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Traffic signal synchronization
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The benefits of traffic signal synchronization are examined within the cellular automata approach. The
microsimulations of traffic flow are obtained with different settings of signal pefiadd time delays. Both
numerical results and analytical approximations are presented. For undersaturated traffic, the green-light wave
solutions can be realized. For saturated traffic, the correlation among the traffic signals has no effect on the
throughput. For oversaturated traffic, the benefits of synchronization are manifest only when stochastic noise is

suppressed.
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I. INTRODUCTION The objective of this paper is to study the effects of traffic

signal synchronization with a coherent approach applicable

Transportation simulations are complex and interestingo all traffic conditions. It aims at unifying the two different
[1]. The numerous details seem to be all linked together an@pproaches, thus removing the need to switch from one ap-
hard to specify microscopically. The probe of underlying dy-Proach to another as traffic is gradually building up or dissi-
namics is often started with presumptions on the steady-stafating. This is achieved by taking advantage of a basic traffic
collective behavior, which is known to be correct only within Model[7,8], which covers the full range of the fundamental
certain limits. Thus the low-density dynamics and high_dlagram. The model is introduced in the foIIowmg_ section.
density dynamics are often discussed separately. And the rdhe rgsults for undersatgrated, oversaturated traffic, and the
sults in the intermediate-density region become quite obtransition are presented in Secs. Ill, IV, and V, respectively.
scure. A coherent approach applicable to all densities i®iscussions and conclusion are presented in Sec. IV.
desired. With recent advances in the cellular automata ap-
proache$2], microsimulations can be taken as virtual reality Il. MODEL
experiments. With correct street layouts and prescribed driv-
ing rules, such microsimulations can be used to explore the Synchronization effects among a series of traffic signals
hidden dynamics without assuming the equilibrium collec-are studied with a simple configuration of one-way traffic
tive behaviors. In such an approach, macroscopic obsenglong a single-lane ring. Within the approach of cellular au-
ables emerge automatically from the microscopic behaviotomata, the road is taken as a lattice of 1000 sites, which
Similar approaches can be found in statistical physics, whergorresponds to a length of 7.5 km in reality. As the periodic
macroscopic phenomena can be obtained from much simplPoundary condition is enforced, the vehicular dengpitis a
fied microscopic models. conserved quantity and will be used to specify the underlying

The traffic signal is an essential element for managing thélynamics. In the model, each lattice site can be occupied at
transportation network. When the traffic demand is light, themost by a vehicle. Thus the number of vehicles is an integer
traffic signals usually require no special sequencing. In conin between 0 and 1000, which corresponds to a density from
trast, when the traffic demand is heavy, the operation of traf0 to 1. All the vehicles are subjected to the same driving
fic signals requires careful regulation. The benefits of thdehaviors, which are prescribed by the well known Nagel-
traffic signal synchronization are widely accepted. With theSchreckenberg traffic modéd]. The configuration consists
traffic lights properly synchronized, it is expected that once &f the position and speed of each vehicle. At each time step,
vehicle gets a green light it can proceed past many othethe configuration of vehicles is updated by the following four
lights without getting interrupted by a signal that turns red.rules, which are applied in parallel to all vehicles. The first
Given its importance, the research on traffic light control isrule is the acceleration. If the speed of a vehicle is lower than
by no means complete. A number of traffic signal controlvmax, the speed is advanced by 1. The second rule is the
models have been developed in the p&t6]. Basically —slowing down due to other vehicles. If a vehicle fiesmpty
they can be classified by two approaches. The first approacgites in front of it and a speed larger thdrspeed is reduced
is developed mainly for undersaturated traffic. Vehicles movéo d. The third rule is the randomization, which introduces
more or less at the design speed and there is no congestigiRise to simulate the stochastic driving behavior. The speed
The other approach is developed mainly for oversaturate@f a moving vehicle {=1) is decreased by 1 with a braking
traffic. The queues persist and cannot be cleared totally. Therobability p. In the fourth rule, the position of a vehicle is
dynamics of queue formation and dissipation becomes critishifted by its speed. In reality, one time step corresponds
cal. Though the proposed procedures do provide rules-ofo 1 sec. The vehicular behaviors are parametrized by the
thumb based on experience, most of them adehoc in speed limitv,,, and stochastic noisp. In city traffic, a
nature. With the transition from undersaturated to oversatusetting ofv,,,=3 corresponds to a speed limit of 81 km/h,
rated traffic remaining unclear, it is hard to judge how towhich provides a reasonable upper limit of speed. As to sto-
switch the operation from one mode to the other, which has ahastic noise, a setting @=0.1 is also expected.
crucial impact on the rush hour traffic in a big city. Along the road, ten traffic lights are set up and distributed
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FIG. 1. Traffic flow as a function of signal period and delay at Delay
low density p=0.03, which corresponds to 4 vehicles/km in real
traffic. The traffic flow 0.1 corresponds to 360 vehicles/h. Both the
signal period and the synchronization delay are measured in se
onds.

