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Oriented to characteristics of the inflow and outflow of routes in urban road network, we modified the classical fundamental green
wave bandwidth model, in which separate turning green wave band is available for traffic flow from subarterials merging into an
arterial, and this variable green wave band can be more flexible to service the commuting traffic. Moreover, with the analysis of the
mapping characteristics of the phase coordination rate, the concept of the coordination rate of green wave bandwidth was
proposed, with which as the objective function, a multiroute signal coordination control model was established, and this model is
a mixed integer linear programming problem with the overall optimal coordination rate of inbound, outbound, and turning
movement as the objective. Finally, a case study was given with road network in Suzhou Industrial Park, Jiangsu Province, China.
From the simulation results, we can conclude that the coordinated distribution of the model proposed in this study is more stable;
the fluctuation range is 0.09, which is less than that of optimization scheme in classical signal timing software Synchro, which is
0.33; and the total route delay can also be reduced by 15% compared to the current situation and 3.3% compared to Synchro

optimization solution.

1. Introduction

Nowadays, traditional coordinated control in arterials
gradually cannot meet the increasing demand for com-
muting, where there are often multiple routes to choose
from the origin (such as home) to the destination (such as
work place). Therefore, in addition to the study of the co-
ordinated control in arterials, the inflow and outflow of the
traffic in commuting OD, such as turning movements, are
considered in the multiroute in road network.

Green wave control is one of the classical and effective
methods for the coordinated control in arterials and routes.
The objective function is usually to find the maximum green
wave bandwidth in an arterial. This model was first proposed
by Litter and Gartner in 1981, namely, the MAXBAND
model [1-3]. Subsequently, in order to solve the defect that
the bandwidth of MAXBAND cannot be changed, Gartner
etal. proposed the MULTIBAND model in 1990. This model
can implement different bandwidths for different road
sections and directions, and it takes into account the urban

arterial traffic. When different road sections and different
traffic volumes have different requirements for bandwidth,
the traffic flow imbalance coefficient is added to the model
[4]. Moreover, in response to the requirement of co-
ordinated control of regional network signals, an improved
MULTIBAND-96 algorithm [5] was proposed, which can
optimize the solution time of the MULTIBAND model in
extent larger area. However, MULTIBAND still does not
change the fact that the center of the bandwidth is sym-
metrical. In the coordinated control of the route, the turning
bandwidth is different from the straightforward bandwidth
and is more complicated. Therefore, Chao et al. proposed the
AM-BAND green wave model in which, by changing the
symmetry coefficient of the green wave bandwidth, an
asymmetric multiband model was established to maximize
the utilization of the green time of each phase in arterials. In
AM-BAND, each green wave band of each direction has
a centerline, so the bandwidth on both directions does not
have to be symmetrical along the centerline [6]. Since then,
the model has been continuously developed and improved
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by researchers at home and aboard. Lu and Cheng improved
the classic two-way green wave bandwidth graphic method
by improving the arterial intersection and considering the
asymmetry of the phase sequence [7]. In 2018, the OD-
NETBAND model for small road networks was proposed; it
created a separate green wave bandwidth for each main OD
flow direction to achieve coordinated control in regional
road network [8].

