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Traditional timing green wave control with predetermined cycle, split, and offset cannot adapt for dynamic real-time traffic flow.
This paper proposes a coordinated control method for variable cycle time green wave bandwidth optimization integrated with
traffic-actuated control. In the coordinated control, green split is optimized in real time by the measured presence of arriving and/or
standing vehicles in each intersection and simultaneously green waves along arterials are guaranteed. Specifically, the dynamic
bound of green wave is firstly determined, and then green early-start and green late-start algorithms are presented respectively to
accommodate the fluctuations in vehicle arrival rates in each phase. Numerical examples show that the proposed method improves

green time, expands green wave bandwidth, and reduces queuing.

1. Introduction

Traffic-actuated control is one of traffic signal control modes
[1] which does not have a pretimed cycle, signal sequence,
and green signal displays and can adapt to the volume
of vehicles on the road accordingly. However, because of
variable cycle and random light switch, it is practically
difficult to apply in the city roads, especially in a coordinated
control framework. At present, traffic signal system is still
dominated by multiperiod fixed cycle time control in most
cities, frequently integrated with green wave control along
the city arterials. Green wave control generally attempts to
maximize public green wave bandwidth in which a series of
traffic lights (usually three or more) are coordinated to allow
continuous traffic flow over several intersections in one main
direction. Green wave control is popular in signal controls
for its simplicity and effectiveness [2], which mainly includes
graphical method [3], numerical method [4], and Maxband
law [5].

In most green wave optimization models, cycle, split,
and offset are generally predetermined and cannot adjust
to the real-time fluctuations in traffic, probably lowering
its coordination control effectiveness. Therefore, this paper

proposes a coordinated control method for variable cycle
time green wave bandwidth optimization integrated with
traffic-actuated control. The main purpose of this paper is
to achieve real-time coordination bandwidth by utilization
of green time and actuation of arriving or standing vehicles
at each intersection. Furthermore, a numerical example is
presented to elaborate our method.

2. The Key Parameters in
Traffic-Actuated Control

Unlike fixed-cycle traffic signal control, traffic-actuated con-
trol has no fixed cycle length, as well as green split, which is
dependent on the real-time volume of traffic. In the traffic-
actuated control, as shown in Figure 1, the process of phase
transition is regulated by the following transition rules: (i)
when a preset minimum green time from an initial green
light ends, the phase changes if there is no vehicle entering
in the phase; (ii) otherwise, the phase does not change until
the green time is extended to the preset maximum green
time or the time when there are no vehicles entering in the
phase. The phase transition can effectively reduce vehicle
delays and stops and improve the efficiency of the signalized
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FIGURE I: Traffic-actuated control.

intersections as long as the maximum green time and unit
delaying time are reasonably predetermined.

2.1. Minimum Green Time. Minimum green time represents
the least amount of time that a green signal indication will
be displayed for a movement. The duration of minimum
green is used to allow drivers to react to the start of the
green interval and meet driver expectancy and pedestrian
crossing time when separate pedestrian signal displays are
not provided. The duration of minimum green can also be
influenced by detector location. There are various methods
for calculating minimum green time, which can be by the
types of control system and detector location [6]. In our
traffic-actuated control system, detectors are located in the
range 2 to 20 meters before stop lines.

The minimum green time is calculated as follows:

Gmin = Max [Gmin L Gminp] >
Gy = Sy + ht X1 L
minv ~ Ylagy + nt X Integer <§) > (1)
G t bl

w
min p :Slagp+ V_ —ly
p

where G,;, is minimum green time in phase; G,;,, is
minimum green time for vehicles; G, , is safety time for
pedestrian crossing; Sy, is start-up loss time for vehicles
which is commonly set equal to 4 seconds; At is time headway,
equal to 2-3 seconds; L is the distance between the stop line
and detector; S is the time (distance) between two adjacent
vehicles, equal to 2-3 seconds (5-6 meters); Sy,,, is pedestrian
start-up loss time, equal to 5 seconds; w is the crossing width
for pedestrians; v, is pedestrian crossing speed; t, is green
light time interval.