FIG. 2. Maxima of the traffic flow at low density. The primary
maxima are shown by the solid lines; the secondary ones by the
Gashed lines.

uniformly. In practice, as vehicles are hopping on the lattice hindrance along the journey. The influence of the traffic
ten specific links are designated as the traffic lights. Thdights is shown in Fig. 1. By varying the signal periddand
traffic light switches to green and red periodically. In the the synchronization delay, the traffic flow changes signifi-
green phase, vehicles can hop through the link without hincantly. A pattern of a wavelike structure radiating from point
drance. In the red phase, vehicles are not allowed to pass tlf&, ) =(0,34) can be clearly observed. Such a traffic pattern
link and have to stop until the next green phase to pass theeflects that the vehicular speed is constant. When the density
link. The operation of a traffic light introduces only localized is low, the average speed is determined mainly by the im-
disturbances to the traffic flow. The effects of anticipation areposed speed limit and can be expressedi8s= v max— P-
suppressed, i.e., when the red light is on, the first vehiclevith the appropriate delay of=AL/{v), vehicles are ex-
stops because the signal switched; while the following vepected to pass the traffic lights without being stopped, where
hicles stop because they have to keep a safety headway to th¢ denoted the distance between two consecutive traffic
preceding vehicle. The operation of a traffic light is characgnts, As the setting of delay is periodic to the signal period
terized by the signal perio@l and the ratiax allocated to the T, such green-light wave solutions can be extendeds to
green phasgl0]. The signal period is understood as the du-_ 57— AL /(y), wherea is any integer. The analytic result is
ration of a green phase and a red phase. The signal periodshown in Fig. 2, where the locations of the maximum traffic
is the basic control parameter of a traffic light. The setting ofqow are well reproduced. With other settings Bfand 5,

ratio « reflects the configuration of the intersection. Whenyepjcles are not expected to pass all the traffic lights without

the crossroad is equitable;=0.5 is expected. When a main peing stopped. A cycle of stop-and-go is expected for each
road intersects a sideway>0.5 is assigned to the main gpijcle.

road. In this work, we assume all the traffic lights are oper- \wjiin the parametrization+aT=AL/(v), delays can be
ated with the same periodl and the samer=0.5. Further-  replaced by parametet i.e., the operation of traffic lights is
more, the synchronization delayis introduced to measure o specified by parametefsanda. The green-light wave
the time delay between two nearby traffic lights. Again, thesg|utions are characterized by integerWhena assumes a
same synchronization delay is applied to all of the nearby,oninteger number, the stop-and-go traffic is realized. With-
traffic lights as their separation is constant. Thus, the opergy losing generality, we restrict to the parameter raage
tion of these ten traffic lights is characterized by only two c(0,1) in the following discussion of the stop-and-go
parameters: the signal periddand the synchronization de- cycles. Consider a vehicle passing a traffic light in the be-
lay 5. ginning of a green phase. The vehicle is expected to pass
green lights before stopped by a red light. At the red light,
the vehicle waits a time for the traffic light to turn green.
When the vehicle starts to move again, the situation is then

When the density is low, vehicles move freely. There areback to our first consideration. After some manipulation, the
no traffic jams on the road. The traffic lights become the onlyfollowing analytic expressions can be obtained,

IIl. LOW-DENSITY REGION
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FIG. 3. Analytic results corresponding to Fig. 1. FIG. 4. The traffic flow at high density; the same as in Fig. 1
with a densityp=0.8, which corresponds to 107 vehicles/km in
real traffic. Both the scales dfandé are doubled in comparison to

, (1) Fig. 1.