However, when the research object comes to multiple
routes, the links between adjacent intersections are closer, and
the coordination method of the maximum bandwidth
method often ignores the correlation between individual
intersections, resulting in discontinuity of green wave guid-
ance. In order to reflect the mapping characteristics of ad-
jacent intersections, the concept of green wave bandwidth
coordination rate was proposed, with which as the objective
function, multiroute green wave control research was also
proposed, in which the phase coordination has been widely
used. Katwijk et al. proposed a phase-adjustable multiagent
coordinated control model, which can dynamically adjust the
phase in real time according to the traffic flow of a certain
phase at the current intersection [9]. Based on the mapping
characteristics of adjacent intersections, An proposed the
concept of phase coordination rate, which reflects the opti-
mization of intersection through the coordination volume
[10]. In addition, in view of the uneven distribution of traffic
flow at intersections along arterials, Liang et al. took the
overlapping phase into account and applied bus signal pri-
ority control, which has more practical significance than the
traditional phase. Under certain applicable conditions, this
method can reduce the total amount of passenger delay ef-
fectively at intersections along arterials [11]. Based on the
design of phase coordination, Zhang et al. proposed a green
wave coordinated control method in arterials based on
overlapped phases to better match the arrival time of the two-
way traffic flow when the green light turns on at intersections
[12-17]. Lan and Wu used the method of correlation analysis
and regression analysis to establish correlation model of
adjacent intersections, the principle and process of traffic
partition were designed by using analytic hierarchy process,
and a new traffic partition model was proposed [18]. The route
observed in this study was extracted from the Floating Vehicle
Data (FCD) of commercial vehicles in the study area of
Calabria (southern Italy). The comparison is performed based
on the similarity of the sequence of nodes visited between the
observation route and the simulated/optimized route [19]. Hu
et al. proposed an improved HCM 2000 delay model based on
the coordination of dynamic random traffic flow phase dif-
ference, using genetic particle swarm hybrid optimization
algorithm to optimize the coordinated control timing scheme
and realize all intersection signals in the subarea [20].

Based on the characteristics of phase coordination, this
paper proposes the concept of coordination rate of green
wave bandwidth. After analysis of bandwidth coordination
rate of the green wave in two-way movement, straight and
turning, the multiroute based control optimization model is
established. In this model, constraints of the variable
bandwidth, setting of the turning bandwidth, and green
wave bandwidth coordination rate are taken into account
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comprehensively, and inbound, outbound, and turning
traffic flow are also serviced at the same time in this model.

The contributions of this paper are as follows:

The basic green wave bandwidth model of the trunk line
is improved to create a separate turning green wave band for
the traffic flow from the branch line to the trunk line, so that
the variable green wave bandwidth can be more flexibly
adapted to the needs of related commuting traffic.

(1) The concept of green wave bandwidth coordination
rate is introduced.

(2) This model is a mixed integer linear programming
model that is aimed at the overall optimal co-
ordination rate of green wave bandwidth for uplink,
downlink, and steering.

2. Definition

Some basic concepts are defined first as follows:

Route: the path is a line composed of several in-
tersections and road sections from the start to the end
of commuter traffic.

Multipath: since there are multiple start and end points
in the road network, multiple paths appear.

Green bandwidth: route may have multiple in-
tersections, along which we can adjust the offset of
green time of traffic lights to make the traffic passing
through several intersections without stop, which we
call green wave. The duration of the green wave is the
green wave bandwidth.

2.1. Intersection Phase Coordination Rate. When describing
the characteristics of adjacent intersections, the concept of
phase difference is usually used. Phase difference is also an
important indicator for coordinated control of trunk lines.
The phase coordination rate reflects the mapping relationship
of the green light phase duration of adjacent intersections.

2.1.1. The Concept of Phase Coordination Rate. The phase
coordination rate is defined as the degree of coincidence of
the green light time interval of a certain phase at the up-
stream intersection to the downstream intersection and the
coincidence degree of the green light time interval of the
corresponding phase at the downstream intersection.

Take the straight phase of the adjacent intersection as an
example, as shown in Figure 1.

The figure shows two adjacent intersections I; ; and I, ;3
Gi,1,j and G;; are the straight phase green time (s) of the
upstream and downstream intersections in the same cycle;
O;,1,; s the difference between the green light start times of
adjacent intersections (phase difference); &;,, ; is the phase
noncoordination amount (s), that is, the part that does not
coincide with the downstream green light time after the
upstream intersection is mapped; Pipy,; 1 the phase co-
ordination amount (s), that is, the overlapped part of the
upstream intersection and the downstream green light time
after the mapping.
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FIGURE 1: Schematic diagram of phase coordination rate.