2.2. Maximum Green Time. Maximum green time is the
longest green time provided for a phase, which determines
whether green time can be effectively utilized, especially
when traffic is under moderate congestion level [7, 8]. Unlike
traditional fixed maximum green time, the maximum green
time proposed in this paper can change according to the
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fluctuations in volume of traffic in each signal cycle. The
maximum green time is given by

Gmax = Min [gmax’ tC] 4

cv
Imax = (C - l) a’ (2)

c-— L
1-CS/RS x 0.9

where CV is flow rate of a particular phase (vehicles/h); CS
is the traffic volume of a particular phase (vehicles/h); RS
is the reference traffic flow (vehicles/h); C is cycle length;
RS performs a weighting factor of 0.9, which is designed to
operate at 90% of available capacity; [ is loss green time in
each cycle.

Imax 1S the coordination phase value. The number of
vehicles getting through the coordination phase is N,, in each
cycle. The flow rate is N,, /S,, where S, is saturated flow in the
lane analyzed.

In order to equilibrate the flow rates of coordinated and
noncoordinated phase in one cycle, g,,., and t. in noncoor-
dinated phase take the minimum value for calculating the
maximum green time. f, is the time when the flow rate
reaches N,,/S, in noncoordinated phase. This approach can
improve effectiveness of signal intersections, especially when
traffic flows are seriously unbalanced in different directions
in the noncoordinated phase.

2.3. Unit Extension Time. Unit extension time is the mini-
mum time interval for interrupting the signal between two
successive vehicles. This parameter can directly influence
right-of-way for vehicles in the queue and vehicle arrivals. If
unit extension time is too short, the right-of-way in the phase
is not enough, leading to unnecessary delay and stops; if unit
extension time is too long, green time is not fully utilized.
In addition, to ensure that the detected vehicles can pass the
stop line, the distance between detector and stop line and the
vehicle speed should be taken into account [9].

In this paper, the distance between detector and stop line
is set equal to 20 meters. The minimum average speed is
6 m/sec. Thus, the unit extension time is not less than 3.3. The
flow rate for a lane is 1200 vehicle/h and the average headway
is 3600/1200, that is, 3 seconds. Therefore, to multiply a
weighting factor to ensure traffic efficiency, unit extension
time is given by

e = ky x Max [p,, ht],

L (3)
b= v
where ht is headway, generally equal to 2-3 seconds, L is the
distance between detector and stop line, v; is average speed,
p; is the driving time from detector to stop line, and k,, is the
flat peak time value, generally set equal to 1.1, depending on
road traffic characteristics.
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FIGURE 2: Illustration for parameters.

3. Green Wave Bandwidth

For convenience, we define the following symbols (as shown
in Figure2). |, 0,j 1s the green time in the noncoordinated

phasem for the intersection i of cycle ji £, ; is the green timein

gb jis the
starting green time in the coordinated phase for intersection i
of the cycle j; ) _ . is the ending green time in the coordinated

the coordinated phase for intersection i of cycle j; t

ge.
phase for intersection i of cycle j; t,, ; 1s the starting time of
forward green wave in the coordinated phase for intersection
i of the cycle j; t;, ; is the ending time of forward green wave

in the coordinated phase for intersection i of cycle j; t}a’ jis
the starting time of reverse green wave in the coordinated
phase for intersection i of cycle j; t;b) ; is the ending time of
reverse green wave in the coordinated phase for intersection

i of cycle j; £, ,, is the minimum green time in the phase

n for intersection i; ' gn
phase n for intersection i:

is the maximum green time in the

i
tbegin] min ( za,j’ tfa ])
i i )
1
fenaj = max (£ o1y ;).
We now investigate green wave bandwidth using graphi-

cal method with heuristics. The determination of green wave
bandwidth is given as follows [10, 11].

Step 1. Set an identical starting time for each intersection of
routes and let N be the number of intersections.

Step 2. Record the starting time ¢’ gv,j and the ending time t e
for each coordination phase in every cycle, and set up t. =
t;b’m for the coordination phase of the first intersection.