1

=22

density and the pattern remains the same as shown in Fig. 1.
t=T—(n+1)aT, 2 In practice, such a low-density description can be adapted for

where[x] denotes the step function returning the largest m-p<0 2. Forp>0.2, the average speed deviates significantly

teger less thaw. The free-moving time of the vehicle is then from the speed limit. As the traffic jams begin to emerge,
to=(n+1)AL/{v). Thus the average speed can be written
as @Emax—P) to/(to+t) and the traffic flow becomes
p(Umax—P) to/(to+1). The results are shown in Fig. 3. The
features observed in the model can be well described. It is
interesting to note that the primary maxima of traffic flow
can be reproduced bsi=1, which implies correctiyt=0 Next, we consider a high-density region, where the traffic
from Eq.(2). However, the implication o =0 from Eq.(1)  jams become dominant. A typical traffic pattern is shown in
is erroneous. The vehicles will not encounter any red light. InFig. 4. We observe a structure similar to the low-density
contrast, settinga=0 reproduces correctipg—o from Eq.  case. However, the optimal delay becomes negative, i.e., the
(1), while the resultant traffic flow is erroneous owing to the origin of radiating structure shifts tol(5)=(0,—111). The
incorrect implication ot =T/2 from Eq.(2). In between the whole pattern of traffic flow is expected to be characterized
primary maxima, we observe a series of secondary maximay a single speed, which assumes a negative value. Thus the
which can be related to the discontinuity of the step functiorbackward moving of the well formed traffic jams becomes
ata=1/(2m), wherem is an integer. In the special case of the characteristics of the system. The structure can be de-
m=1, i.e.,a=1/2, the maximum flow can also be achieved. scribed analytically ass+aT=—AL/(v), where(v)=(1
It is interesting to note that the traffic flow is continuous —p) denotes the average speed of the backward moving
around the primary maxima. Far=1=* ¢, the traffic flow is  jams. The results are shown in Figs. 5 and 6. The maxima of
p(vmax—P)(1—€T(v)/AL). While around the secondary traffic flow can be well described by (1p)(1—p). With
maxima, the traffic flow is discontinuous. For example, whenfurther increase in density, the flow decreases accordingly.
parametes increases from (1/2) € to (1/2)+ ¢, the traffic ~ However, as the speed of the backward moving jams is in-
flow drops abruptly by a finite value ofp(vmax  dependent of the vehicular density, the flow pattern shown in
—p)[AL/{v))/[(AL/{v))+(T/2)]. Thus, along the second- Fig. 4 is independent of the density varying. In practice, such
ary maximum, the traffic flow is highly unstable to the set-a high-density description can be adapted for0.5. We
ting of control parameters. further note that the characteristic speed in the high-density
In summary, the basic pattern of traffic flow can be wellregion is much less than that in the low-density region, i.e.,
understood by considering the behavior of a single vehicle(1—p) versus ¢ ,ax—P). Compared to the flow pattern in
The pattern is characterized by a single parameter: the avethe low-density region, a similar structure in the high-density
age speed of a free-moving vehicle. In the low-density retegion is revealed only when we explore the parameter space
gion, the average speed is independent of the vehicular de(T, §) to a larger scale. However, a settingTf 250 is not
sity. As the density varies, the flow is proportional to thepossible in reality.

much more fluctuations are expected. The average speed
alone can no longer provide a fair description of the flow
pattern.

IV. HIGH-DENSITY REGION
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FIG. 5. Maxima of traffic flow at high density; the same as in in real traffic
Fig. 2. '

which is the undissolved queue from the next traffic light
V. INTERMEDIATE-DENSITY REGION ahead. Only after spending some time in the slow moving

In the transition between low- and high-density regions,Within the jam will the vehicle gain speed again and rush to

the traffic flow is rather insensitive to the variation of various € next traffic light, which is often switched to a red-light
parameters, such &5 6, andp. As long as the signal period phase already. Once in a Wh!le, some \_/ehlcles might get a
is not set too large, the traffic flow is observed to saturate t&hance to pass two consecutive traffic lights smoothly. The

a constant value. With naive expectation, the saturated flogPatiotemporal queue dynamics is shown in Fig. 8. Three
assumes a fractio to the maximum flow in a system with- distinct phases can be observed in the space-time plot: free-

out traffic lights. The typical results are shown in Fig. 7.  flow. jam, and vacancy. In the free-flow, phase vehicles move

Queues at road intersections will not dissolve completely€€lY With speeddma—p); in the jam, the fronts propagate

within one cycle of the green-light phase. Vehicles are caughp@ckward with speed (2 p). Thus '_‘he phase boundaries can
in stop-and-go cycles. A vehicle just past a traffic light in the2€ characterized by three speeds;{,—p), (1~ p), and 0.

