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Abstract

Optimising traffic signal timings for a multiple-junction road
network is a difficult but important problem. The essentia dif-
ficulty of this problem is that the traffic signals need to co-
ordinate their behaviours to achieve the common goal of op-
timising overall network delay. This paper discusses a novel
approach towards the generation of optimal signaling strate-
gies, based on the use of a genetic algorithm (GA). This GA
optimises the set of signal timings for al junctionsin network.
The different efficient red and green timesfor al the signalsare
determined by genetic algorithm as well as the offset time for
each junction. Previous attemptsto do thisrely on afixed cycle
time, whereas the algorithm described here attempts to opti-
mise cycletimefor each junction aswell as proportion of green
times. The fitness function is a measure of the overall delay of
the network. The resulting optimised signalling strategies were
compared against a well-known civil engineering technique,
and conclusions drawn.

1 Introduction

One important and still difficult problem in traffic plan-
ning isthe optimisation of traffic signalsfor anetwork of
interconnected junctions, such that traffic movesthrough
the network in an optimal way.

The main idea of traffic signal planning is that traf-
fic signalsin aroad network can be co-ordinated so that
the delay experienced by drivers is minimised over the
duration of their journeys. By taking into account the
available road-space at junctions and balancing the travel
time between successive traffic signals, it is possible to
derive widespread advantages in terms of free-flowing
traffic and reduced overall journey time. Co-ordination
between adjacent traffic signalsinvolvesdesigning aplan
based on the occurrence and duration of individual sig-
nals and the time offsets (journey time between junc-
tions). Sensor or survey information at junctionsis aso
used to improve the overall timing plan of the network
[1]. The research documented in this paper is concerned
with the creation of optimum signal timing plans based
on traffic survey information, with the fitness of the plan
being calculated from the total delay incurred by the ve-
hicles using the network. Delay is the additional time re-
quired to make ajourney over and above that required to

make the journey at normal driving speed without ever
having to slow down.

There has been many studies carries out on the con-
trol of traffic signals[2, 3]. Some of the approaches are
based on the existence of a precise traffic model and re-
search methods are applied to get the optimal control
parameters. In such approaches a set of control param-
eters is created for each possible scenario envisaged in
the network (e.g. a lane closed due to roadworks). The
main disadvantage of this approach isthat there are only
a finite number of scenarios for which atraffic plan can
exigt, and if a scenario occurs for which no plan existsit
is down to the operator of the traffic network signals to
change the plan dynamically by hand to suit.

Other approachesare based on designing multi-agent
systems in which the evaluation of each agent is car-
ried out in simulation [2]. The first attempt to apply ge-
netic programming and genetic a gorithms (GAS) to traf-
fic control is discussed in [3]. A fuzzy logic approach to
network optimisation have also been examined [4, 3], us-
ing heuristic rules as away of adjusting signal timings.

Optimising atraffic network by optimising each junc-
tion in the network in turn does not usualy result in a
good solution, as each signal aso should be optimised
such that traffic flowing through a number of junctions
in turn does not get stopped at each junction. Thisisim-
portant for arterial roadways through networks, where
the objectiveis to alow vehiclesto leave the network as
quickly as possible. In addition, where sensor informa-
tion is present at ajunction, this may be utilized by other
junctionsin the surrounding area.

This paper presents atraffic control method based on
GAs. The goal of the author’s investigations was to gen-
erate near optimal traffic signal settings for each traffic
controller in terms of minimal delay of an entire road
network. The idea of this approach can be briefly de-
scribed as follows:

1. Traffic signal timings are generated by a GA for the
entire network.

2. A high-speed traffic simulator simul ated the network
using the traffic signal timings generated from the
GA.

3. The simulator produced a fitness measure for the
signal settings, and this was fed back into the GA.
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Thislist wasiterated over until the GA was stopped,
which occurred either when a execution-duration maxi-
mum or an apparent fithess maximum was reached (de-
pending on the experiment being performed). The best
timing diagrams generated by the GA for a particular
3-junction network are given. Theseresultsare then com-
pared with ones generated from theoretical analysis of
the network.

2 A Genetic Algorithm For Traffic Signal
Control

The objective in adjusting the timing of traffic control
signalsisto minimise the overall delay to traffic over an
entire traffic network [5]. The GA described in this pa-
per tackles the problem of obtaining good signal timings
by evolving the signal proportions, offsets and the cycle
time.

Each junction has a number of roads approachingit,
and each approach gets some green time to alow cars
into the junction. Consequentialy, each approach also
has red time during which cars on that approach must not
enter the junction. The proportion of red time to green
time for an approach is referred to as the signal propor-
tion for that approach.