Step 3. Find the initial time ti ; for forward green wave
bandwidth. If £2 = ¢! b tgej]

of the second intersection from ., then judge whether ¢ =

gom T L1, 2/V is in the interval [t

FIGURE 3: The bound of green wave.
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gbj
intersection. If all the conditions are satisfied, then tzu . l‘1
2 =t .t =tN andt! = ! +1;go to Step 4; otherwise,

zu] [ za,n
t =t} + 1; go back to Step 3, until £} —tgem

+ L,;/V, is in the interval [ ] until the last

gbn’ gen

of green wave. If .~ =

zb,m za,m

Step 4. Find the ending time ¢!

t', .» then green wave bandwidth is 0; otherwise, when ¢,
1

Fyerjo SE Ly = Loy B2 = toyevstiy, = )

We now use the genetic algorrthms to derive the max-
imum green wave bandwidth [I12]. To ensure that the
bandwidths of both forward and backward directions are
consistent with the corresponding traffic flow, the bandwidths
yield

ge m>

b, - kb, } -

min B = min { ————=

{ b, + kb,
where b, is forward green wave bandwidth; b, is reverse green
wave bandwidth; k is unbalanced coefficient of traffic flows of
both directions; B is public green wave bandwidth.

4. The Dynamic Lower Bound of
Arterial Green Wave

The lower bound of arterial green wave is the starting time
of an intersection to limit an increase in its bandwidth in
forward/reverse direction. As shown in Figure 3, the starting
time of forward green wave is the starting time of green light
intersection 1 in cycle jt! gb,j» Which is the lower bound of the
forward green wave since it is a binding constraint for forward
green wave bandwidth. Similarly, t;b) ; is the lower bound of
the reverse green wave.

Under traffic-actuated control, the starting time, the
ending time, and the duration for coordination phase of each
intersection may vary with volume of traffic, leading to the
dynamic lower bounds of both forward and reverse green



FIGURE 4: The determination of lower bound.

wave bandwidths [13]. The dynamic lower bounds can be
obtained as follows.

Step 1. Establish a unified timeline for each intersection of

the route and run until the ending green time tm re,; Of the

noncoordmated phase of target intersection (tm re,j < t b))
If tm rej > b) ; then go to the control process in Section 6.

Step 2. From t' gv,j» Calculate

n

. L
4l

O, = Egb,j ~ Z

m=1

zzm

v

z

Li=1). (6

If tm re,j > Oi_1> find the lower bound for the downstream
green wave in each coordinated phase of intersection 1 ~ i
from tm re,j» Otherwise, find the lower bound from O;_;, as
shown in Figure 4. Similarly, for the downstream green wave,
calculate O, = t;b,j - Lijw/Vin=i+1,i+2,...,N,
where N is the number of the coordination intersections
of the route. If ¢, rej > Oiyps find a lower bound in each
coordinated phase of the upstream intersections i + 1 ~ N

fromt, ., ;; otherwise, find a lower bound from Oy, ;.

Step 3. Judge whetherO,, (n = 1,2,...,i—1)arein [t;b)h, tge)h].
Ift),, <O, <t,,, thent], . is the lower bound of forward
green wave; if t;e)h_l <0, < th,h’ it is not the lower bound.
Similarly, find the lower bound of forward green wave.

Step 4.1f t7,, . is neither the lower bound of the forward green
wave nor the reverse green wave, then 7, . is not the lower
bound; otherwise it is the lower bound of the green wave.

5. Early-Start Algorithm of Green Light for
Coordinated Phase

In the traffic-actuated green wave control, if the running time
of noncoordinated phase does not reach the initial design
time, the saved green time is assigned to the coordinated
phase for obtaining greater green wave bandwidth. Mean-
while, its start time of the green light in the coordinated
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FIGURE 5: The starting time of coordinated phase when t;e, i~
o<t

myre,j — “max jn®

phase is moved up. However, the phase composition and
initial green time allocation of phases in intersections vary
with different traffic conditions. Adding the green time of
the unused noncoordinated phase to the coordinated may
cause such problems as the following: the green time of the
coordinated phase is greater than the maximum green time
and too early start of the green light in the coordinated phase
leads to traffic chaos. Therefore, this paper proposes an early-
start algorithm of green light in the coordinated phase, which
is given as follows [14, 15].

