested traffic state,

PLOS ONE | https://doi.org/10.1371/journal.pone.0217741 May 31,2019 13/22


https://doi.org/10.1371/journal.pone.0217741.g007
https://doi.org/10.1371/journal.pone.0217741

@ PLOS | O N E A geometric design method for intersections with pre-signal systems using a phase swap sorting strategy

dil

Fig 8. Layout of the tested intersection.

https://doi.org/10.1371/journal.pone.0217741.9008

Scenario 3 is the free-flow traffic state, and somewhere in between is the traffic state of Sce-
nario 2. The arrivals of the LVs and TV (Assume the right turning demand is relatively small,
and the demand of RVs is added to the demand of LVs and TVs according to the pre-signal
green for each movement respectively) are assumed to follow Poisson distributions. Only the
green and red phase stages (amber is counted as part of the green phase stage) are considered
for decision making. Since each intersection approach has three lanes, a 25-meter length is

Table 2. Traffic demand in the three test scenarios (unit: pcu/h).

Movement Scenario 1 Scenario 2 Scenario 3

Eastbound Left 600 400 200
Throughput 1200 800 400

Westbound Left 600 400 200
Throughput 1200 800 400

Southbound Left 600 400 200
Throughput 1200 800 400

Northbound Left 600 400 200
Throughput 1200 800 400

https://doi.org/10.1371/journal.pone.0217741.t1002
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Fig 9. Reference phase sequence of the pre-signal system.

https://doi.org/10.1371/journal.pone.0217741.9g009

selected for the keep-clear area. The average vehicle speed in the sorting area is set to 8 m/s
and the saturation flow rate is set to 1800 pc/(h-In).

The signal timing of the pre-signal system was optimized using the Mixed-Integer-Linear-
Programming method proposed by Yan[7]. The proposed reference phase sequence is shown
in Fig 9 and the duration of each phase stage (green phase stage and previous red phase stage)
is listed in Table 3. We modified the phase sequence from the original phase plan shown in Fig
9 in Yan et al[7] by converting the amber phase stages to green phase stages and combining
phase stages indicating the same signal head; the signal phase plan shown in Fig 9 is consistent
with those in Yan’s paper[7]. We use the modified phase sequences to evaluate the perfor-
mance of each geometric design plan.

The proposed designs under the scenarios listed above are evaluated using VISSIM Signal
Control Application Programming Interfaces (SCAPI)[28]. The SCAPI were written in the C+
+/CLR language, and their framework is shown in Fig 10. The signal coordination algorithms
for the pre-signal and intersection signal are embedded into a single dynamic link library
(DLL) file. Real-time information, such as the counts and occupancies of the detectors, can be
collected from VISSIM via the COM component. The information is then sent to the signal
coordination algorithms via a .NET framework for optimizing signal timing information, such
as the cycle length, split and offset to the next interval. The new desired phase tells the VISSIM
how to control all the signal heads installed in the road network. Before the experiment, we
used seven days high-resolution video data (Apr. 14, 2013—Apr. 21, 2013) from the north-
bound approach of the Xiaozhai intersection in Xi’an to calibrate the parameters in VISSIM.
The SIMI Motion software was utilized to obtain the speed, acceleration, headway and lateral

Table 3. Reference signal timing plans (unit: s).

Signal phase stages Scenario 1 Scenario 2 Scenario 3
(duration of green and previous red)
Main signal east/west left 22/40 16/34 13/26
Main signal south/north left 34/22 35/16 25/13
Main signal east/west through 40/34 34/35 26/25
Main signal south/north through 40/40 34/34 26/26
Pre-signal east/west left 47/89 35/84 24/66
Pre-signal south/north left 41/90 36/83 23/67
Pre-signal east/west through 59/77 54/65 36/54
Pre-signal south/north through 65/71 53/66 37/53
Cycle length 136 119 90

https://doi.org/10.1371/journal.pone.0217741.t1003
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Fig 10. Framework of the VISSIM SCAPI environment.
https://doi.org/10.1371/journal.pone.0217741.9010

gap of selected vehicles. The vehicle class, desired speed, speed distribution, driving behaviors
such as the car following model and the lane changing model in VISSIM were carefully
adjusted to fit these patterns.