Therefore, the calculation method of the straight-going
phase coordination rate y at the two intersections in the
figure is shown in

Pir1,j
Piv,j + 'fi+1,j

1

Yis1,j =

2.1.2. Intersection Control Optimization Model Based on
Phase Coordination Rate. The phase coordination rate is
calculated strictly according to the number of phases, taking
the standard four-phase signal control (go straight from east
to west, turn left from east to west, go straight from north to
south, and turn left from north to south) as an example (for
the time being, complex situations such as phase overlap are
not considered), and the phase coordination rate needs to be
calculated for each phase.

When calculating the coordination rate for a phase, since
the traffic flow is bidirectional, the coordination rate of the
phase is defined as the larger of the two, as shown in the
following formula (assuming the phase is an east-west
straight phase).

_ e—w_ w—e 2
Yis1,j —max()’m,j YiiL,j ) (2)

In the actual intersection, the traffic turning problem at
the entrance lane of the intersection is involved. Therefore,
considering the signal control environment at the in-
tersection, the phase coordination rate optimization model
is divided into two categories, namely, the phase mapping of
straight to straight, and the phase of straight to left turn. The
mapping is for the vehicle flow at the upstream and
downstream intersections, as shown in Figure 2. The situ-
ation of mixed lanes and controlled right turn is not con-
sidered here.

2.1.3. Go Straight-Go Straight to Map the Phase Coordination
Rate. As shown in the direction of the straight traffic flow in
Figure 2, the traffic flow goes straight through the upstream
intersection I and goes straight out of the downstream in-
tersection II. The phase coordination rate is defined as

T
¢2 (3)

Y2 =
o+

Among them, ypl, is the straight-going phase co-
ordination rate, ¢! is the straight-going phase coordination

North

|
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Figure 2: Traffic flow mapping trend diagram of adjacent
intersections.

quantity (s), and fg is the straight-going phase non-
coordination quantity (s).
According to the phase mapping relationship,

9 +& =G, )

where GT is the green time of the straight phase of in-
tersection I (s).

According to the phase difference and the phase co-
ordination rate, the straight-line phase noncoordination rate
can be obtained as shown in

8, = & (5)
12 — Alz'

Among them, AT, is the phase difference (s) between
intersections I and II. When the phase noncoordination rate
is 0, the effect of coordinated control is the best, which can
reduce the queuing problem of vehicles.

2.1.4. Go Straight-Turn Left to Map the Phase Coordination
Rate. As shown in the direction of the turning traffic flow in
Figure 2, the traffic flow goes straight through the upstream
intersection I and turns left out of the downstream in-
tersection II. The phase coordination rate is defined as

L
L )
Yo="71 1 (6)
P +&
Among them, ¢} is the left-turn phase coordination
quantity (s); in phase mapping, the phase noncoordination
quantity is usually constant.

2.1.5. Intersection Control Optimization Model. In the actual
calculation of the phase coordination rate of a downstream
intersection, the upstream intersection usually has four



values for north, south, east, and west, and the corre-
sponding traffic flow mapping conditions also come from
the four directions. According to vehicle driving behavior,
the coordination rate can be classified into four categories,
namely, east-west straight phase coordination rate, east-west
left-turn phase coordination rate, north-south straight phase
coordination rate, and north-south left-turn phase co-
ordination rate, which are represented by the following
symbols: y{__ i, yi_;, i and yi__;.

Then, the intersection control optimization model based
on the phase coordination rate, which is aimed at the op-
timal total phase coordination rate of the entire downstream
intersection, can be expressed as

NT NI wT WL
Maxf(li—»j) =0y +/31Yi—>j Tyt /52Yi—>j-

(7)

Among them, « and § are the weighting coeflicients,
which are, respectively, expressed as the flow of the straight
and turning traffic in each phase:

oy By By = max(QL,Qg): maX(QIL\,, Qé):

(8)
max(Qa,, QE): max(Qé\,, Qé)

2.2. Definition of Green Wave Bandwidth Coordination Rate.
Green wave control is one of the commonly used signal
coordination control methods, and its objective function is
usually the bandwidth of green wave. However, when the
object of coordination is complex, the bandwidth cannot
reflect the overall coordination situation well, nor can it
reflect the mapping relationship between adjacent in-
tersections. Therefore, this section introduces the green wave
bandwidth coordination rate.