green-light phase will usually be trapped by a traffic jam,Speed 0 is attributed directly to the traffic stopped by a red
light. In contrast, only two phases are observed on the high-

ways with a bottlenecklike toll booth or lane merge, where
the traffic is not required to stop completely. When the traffic
is interrupted by the red light, the queue and vacancy appear
before and after the intersection, respectively. As shown in
Fig. 8, the free-flow phase occupies half of the area in the
space-time plot, which is a direct manifestation of parameter
a=0.5. The areas occupied by the other two phases can be
estimated by the conservation of vehicle number. Neglecting

0.3
stochastic noise, the following analytic results can be ob-
0.2 tained:
0.1 Soass, =
Flow s :‘"Z""i A1=a, ()
R
0'0::" "”’:”%Q";ﬁ%‘.“ ”'1'! o
b 'm’“‘“’ o A,=p— b1 4
. ", 2 max

a
Umaxt 1’

Period

Az=1—a—p+ (5)

whereA,, A,, andA; denote the ratios of areas allocated to
FIG. 6. Analytic results corresponding to Fig. 4. the free-flow, jam, and vacancy, respectively. The positive-
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FIG. 9. Building block of the space-time plot shown in Fig. 8.

FIG. 8. Space-time plot at the densiy-0.35. The parameters SMOOthly. On the other hand, whers larger than a critical
are T=100, §=20, ande=0.5. The traffic lights are located at valuely, the next wave of vehicles arrives before the queue

=0,100,200. . . . Thespace and time are measured by 7.5 m and 1'€aches its saturated value. Then the queue profile becomes a
sec, respectively. wide traffic jam moving backward. The front can be ex-

tended backward to a distankefrom the traffic light. With

the simple geometry shown in Fig. 9, the following analyti-
ness ofA, and A; sets a range of density for the rough cal expressions for these critical lengths can be obtained:
estimation. As density increases, the jam extends with the
shrinkage of vacancy. In the green-light wave solutions of
the low-densit i I - (Umax=P)(1=P)

y region, only the free-flow and vacancy A= ,
phases are observed; in the high-density region counterpart, (Vmax—P)+(1—p)
only the free-flow and jam phases are observed then.

The basic building block of the spatiotemporal profile is

shown in Fig. 9. The queue starts to accumulate once the ~ (Umax=P)(1—p) B

. . . . b= (6+T—aT), (7)
traffic light switches to red. The queue length increases lin- (Umax—P)+(1—p)
early with time and then saturates when the traffic light in the
previous intersection blocks the traffic and the traffic jam in
between these two intersections dissolves completely. Once (Umax—P)(1—p)
the traffic light switches to green, the queue begins to dis- c:(vmaxf p)+(1-p)
solve. The queue length decreases linearly with time until the
vehicles from the previous intersection arrive again. Then the
queue keeps a fixed length and moves backward. When thghere it is understood thate (0,T).
traffic light in the previous intersection blocks the traffic ~ As shown in Fig. 8, parametéican assume different val-
again, the queue dissolves again and disappears completelies for different intersections, where the traffic lights are
With fixed settings ofl and &, the above description can be operated with the saniEand §. As time evolves, parameter
specified by just one parameter: the saturated queue léngth at each intersection is basically kept constant. The differ-
in the red light, see Fig. 9. Whérs less than a critical value ence between the queue lengths at each intersection can be
l., the queue dissolves completely before the next wave ofetrospected to the initial configuration in the simulations.
vehicles arrive. Thus there is no backward moving queue an@ihe average value dfis expected to have a linear depen-
most vehicles from the next wave can pass the traffic lightlence on density.