Results

Because the interarrival times at the upstream area are Erlang type-k distributed with mean 1/
A (see Table 2), the expected queue length during the pre-signal green and red phase stages can
be calculated using Eqs (6) and (8), respectively. The queue lengths with cumulative probabili-
ties of 85%, 90%, and 95% are selected to determine the necessary length of the upstream area;
that is, there is a maximum probability of 15%, 10%, and 5%, respectively, that the queue will
be longer than the length selected. The distributions of the queue for each movement are
shown in Fig 11. The estimation results for the upstream queue are presented in Table 4.

Based on the analysis of the traffic dynamics in the sorting area, if the pre-signal can dis-
charge vehicles at the saturated flow rate for the entire pre-signal green phase stage, the
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https://doi.org/10.1371/journal.pone.0217741.9011

furthest points that the queue can reach are shown in Table 4 (Type 2). On the other hand,
with the maximum main signal green phase stage and saturation flow rate, 20 vehicles can
depart from one lane of the sorting area. Assuming the space headway under the queuing

Table 4. Determination of the minimum length of the pre-signal system.

Components Movement Scenario 1 Scenario 2 Scenario 3
Upstream area east/west left 1 0
Green phase stage (pcu) south/north left 1 0 0
east/west through 1 1 0
south/north through 1 1 0
Upstream area east/west left 21/20/19 15/13/12 716/6
Red phase stage (pcu) south/north left 22/20/19 14/13/12 8/6/6
(85%/90%/95%)
east/west through 17/16/15 10/10/9 5/5/4
south/north through 16/15/14 10/10/9 5/5/4
Keep-clear area (m) all 25 25 25
Sorting area (m) east/west left 63.9/70.0/115.8 50.6/58.9/97.2 30.1/39.3/72.5
(Type 1 Expectation/ Type 1 85%/Type 2) south/north left 43.7/45.6/60.2 36.8/41.5/41.7 23.0/29.5/32.4
east/west through 81.0/85.8/180.3 68.1/76.6/186.0 42.8/54.7/128.8
south/north through 93.4/100.7/214.6 76.8/87.5/180.3 47.4/61.0/134.5

https://doi.org/10.1371/journal.pone.0217741.t1004
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condition is 7 m, the length of the sorting area should be less than 140 m, which is smaller
than the maximum length in Table 4. In this way, it can be seen that the pre-signal did not
discharge the flow at the saturation flow rate for the entire green phase stage. Eq (18)
should be chosen to locate the furthest point that the queue (type 1) can reach. This equa-
tion indicates that the minimum length of the sorting area is related to the arrival process,
which is a random process. The minimum length of the sorting area can be calculated
using the expected number of arrivals or a specific cumulative probability for arrivals.
Table 4 shows the results for the minimum length of type 1 sorting area using the expecta-
tion for 85% of the arrivals. The minimum required length of the pre-signal system can be
estimated by summing the minimum lengths of all the components. Once the geometric
design of the pre-signal system is selected, it is difficult to change. Thus, the geometric
design should meet the requirements of most conditions. In this way, relatively worse con-
ditions (such as the 85% arrival condition) for each movement under all the scenarios
should be selected to calculate the geometric design parameters of the corresponding inter-
section approaches. The minimum lengths of the upstream area and the sorting area of the
tested intersection under 85% of the arrivals are 85.8 m for east/westbound and 100.7 m for
south/northbound.