Define the green wave bandwidth coordination rate as
follows: the ratio of the effective green wave bandwidth
between adjacent intersections to the total green time of the
downstream intersection in that direction, which can be
expressed as

Yij = — 9)

where y;; is the green wave bandwidth coordination rate, b;;
is the effective green wave bandwidth between adjacent
intersections, and G; is the total green time of the down-
stream intersection in that direction.

3. Method and Model

The technical roadmap for the research of the multiroute
signal coordination control method considering the green
wave bandwidth coordination rate is shown in Figure 3.

3.1. Single Route Control Optimization Model considering
Coordination  Rate of Green Wave Bandwidth.
Considering the research on the signal coordinated control
of the road to the route, there is turning behavior in the
process of traffic flow, so the green wave bandwidth
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coordination rate of straight and turning movements is
generated, and its upward and downward directions need to
be studied separately.

According to the definition, the coordination rate of
different green wave bandwidths of adjacent intersections is
obtained as follows:

Upstream direct green wave bandwidth coordination
rate:

i-b 10
YT - G] ( )

Downlink direct green wave bandwidth coordination
rate:

Y= (11)

Uplink left-turn green wave bandwidth coordination
rate:
ij_Yi .

YL
Gj

(12)

Downlink left-turn green wave bandwidth coordination
rate:

i _Yi

YL G"

1

(13)

Among them, b is the straight green bandwidth of the
route, and y is the turning green bandwidth at the turning
intersection.

The objective function of the route control optimization
model based on the green wave bandwidth coordination
rate is that the total green wave bandwidth coordination
rate in the route is optimal; that is, (2) to (5) are super-
imposed according to the coordination rate of each con-
nected section of the intersection. The objective function
can be expressed as

maxy = Z ayi +ayi + Byi + Byi. (14)

Among them, &, @, and 8 are weighting coefficients,
which mean the green wave bandwidth demand ratio for
upward straight travel, downward direct travel, upward
steering, and downward steering, respectively.

3.2. Basic Multiroute Signal Coordination Control Model.
In OD travel, there are often multiple routes for commuters
to choose from, and there are situations in which vehicles
merge into or out of the arterial road. This results in a sit-
uation where multiple routes have overlapping sections. For
these situations, only one arterial road is created. The green
wave belt is obviously not enough, and it is necessary to
create a separate turning green wave belt for the intersection
where there is turning behavior. Among them, the route is
composed of road segments and nodes.

In this paper, based on the traditional MAXBAND ar-
terial road green wave coordinated control model, the main
road traffic turning is considered, and the intersections with
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Asymmetric green wave bandwidth model
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FIGURE 3: Technology roadmap.

turning traffic flow are separately studied to establish
a multiroute signal coordinated control model.

Figure 4 is a time-space diagram of the basic multiroute
signal coordination control model OD-BAND, which
contains three consecutive intersections involving two-way
arterial green waves and three turning routes [21, 22].

The meanings of the parameters in the figure are as
follows:

N;: intersection number.

b(b): upward (downward) direction, green wave
bandwidth between adjacent intersections (s).

r;(r;): at the intersection, the red light time (s) when
you leave (enter) the intersection direction.

w; (w;): conflict variables, defined as the start (end) time
of the red light and the length of the green wave zone
boundary time (s).

7;(1;): dissipation time of vehicles queuing at down-
stream intersections (s).
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F1GURE 4: Time-space diagram of coordinated control model for multiroute.

A; (A;): red light offset, the difference between time of
approaching and departing intersection at the mid-
point of the red light (s).

t; (£;): travel time in the upward (downward) direction
from the current intersection to the downstream in-
tersection (s).

. (¢,): phase difference, defined as the difference at the
midpoint of the same phase red light at adjacent in-
tersections (s).

¥,¥',7: up and down (downward) direction, adjacent
intersections turning to the green wave bandwidth (s).

x; (x): the steering bandwidth conflict variable which is
the start (end) time of the red light and the length of the
boundary time of the steering green wave band (s).