Step 1. Judge t' . — ' >t If it is not true, then

ge,j myre,j
replace the starting time by ¢/
otherwise, go to the next step.

maX] n*

myre,j a8 illustrated in Figure 5;

Step 2. Judge £, — Jj t;n rej > o jme 1 it is true, then find
i,up iup .

tprre,; a0 let t 4 J " e, =t jn» and replace the starting
time of the green light in the coordinated phase by tm re,;j (a8
shown in Figure 6); if £/ _, . J tm,re) i< o jo then go to the
next step.

Step 3. Set ti gb i If t ; is the lower bound of green wave,

lup up i

then find ¢, . and set tge i~ bmyre,j = tmax jo and the startrng

time of green light for coordinated phase becomes tm re,j» 8
in Figure 7. Otherwise, find the direction of lower bounds
(forward green wave or reverse green wave), and then take
the forward. Afterwards, take the forward green wave as an
example; from tf), j» set tf)’ = ' =1, and judge whether O,,
n=1,2,. ..,i—lisin[t;bh, ] Ift” 1<Onst"bh,then
record the t] j which can be regarded as the ad)ustable Vlrtual

andt Ift

myre,j m re, )’
then the starting time of green light for coordmated phase

becomes tm re,; and the endmg time becomes tm rej t t

1ft ,whent +t

mre]

geh ge.h—

bound. Furthermore, compare ¢!

max j, s

max jmn < t ge,j» the starting time of
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FIGURE 7: The case of starting time of coordinated phase is tm re,j-

green light for coordinated phase becomes t jand the ending

time becomes t it £ i

the starting tlme is set equal to ¢! ge.j -t in

»and when £/ +tmax1n > t,, i» then

and the ending

time becomes t j»as shown in Figure 8.

6. Late-Start Algorithm of Green Light for
Coordinated Phase

Due to the randomness and variability of the traffic flow,
in terms of the noncoordinated phase in traffic-actuated
control, the initial allocation of green time may be lower
than the actuated green time. Therefore, it is necessary to
extend the green light time to meet the traffic demand in the
noncoordinated phase. When the sum of all the green times
for noncoordinated phase is larger than the sum of those at
the initial allocation time, the start time of green light in
coordinated phases will have to be postponed. Accordingly,
this paper proposes a late-start algorithm of green light in
coordinated phases for determining the maximum expand-
able capacity, coordinating the traffic capacity of phases after

5
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I
I
|
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end,j . .
i -
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7
o
P /t 7n,re, Jj
i i
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FIGURE 8: The ending time of coordinated phase when t i+ o in 2
i
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f
begin , j

F1GURE 9: The initial maximum expandable capacity of noncoordi-

nated phases when £, tbegln = to g

green delay and assigning green time for coordinated phases
under the condition that arterials of green wave bandwidth
are satisfied. The algorithm is given in detail as follows [16, 17].

Step 1. Determine the initial maximum expandable capacity
of noncoordinated phases. With the above method of deter-

mining green wave bandwidth, find tbegln jand t 4 ; for each

intersection in each cycle. If ¢ gej ~ theging 2 £ gm (m

denotes a particular coordinated phase) then the maximum
i

expandable capacity can be T; tbegm i -t gb,j» as shown

in Figure 9; otherwise, the max1mum expandable capacity is

givenby T’ = £, ; —t g as demonstrated in Figure 10.

Step 2. Determine whether the green time should continue

to extend. If t1 o = timn g1 At, then use the above
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method of green wave bandwidth to determine t{;egin) I tfmd’ i

and compute T; If T;. > At, then the maximum expandable
capacity is modified as T; = T; — At; otherwise, continue to
determine to extend the green time by At and modify the

maximum expandable capacities ty.;, - and t,4 ; until it is

unnecessary to extend the green time, or T; < At, or the green
i

time in noncoordinated phase 1 exceeds #,.;, . ;.