The VISSIM SCAPI was utilized to obtain the Measures of Effectiveness (MOE) for the pro-
posed geometric design plan. Two geometric design plans were selected for comparison to the
proposed plan (Plan 1). Plan 2 used the length determined by the maximum number of vehi-
cles that can be discharged during the main green phase stage. Plan 3 is the conventional
design obtained from Yan’s method[7] (the longest design of all the four approaches is
selected. Assume the upstream area is long enough.). All three geometric design plans were
tested using reference timing plans calculated through the MILP method for all three traffic
demand scenarios shown in Table 2. For each scenario, we ran 20 simulations, each of length
3600 s. The average values of all the simulations for each scenario were recorded as the MOE.
The occupancy rate of the detector at the main signal stop line (OCC) was selected as the per-
formance indicator for the spatial utilization of the sorting area. The maximum queue length
of the sorting area (MLS) and the maximum queue length behind the pre-signal stop line
(MLP) were chosen as the performance measures for the queue formation process. The opera-
tional efficiency indicator used the commonly utilized average delay (AVD). The ratio of flow
to saturation flow (RFS) was selected as an indicator that represents how the increased satura-
tion flow is used with the current geometric design plan. All MOE indicators obtained by the
simulation are listed in Table 5.

Although the reference signal timing plans were calculated based the geometric design of
plan 3, which did not consider the queue dispersion process within the sorting area, almost
all the queues in the simulation with demand 1 and 2 spill out. The simulation results of
plan 3 indicate that the conventional design may get a short sorting area. Although the OCC
was high in plan 3, the AVD, MQP, and MQS were also higher than in the other plans,
which means the whole system was in a congested state with lower spatial utilization and
efficiency. The number of throughput vehicles was much lower than the demand, it led to a
relatively low RFS, which means the increased capacity given by the pre-signal was not
effectively used. The results of the simulations indicate that the signal timing plan must be
coordinated with the geometric design. Otherwise, the overall efficiency will be significantly
diminished.

The efficiency indicators for plan 1 is similar to those of plan 2. However, the spatial utiliza-
tion rate of plan 2 is lower with a longer delay, which means the proposed geometric design
can improve spatial utilization without reducing the overall efficiency.
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Table 5. Recommended design parameters and related MOE.

Design plans ID
Design I(m)
Ip(m)
1,(m)
MOE Demand 1
scenarios
OCC(%) 68.6
AVD(s) 100.8
MQP(m) 268
MQS(m) 102
RES 0.832

https://doi.org/10.1371/journal.pone.0217741.t1005

Plan 1 Plan 2 Plan 3
105 140 85
25 25 25
>350 >350 >500
2 3 1 2 3 1 2 3
36.1 132 61.1 326 12.8 64.2 39.8 206
77.5 421 103.6 78.3 415 187.6 115.8 514
150 62 271 147 64 399 238 105
86 39 101 85 39 85 85 41
0.631 0.396 0.781 0.615 0.390 0.612 0.593 0.423
Discussion

Based on the evaluation of the queue at the upstream area, the queue generated during the pre-
signal green phase stage is much shorter than the one generated during the pre-signal red
phase stage. When the pre-signal is a stable system (AC<ug,), the queue should be cleared at
the end of each green phase stage. However, when the number of arrivals exceeds the capacity,
the pre-signal faces an over-saturation condition. At this time, there will be a residual queue
after each cycle. This queue will continue to grow until the occurrence of a detrimental effect
such as “spillback” or “deadlock”. Compared to the arrivals during the red phase stage, the
expectation of arrivals at an arrival rate of 600 pcu/(h-In) will be approximately 3 vehicles
smaller than for the queue with a cumulative probability of 85%. In this way, if the length of
the upstream area is determined using the expected value, there will be a probability of 15%
that some additional storage road space of more than 21 meters is needed. In the modeling
process, we also assumed that the vehicles at the pre-signal were in the appropriate lanes.
Thus, an additional lane changing distance should be included in the upstream area; it usually
should be at least 200 meters for a speed limit of 60 km/h. Based on the estimations of the
queue length behind the pre-signal stop line, the upstream area of the studied intersection is
suggested to be no less than 350 meters.

The keep-clear area should provide enough space for the drivers to read the signals and fin-
ish the lane changing process to the sorting area. The keep-clear area can be considered an
invalid area between the two stop lines; it should be minimized as much as possible. Twenty
meters is the minimum length, but it should be longer when the intersection has more
approach lanes.