The objective function is
MaxB = ab+ab+by +by+b'y'. (15)

a(@): uplink (downlink) section saturation constraint.

B(B): saturation constraint of turning section in the
upward (downward) direction.

3.3. Improved Multiroute Signal Coordination Control Model.
Since the basic OD-BAND has low applicability and the
given model is only for three consecutive intersections, we
can make some improvement in it. By including the concept
of green wave bandwidth coordination rate mentioned in
Section 1, improvements are made from three aspects:
variable bandwidth, bandwidth coordination rate con-
straints, and objective functionalization to expand the ap-
plicability and use value of the model.

3.3.1. Variable Bandwidth. The green wave bandwidth co-
ordinated control model is based on the MAXBAND model.
Although the green wave bandwidth can be provided in two
directions for the arterial, the width of the green wave band-
width is fixed. However, in actual situations, the timing of each
intersection is different, and the green light time is also different.
The fixed bandwidth is often the intersection with the highest
green light time utilization. The maximum green wave band-
width is taken as the bandwidth of the entire arterial, which may
cause inflexible timing of green lights at other intersections.

In the multiroute signal coordinated control model, the
green wave bandwidth can also be changed to increase the
control of each intersection.

Define b, (b;) as the straight green wave bandwidth in the
upstream and downstream directions; i = N — 1 is the road
section number; the corresponding road section saturation
constraint variables are «; («;) and S; (3.

3.3.2. Phase Constraint of Green Wave Bandwidth Co-
ordination Rate. For a general four-phase intersection, the
one-way green time is not more than half of the total cycle
length [23], which means G} <C/2, so we can define the
cycle frequency as z = 1/C. According to the formula of the
green wave bandwidth coordination rate, the following
constraints can be obtained:

2zb; <y <1,
22b, <y <1,

o (16)
2zy;<y; <1,

Zzﬁsgsl.
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3.3.3. Objective Function. Take the optimal total green wave
bandwidth coordination rate in the multiple routes as the
objective function of the model, as shown in the following
formula:

Among them, &, & f3, and f8 are weighting coefficients,
which mean the green wave bandwidth demand ratios for
upward straight travel, downward direct travel, upward
turning, and downward turning, respectively. n is the
number of intersections. N, and N, are the starting and
ending points of the route. b(b) represents the upstream
(downstream) direction, the width of the green band be-

(17) tween adjacent intersections. j represents the total number
p [Np=No y; No-Np I of routes.
1 1 .
+Z|: ﬁiG_i+ Z B; :ljl Subject to
g T i=1 T
1 1
—<zZ<—,
1 2
(1 - kl)El Zkl (1 kl)bl’
w;+b;<1-r;
W, +b;<l-r,
_ 1 1,
(w; +w;) (wi+1+wi+1)+(ti+ti):§(ri+l+ri+1)_§(ri+ri)+mp i=12,...,n
( (4, 4
— |zt | — |z
i €;
) > 121,2,. ,h
d; _ (4,
— ZStiS — |1Z
[ \fi €
[ (4 z< 4 t-t<2)z
hi di+1 1 ' i
I , 1=1,2,...,n
d; d\. . _(d
= |Z=| 5 tn—tisl= |z
L hl di+1 i
2zb; <yp<1
22b—1—ﬁ<1 l=1)27 ,I’l—l
ZzyiSyile
ZZESV_igl i=No Np-1
(1-K)- 512 (1-K) Kb
(1-K) - Hl2(1-K) Kb i=No Np-1
J_d ~
Xi =X TW; — Wiy T =Ty
xzj_xz{rl:wi_wi#—l'l-?i_a i=12,.,n—-1
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yl+x]<r i=No
x{zri i=Ng+1,...,Np
/> i=Np-1,...,Ng (18)
yl+b;<1-r
y{+bi§1—r
i=No Np-1,