Step 3. If there are no vehicles in the phase, switch to the next
noncoordinated phase in . ., and then go back to Step 1.

. . . min g,
Set T; = TJ’. - (8

1 i .
Lrealg,j ~ t, ’ j), where £ real g.j 1 the actual
green time for the former noncoordinated phase. If the all
noncoordinated phases are subsequently implemented, go to

Step 4.

Step 4. Implement the coordinated phase of green lights. If

i i,f i if . . .
tend,j = tend,j > Tmingn (fena; 18 the ending green time for the
noncoordinated phase), execute traffic-actuated control for
coordinated phase from time f,,, ;; otherwise, execute from
if i
end,j + tming,n'
the following period and the green time for noncoordinated

phase, the conditions are given by

time ¢ To ensure the green wave bandwidth in

ix if i
tend,j < tend,j + tg,j’

. . M .

i i,x i
tgb,j+1 - tend,j = mz=ltmaxg,m’ (7)
. . M .

i ix i
tgb,j+1 - tend,j 2 Z tmin g:m’

1

3
I

where M is the number of noncoordinated phases. If the
ending time for coordinated phase leads to a decrease in the
whole green time for the next noncoordinated one, then allo-
cate the whole decreased time to each noncoordinated phase
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TaBLE 1: The actual traffic signal timing of Guangshun North Street
in Wangjing North Road.

Phase
Program
Cycle 1 2 3 4 Offset
Flat peak program 96 42 16 23 15 10

High peak program 140 59 24 38 19 10

TABLE 2: The actual traffic signal timing of Guangshun North Street
in Lize Middle Road.

Phase
Cycle 1 2 3 4 Offset
Flat peak program 96 40 14 24 18 25
High peak program 140 60 24 37 19 25

Program

TABLE 3: The actual traffic signal timing of Guangshun North Street
in Heyin Middle Road.

Phase
Program
Cycle 1 2 3 4 Offset
Flat peak program 96 66 30 0
High peak program 140 96 44 0

TABLE 4: The actual traffic signal timing of Guangshun North Street
in Hongtai West Road.

Phase
Program
Cycle 1 2 3 4 Offset
Flat peak program 96 47 15 18 15 25
High peak program 140 70 17 27 26 25

and modify the initial green time tin, 4,j for noncoordinated
phase of the next cycle.

7. A Numerical Example

For eliminating the boundary conditions effect, we only
consider four intersections of the arterial in Wangjing
zone of Beijing Chaoyang District, which indeed includes
six intersections. Specifically, the four coordination-route
intersections are located in Guangshun North Street in
Wangjing North Road, Guangshun North Street in Lize
Middle Road, Guangshun North Street in Heyin Middle
Road, and Guangshun North Street in Hongtai West Road
respectively. These intersections and the corresponding dis-
tribution phase sequence are demonstrated in Figure 11. The
current existing traffic signal timings are as shown in Tables
1, 2, 3, and 4. The purpose of the example is to test the
effectiveness of the proposed algorithm by comparing with
the currently used traffic signal timing [18, 19].

Assuming vehicle speed is 40 km/h in flat peak period and
25km/h in high peak period, the coordination effect along
the arterial from north to south is shown as in Table 5.
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FIGURE 11: Intersection spacing and distribution phase sequence.

TABLE 5: The actual timing bandwidths for 4 intersections.

. Bandwidth
Period
1-2 2-3 3-4 Public bandwidth
Flat peak program 28 17 35 17
High peak program 31 7 40 7

With VISSIM, we now establish a coordination-route
intersection model for simulation in the above four intersec-
tions with 20 cycles. The stochastic results are given in Tables
6,7,8,9,and 10.

The comparison between the actual green wave band-
width and the simulated one is illustrated as in Figures 12(a)-
12(b). In Figures 12(a) and 12(b), 1-2 represents the bandwidth
between intersection 1 and intersection 2. Similarly, 2-3 and
3-4 represent the bandwidths between the corresponding
two intersections. 1-4 represents the public bandwidth of
the four intersections. Clearly, the green wave bandwidth of
each intersection in both flat peak and high peak has been
greatly improved. The public green wave bandwidths in two
periods along the arterial have increased by 7 seconds and
5 seconds, respectively. Therefore, our proposed method is
more effective than the original.