(6)

(6+T), (8)
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the intersections without being stopped by the traffic lights.
On the other hand, if the setting is away from one of the
optimal values, the traffic flow is largely diminished. From
the drivers’ experience, whether or not the setting is appro-
priate can be easily discerned. However, such expectation for
green-light waves becomes inaccessible when the density in-
creases. In the intermediate-density region, the traffic flow
saturates. The synchronization has no effect to the traffic
flow. Traffic jams become inevitable no matter how one ad-
justs the setting. Interestingly, when the density is large
enough, the effects of synchronization begin to manifest
again. Like its low-density counterpart, the traffic flow can
be maintained at the optimal value by an appropriate setting
of the delays. The presence of traffic lights will provide no

i further hindrance to the mobility of vehicles. We note that
the appropriateness of the setting should be judged by the
uninterrupted backward moving of the jam front. The smooth

Density

forward moving of vehicles is already inaccessible. From the
1 drivers’ point of view, these optimal settings can be related to
the small gap produced when a traffic light switches to red,
which provides a measure to the vacancy phase in the space-

FIG. 10. Fundamental diagram of the model. Data from variougime plot. The optimal settings of high density are character-
settings ofé at T=100 are shown. The results of a system withoutized by the disappearance of the vacancy phase.
traffic lights are shown by the dashed line. The solid line shows the For one-way traffic, the optimal traffic flow can be main-
results when the traffic lights are operated independently. The traffitained by any setting along the primary maxima. When the

flow and the vehicular density are measured by 3600 vehicles/h angvo-way traffic is considered, further constraints should be
133 vehicle/km, respectively.

VI. DISCUSSION

imposed to obtain the optimal settings. As the traffic from
opposite direction is controlled by the same setting, the re-
sults can be deduced from the known results of one-way
traffic. For example, in the low-density region, one of the

We study the influence of traffic flow due to the synchro-optimal settings can be reached &t=2AL/(v) and &
nization among a series of traffic lights. A simple system=AL/{v). When the signal period is larger than this value,
consists of a one-lane unidirectional ring road with ten trafficno optimal setting can be obtained. Alternatively, the optimal
lights distributed uniformly. Both the distancéd between setting can also be reachedTat AL/(v) and =0, where
two neighboring traffic lights and the ratiesallocated to a  all the traffic lights switch simultaneously.
green phase are the same for every intersection. Such con- In this study, stochastic noise in the traffic flow is mea-
figuration is ready to be extended to symmetric and regulasured by parametgs. Without noise p=0), the system is
towns. However, the constancy Af. anda is not so restric-  deterministic and the exact solution can be obtained analyti-
tive, as simple scaling relations had been obseft&fl The cally. With the noise level op=0.1, uniformity in the traffic
distanceAL scales with the signal periof, and the ratio  is still discernible. The effects of noise can be observed by
scales with the inverse of vehicular densityAs the width  the variation of traffic flow when the setting is along the
of an intersection is neglected in the simulation, unrealistigorimary maximum, see Figs. 1 and 4. As the low-density
features in the limitT—0 can be noticed. The traffic light behavior is mainly controlled by the speed linai,,y, in-
becomes an idealized stop sign and the traffic flow can bereasing the noise level has only minor effects to the results
maintained at the optimal value. However, we would like toshown in Fig. 1. On the contrary, the high-density behavior is
emphasize that the benefits of traffic signal synchronizatiosletermined mainly by stochastic noise. With noise enhanced,
depend heavily on the uniformity of traffic flow. Including the wavelike structure shown in Fig. 4 is smeared out and the
the much complicated details would surely reduce the bentraffic flow becomes independent of bothand 6.
efits of synchronization. Thus the results from such simpli- The benefits of synchronization are obvious only when
fied considerations can be taken as an upper bound to tHbe density is low. From the control scheme point of view, it

benefits.

is important to have a correct estimation of the saturated

The results can be summarized by the traditional fundatraffic flow. When the traffic demand surpasses this saturated
mental diagram shown in Fig. 10. The operation of trafficvalue, the benefits of synchronization become an illusion.
lights at intersections provides a simple time-sharing mechaEven if all the traffic lights are operated independently, i.e.,
nism to regulate the traffic flow in different directions. In with the fixedT but a random delay assigned to each traffic
comparison to the system without traffic lights, the maxi-light, the throughput remains the same, see Fig. 10. We fur-
mum flow is then down to a fractioa only. When the den- ther note that even in the low-density region, if paraméter
sity is low, the effects of synchronization are prominent.is not set properly, synchronization of traffic lights will result
With appropriate settings of the delaly vehicles can pass in athroughput less than that of the randomly operated traffic
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lights. Although the benefits of synchronization are expectedl11] taken into account, the benefits of synchronization can
to manifest when the density becomes higher enough, it ibe totally wiped out. No wonder the gridlocks developed
not so promising. The real traffic in the high-density regionmore often than not, even if the traffic lights were well syn-
reveals much larger noise. With the effects of slow-to-starthronized.
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