where j is the number of paths; m is an integer; C, is the
minimum period (s); C, is the maximum period (s); k; is the
upstream and downstream bandwidth demand ratio; b, (b;)
is, in the upward (downward) direction, the width of the
green wave band between adjacent intersections; r; (r;) is, at
an intersection, the length of the red light in the direction of
exiting (entering) the intersection; ¢, (¢;) is the travel time in
the upward (downward) direction from the current in-
tersection to the downstream intersection; d;(d;) is the
distance between adjacent intersections in the upward
(downward) direction (m); f;(f;) is the upper limit of the
speed in the up (down) direction (km/h); e, (g;) is the lower
limit of speed in the up (down) direction (km/h); k; (E) is the
upper limit of speed fluctuation in the up (down) direction
(km/h); g;(g;) is the lower limit of the speed fluctuation in
the up (down) direction (km/h); and w; (w;) is the result of
model solution, and its value should usually be greater than
half of the green wave bandwidth of the road section. This is
an important basis for judging whether the coordination is
reasonable.

4. Case Study Analysis

4.1. Simulation Environment. The case selected a road
network in the Industrial Park of Suzhou City, Jiangsu
Province, China, seen in Figure 5. The east-west arterial road
is Zhongyuan Road, and the north and south Wansheng
Street, Jinliang Road, Zhongnan Street, etc. form a multi-
route road network with vehicles flowing into and out of the
arterial road. For investigation during the peak period of
traffic flow and signal timing, we used LINGO software
programming to solve parameters such as phase difference,
green wave bandwidth coordination rate, and conflict var-
iables. In addition, we used Synchro software for road
network construction, simulation operation, analysis, and
comparison with Synchro’s phase optimization plan. The
feasibility and advantages of the model were verified.

The intersections are numbered sequentially from left
to right, and the involved routes and intersections are
shown in Table 1.

4.2. Data Collection. In this paper, the research object se-
lected 11 intersections, 10 road sections, and 5 routes. In
order to obtain simulation data, we will start the morning
peak at 7:00-9:00 on December 19, 2019, and the evening
peak at 17:00 on December 20. At 19:00, the traffic data,

entrance cross section, and signal timing of 11 intersections
were investigated, the average value of the traffic was taken
as the average peak hour traffic, and the subsequent sim-
ulation input was carried out. The flow data and signal
timing of the entrance lanes of each intersection are shown
in Tables 2 and 3.

The intersections S;-S;; correspond to the intersections,
respectively, of Zhongyuan Road-Xinghu Street, Zhongyuan
Road-Wansheng Street, Wangdun Road-Wansheng Street,
Zhongyuan Road-Nanshi Street, Zhongyuan Road-Jinliang
Street, Zhonghui Road-Jinliang Street, Zhonghui Road-
-Xinghu Street, Zhongyuan Road-Liuli Street, Zhongyuan
Road-Zhongnan Street, Zhaojia Alley-Zhongnan Street,
and Zhongyuan Road-Jinxi Street.

4.3. Model Solution. According to the programming solu-
tion of the model by LINGO software, the straight green
wave bandwidth coordination rate and the turning green
wave bandwidth coordination rate of each intersection are
shown in Tables 4 and 5.

4.4. Results Discussion. Through simulation analysis, the
delays of each intersection after model optimization and
Synchro optimization are obtained, such as the delay and
phase difference of the intersection, seen in Table 6.

After calculation, the average delay of the intersection
obtained by Synchro’s optimization model is 29.2's, and
the average delay of the intersection of the model studied
in this paper is 28.03 s. From the table, it can be seen that
intersection I and intersection XI are the main roads
within the scope of the study, and they bear greater traffic
pressure; intersections II, IV, V, and IX are important
nodes involved in the turning route, and their delays are
also relatively high.

Through simulation analysis, the delays of each in-
tersection after model optimization and Synchro opti-
mization are obtained. The comparison is shown in
Figure 6.