Average traffic flows in high peak period and in flat peak
period are given in Tables 11 and 12, respectively. With original
program the corresponding average queuing vehicles are in
Tables 13 and 14, respectively. With the proposed program, the
corresponding average queuing vehicles are in Tables 15 and
16, respectively. Compared with the original program, with
the proposed program, the queuing length of coordinated
phase for each intersection decreases and approximately
equals zero.

8. Conclusion

Based on traffic-actuated control and green wave control,
this paper has proposed a coordinated control method for
variable cycle time green wave bandwidth optimization. In
the coordinated control, green split is optimized in real time
by the measured presence of arriving and/or standing vehicles
in each intersection and simultaneously green waves along

TABLE 6: The simulation traffic signal timing of Guangshun North
Street in Wangjing North Road.

Phase

Program
Cycle 1 2 3 4 Offset

Flat peak program 96 49 13 21 13 10
High peak program 140 7223 30 15 10

TABLE 7: The simulation traffic signal timing of Guangshun North
Street in Lize Middle Road.

Phase
Program
Cycle 1 2 3 4 Offset
Flat peak program 96 44 14 21 17 25

High peak program 140 70 20 32 18 25

TaBLE 8: The simulation traffic signal timing of Guangshun North
Street in Heyin Middle Road.

Phase
Program
Cycle 1 2 3 4 Offset
Flat peak program 96 71 25 0
High peak program 140 103 37 0

TABLE 9: The simulation traffic signal timing of Guangshun North
Street in Hongtai West Road.

Phase

Program
Cycle 1 2 3 4 Offset

Flat peak program 96 53 13 18 12 25
High peak program 140 78 15 26 21 25

TaBLE 10: The simulation using our proposed method for the 4
intersections.

Bandwidth period Intersection

1-2 2-3 3-4 Public bandwidth
Flat peak program 32 24 41 24
High peak program 41 12 48 12
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FIGURE 12: (a) Green wave bandwidth in flat peak period. (b) Green wave bandwidth in high peak period.

TABLE 11: Average traffic flow data in high peak period (unit: pcu/h).

Phase Intersection

1 2 3 4
PHI1 1096 988 890 1187
PH2 332 289 262
PH3 476 408 483 367
PH4 190 168 192

TABLE 12: Average traffic flow data in flat peak period (unit: pcu/h).

Phase Intersection

1 2 3 4
PH1 774 702 679 810
PH2 260 224 242
PH3 352 316 337 281
PH4 156 129 166

TABLE 13: Average queuing vehicles in high peak period by original
program (unit: pcu).

Phase Intersection

1 2 3 4
PH1 9 5 0 7
PH2 0 0 2
PH3 4 0 0 0
PH4 0 3 1

arterials are guaranteed. Specifically, the dynamic bound of
green wave is firstly determined, and then green early-start
and green late-start algorithms are presented respectively to
accommodate the fluctuations in vehicle arrival rates in each
phase.

TABLE 14: Average queuing vehicles in flat peak period by original
program (unit: pcu).

Phase Intersection
PH3 3 4 0 0
PH4 0 1 )

TABLE 15: Average queuing vehicles in high peak period by present
program (unit: pcu).

Phase Intersection

1 2 3 4
PHI1 4 1 0 3
PH2 1 1 5
PH3 2 0 0 )
PH4 0 1 0

TABLE 16: Average queuing vehicles in high peak period by present
program (unit: pcu).

Phase Intersection

1 2 3 4
PH1 3 2 0 4
PH2 0 1 0
PH3 0 0 0 1
PH4 1 0 0

Finally, we have used a real four-intersection arterial
in Wangjing zone of Beijing Chaoyang District to test
our proposed model. Comparing the original method and
our proposed method, we find that the proposed method
improves green time, expands green wave bandwidth, and
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reduces queuing, consequently leading to an increase in the
road network efficiency.
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