When we discussed the queue status in the sorting area, we proposed two types of traffic
conditions: the queue behind the pre-signal is long enough to discharge at the saturation flow
rate (type 2) or it is not (type 1). In our experiments, the speed of the backward shockwave
generated by the arriving vehicles approximately equals the approach speed. If the previous
main red phase stage is longer than twice the approach time (¢, in Fig 5), the furthest point in
the queue will pass the pre-signal stop line. At this time, the pre-signal green phase stage must
be terminated early to meter the traffic entering the sorting area, which will turn the traffic
condition into type 1 (the speed of the shockwave generated at the furthest point will be zero).
Based on Eq (9), the highest arrival rate for type 1 condition is ug,/C. The lengths of the sorting
areas obtained by Eq (20) and (22) are the minimum lengths under the corresponding traffic
condition. Traffic engineers in the field should consider adding additional length.

According to the MOE from the simulation, the pre-signal system has the best performance
under relatively congested conditions. The occupancy rates under the demand scenarios 2 and

PLOS ONE | https://doi.org/10.1371/journal.pone.0217741 May 31,2019 19/22


https://doi.org/10.1371/journal.pone.0217741.t005
https://doi.org/10.1371/journal.pone.0217741

@ PLOS|ONE

A geometric design method for intersections with pre-signal systems using a phase swap sorting strategy

3 are smaller than under scenario 1, which means the utilization of the sorting area decreases
as the traffic demand decreases. At this time, the dynamic signal timing method will be better
for the medium traffic demand condition. The pre-signal can be temporarily disabled to
reduce the delay and the stop time when the traffic demand is low. Considering the constraints
listed above, the length of the sorting area and the upstream area in our experiment could be
set to 110 m and no less than 350 m respectively.

In real-world applications, a reference signal timing plan and geometric design can be
obtained using BMILP model with observed traffic demand. The furthest point that the queue
can be calculated using the proposed model. The length of the sorting area can then be deter-
mined according to the affected area of the queue in the sorting area. The length of the
upstream area should be no less than the summation of queue affected area and necessary
space for lane changing and decelerating. The keep clear area is suggested to be designed based
on the lane number of lanes before the pre-signal stop line. The warning signs should be
installed if necessary.

Conclusions

This paper focuses on the development of a geometric design method for an intersection with
tandemly installed pre-signals. The queue theory and shockwave theory are chosen to model
the traffic dynamic under a reference timing plan using a phase swap control strategy. The fur-
thest points that the queues of the sorting area and upstream area can reach can be calculated
using the proposed models. Because the proposed models consider the stochastic properties of
traffic demands, the improved geometric design parameters can reach a balance point between
the desire of preventing spillbacks and improving operation efficiency. The proposed method
is evaluated through a simulation using the VISSIM SCAPI. The following conclusions were
reached:

1. When modeling the traffic dynamics of the upstream area and the sorting area of the pre-
signal system, the traffic in the upstream area has more stochastic properties. The furthest
point that the queue in the sorting area can reach will be longer the maximum queue,
which means the length of sorting area should be longer than it. We use queue theory and
shockwave theory, respectively, to locate the furthest points that the queue can reach in
both the upstream area and sorting area. The appropriate geometric design can be calcu-
lated by considering the boundary conditions and other driving behaviors.

2. The proposed geometric design will be longer than the BMILP model, and shorter than the
method using the maximum flow rate. If the storage capacity is not large enough, there is a
high probability of queue spillback. Otherwise, the spatial utilization of the road will drop
considerably. The proposed method can increase the spatial utilization of the pre-signal sys-
tem while maintaining a similar delay, queue length, and ratio of flow to saturation flow.
The maximum increase in spatial utilization under congested conditions is 7.5%.

3. Though the geometric design and signal timing are collaboratively designed, the reserve
capacity for some phase stages is still high. This is mainly because of the limitation of road
capacity. We will continue to discuss the way to use geometric design method, such as the
reversible lane, to improve the capacity of the intersection with the pre-signal system.

Supporting information

S1 File. Available traffic data used in this study.
(XLS)
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