It can be seen from the figure that among the I-XI
intersections in the study range, except for intersections V,
VIII, and X, the intersection delays after the optimization of
the model scheme in this paper are all lower than those after
Synchro optimization. The intersection delay obtained by
the overall model is 4.3% lower than the average intersection
delay obtained by Synchro optimization.
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FIGURE 5: Case road network model in Synchro.
TaBLE 1: Origins, destinations, and routes in the case road network.
Travel point Arrival point Route
1 11 1-2-4-5-7-8-9-11
3 6 3-2-4-5-6
3 10 3-2-4-5-7-8-9-10
10 1 10-9-8-7-5-4-2-1
11 1 11-9-8-7-5-4-2-1
TaBLE 2: Traffic volume at case intersections (pcu/h).
. South import North import East import West import
Intersection . . . . . . . .
Left Straight Right Left Straight Right Left Straight Right Left Straight Right
N 285 320 169 195 396 190 138 149 162 119 227 182
S, 266 755 276 112 178 266 263 217 182 134 194 237
S3 135 337 262 135 330 151 50 190 245 123 260 204
Sy 128 333 131 368 647 153 100 144 164 123 260 204
Ss 304 253 277 225 297 244 181 344 236 89 203 344
Se 162 298 360 129 185 306 129 169 250 237 464 393
S; 134 276 244 175 166 272 111 291 227 210 423 333
Sg 234 249 117 149 169 236 315 241 151 176 172 170
So 156 418 229 223 389 105 299 243 189 246 369 266
S1o 107 397 111 127 334 121 102 168 79 98 172 56
Si1 187 407 198 232 379 201 287 346 196 257 356 203
TaBLE 3: Current signal timing plan at case intersections.
. . . Period
Intersection First phase (s) Second phase (s) Third phase (s) Fourth phase (s) (s)
S East-west straight, Turn left from east to North-south straight, Turn left from north to 75
! right/21 west/12 right/22 south/20
S East-west straight, Turn left from east to North-south straight, Turn left from north to 75
2 right/20 west/17 right/21 south/17
S East-west straight, Turn left from east to North-south straight, Turn left from north to 70
3 right/21 west/13 right/23 south/13
S East-west straight, Turn left from east to North-south straight, Turn left from north to 70
4 right/20 west/11 right/19 south/20
S East-west straight, Turn left from east to North-south straight, Turn left from north to 70
> right/20 west/12 right/20 south/18
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TasLE 3: Continued.

Intersection First phase (s) Second phase (s) Third phase (s) Fourth phase (s) Pe(rsl)o d

S East-west straight, Turn left from east to North-south straight, Turn left from north to 75
right/25 west/16 right/20 south/14

s, East-west straight, Turn left from east to North-south straight, Turn left from north to 70
right/22 west/14 right/22 south/12

S East-west straight, Turn left from east to North-south straight, Turn left from north to 30
right/22 west/21 right/20 south/17

S, East-West straight, Turn left from east to North—s.outh straight, Turn left from north to 30
right/24 west/20 right/20 south/16

S1o East-west straight, North-south straight, Turn left from north to . 70
right/27 right/24 south/19

S, East-west straight, Turn left from east to North-south straight, Turn left from north to 80
right/21 west/19 right/24 south/16

TaBLE 4: Coordination rate of green wave bandwidth and offsets in the arterial.

Intersection Uplink green wave bandwidth coordination rate Downlink green wave bandwidth coordination rate Phase difference (s)

I — 0.44 27
II 0.58 0.48 8
111 — — 72
v 0.42 0.48 3
\Y 0.41 0.42 2
VI — — 40
VII 0.52 0.39 42
VIII 0.43 0.57 38
IX 0.49 0.39 45
X — — 8
XI 0.52 — 15
TaBLE 5: Coordination rate of green wave bandwidth and offsets for turning movement.
Intersection  Shift to green wave bandwidth coordination rate  Intersection  Shift to green wave bandwidth coordination rate
I 0.49 7 0.42
II 0.49 8 0.44
v 0.45 9 0.37
A% 0.43 10 0.42
VI 0.49 — —
TaBLE 6: Intersection delay and phase difference.

. Synchro optimization model This article research model

Intersection
Phase difference (s) Delay (s) Phase difference (s) Delay (s)

I 71 31.7 27 31.0
II 8 26.7 8 25.5
III 72 19.6 72 18.9
v 0 33.3 3 25.8
\Y% 5 26.4 2 27.6
VI 37 28.6 40 28.3
VII 56 25.0 42 23.7
VIII 38 30.5 38 321
IX 43 33.5 45 31.2
X 2 19.2 8 18.5
XI 10 47.1 15 45.7
Overall benefit — 29.24 — 28.03
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FiGure 7: Comparison of coordination rate of green wave bandwidth between the model in the paper and the model in Synchro.

Since Synchro lacks the optimization of route turning  the green wave bandwidth in the arterial after optimization
bandwidth and the concept of coordination rate, in order to  based on the Synchro model crosses the downstream. The
evaluate the overall optimization results, the intersection in ~ green light duration of this phase at the intersection is ob-
the arterial is selected as the reference comparison basis, and tained, and the green wave bandwidth coordination rate of the
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TaBLE 7: Comparison of evaluation indexes.

Program Total route delay (hr) Total number of stops (times) Average speed (km/h)

Model in Synchro 37.7 4192 23.77

Model in this paper 36.5 4166 25.02

corresponding intersection is obtained, which is analyzed and
compared with the green wave bandwidth coordination rate
obtained by the LINGO software programming in the model
in this paper. The result is shown in Figure 7.

From top to bottom, the figure shows the uplink green
wave bandwidth coordination rate, downlink green wave
bandwidth coordination rate, average uplink green wave
bandwidth coordination rate, and average downlink green
wave bandwidth coordination rate of the Synchro scheme
and the model scheme studied in this article. Due to Syn-
chro’s lack of turning optimization of the green wave, the
main road intersections are compared and studied. The
green wave bandwidth coordination rate obtained by the
model in this paper is more stable and continuous, and the
mean difference distribution curve is also more stable, with
a fluctuation range of 0.025 to 0.115. The results obtained by
Synchro fluctuate greatly, deviating from the mean line, and
the maximum difference between the upper and lower limits
of the fluctuation is 0.33.

Therefore, in the actual road network, where there are
many intersections and multiple routes, the disadvantage of
classical Synchro model is only to optimize the overall route,
with no relationships between intersections. Moreover, in
Synchro, there is not much difference between the upstream
and downstream bandwidth. At the same time, the demand
ratio of traffic in real world is not considered, which results
in more delay.

The model in this paper, from the perspective of the
overall continuity of the green wave bandwidth, has stronger
applicability and can reduce or avoid the workload and
research errors caused by the division of coordination
subregions. In general, the coordination effect is also better.

Through the simulation operation, the evaluation in-
dexes of the total route delay, the total number of stops, and
the average vehicle speed are obtained, as shown in Table 7.

According to the simulation results, the total route delay
in this paper is 36.5hr. Compared with Synchro’s optimi-
zation solution, the delay is reduced by 3.3% and 15%
compared with the current situation. In terms of total
parking times, compared with Synchro’s optimization so-
lution, it is reduced by approximately 30 times; in terms of
average vehicle speed, compared to the Synchro optimiza-
tion solution, it has increased by 1.3 km/h.

5. Conclusion

According to the characteristics of phase mapping, the
concept of green wave bandwidth coordination rate was first
proposed in this paper. Moreover, based on the classic ar-
terial coordinated control model MAXBAND, we proposed
an improved multiroute signal coordinated control model,
which is suitable for inbound, outbound, and turning
movement of commuting traffic. In the model, objective

function, variable bandwidth, and coordination rate con-
straint of green wave bandwidth were discussed in detail,
and finally we solved the model as a mixed integer linear
programming problem.

The model proposed in this paper takes the green co-
ordination rate of wave bandwidth as the objective function.
When the research object becomes complex such as mul-
tiroute or regional road network, it can more intuitively
reflect the overall coordination situation and can also reflect
the coordination of adjacent intersections according to its
mapping characteristics.

From the case study, we can conclude that the green
wave bandwidth in arterial gotten from the model in this
paper is more continuous and stable, and each turning route
also has an independent turning bandwidth, which can be
better applied in a multiroute environment.
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