Each approach to ajunction has a green period, and
ared period. The total of the green and the red period is
referred to as the cycletime.

Consider two junctions, one after another, along a
particular route. Optimally, ignoring any other vehicles,
a vehicle which was stopped at one junction and which
then receives a green light should almost reach the sec-
ond junction before receiving a green light at that junc-
tion, thus ensuring adelay-free journey. Thusit is useful
to be able to describe when the next junction in a series
goes green in comparison to the first junction. To per-
form this task, we use the idea of an offset time, which
is basically the time between the whole network being
switched on and approach 1 of the junction in question
going green.

In the author’s approach, signal timings for al the
traffic controllersin the network are represented by asin-
gle chromosome. The fitness of the chromosome corre-
sponds to the total delay for vehicles using the network
over a fixed time period. The fitness is obtained from
simulation, which uses random vehicle arrival rates into
the edges of the network, constrained to meet a preset
average vehicle flow. This alows us to develop optimal
signal timing information which are robust for a variety
of different traffic patterns.

2.1 Traffic Signal Parameters

Consider a road network containing n junctions. Each
junction controlsits own signals using the following pa-
rameters:

— the inter-green period (IGP) - in a junction, when
one light changes from green to red there must be
a short delay before another signal in the junction
can change from red to green. Thisis to give vehi-
clesalready in the junction achanceto leave. Thisis
especialy true for vehicles which are trying to turn
across oncoming traffic, which may be trapped in
the centre of a junction until the lights turn red. In
Britain, IGP = 3 seconds.

— the green and red time for a particular approach, ¢,
and t,. respectively;

— thecycletimefor aparticular junction, t. = ¢, +t,;

— theoffset time, ¢,;

Signal timings are cyclic, in that they repeat them-
selves every t.. It is useful to know how the separate
junctions are synchronised with each other. Thetime ¢,
gives an indication of this. Effectively, this is the time
between activation of the junction signa controller and
the time that the controller begins to follow the signal
configuration. Specifically, the time ¢, is the difference
between an absolute zero clock and the clock that turns
the first of the signalsin ajunction to green. Each junc-
tion has an offset time. The traffic model is evaluated in
the simulator for ¢,, ssmulated seconds of traffic flow.
For the experiments performed in this paper ¢,,, = 960s.
The graphical representation of some of these parame-
ters are shown in Figure 1.

2.2 Chromosome Representation

Chromosome C describes the behaviour of n traffic con-
trollers which is represented by C, where C=< (4, Cs,
wCp >.Bach C; =< b ¢l ¢} ¢} >,i=1, ..., n defines
all the parametersneeded by thei-th controller. In our ex-
periments we assume that people drive on the left-hand-
side. A junction diagram can be found in figure 1.

Signals are assumed to have only two colours: red
and green. If b? is 0, then when the junction is activated
the light on the Main Street approach starts as red, and
if it is 1 then the light starts at green. This is referred
to as the first colour of the signal, and has a duration
(¢t + ). cb isthe duration of the second colour, which
isthe opposite colour to that of thefirst colour. Based on
this type of chromosome representation we can compute
the cycle time for the i-th junction and offset time as
follows:

to=clandt, =ci +ch +ck +2xIGP
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If gene b* indicates that the first colour is green, then
Main Street is:

ty=ci+ciandt, =ch +2xIGP
otherwise:
tr=ci +ci+2%IGPandt, = c}

Cross Street ¢, issimply Main Street ¢, — 2 « (IGP).

2.3 Single-Junction Network Representation

Consider the chromosome representation for the

one-junction network shownin Figure 1. Inthis case chro-
mosome C =< C; >. By way of an example, assume

C1 =< 015 25 10 >. First consider the traffic lights on

Main Street. Thetraffic lights L, (i) and L3 () will have
the same signal. The start signal isred (b = 0), thus dur-

ing the first 15s (c; = 15) the traffic lights located on

Main Street with bered. The|GPis 3s, so for the next 3s

the red signal is maintained. Then the signal is changed

to green for 25s (c2 = 25). Asthe actual red timein this
caseisrepresented by the sum of thefirst and third genes,

and take into account the double IGP (changing signals

from red to green and then from green to red), the next

red signal last for 31s (¢; + c3 + 2 % IGP). The Cross
Street signals are green 1GP seconds after Main Street

goesred, and remain green till IGP seconds before Main

Street return to green. The cycle timeis 56s. Thetiming

diagramis shown in Figure 1.

2.4 Multiple-Junction Network Representation

Consider the three-junction road network shown in Fig-
ure2. In this case the chromosome contains
< (4, Cs,C3 >, asthe network has three junctions. An
example of the chromosome representation for this net-
work is given in Figure 2. The behaviour of each junc-
tion is described by a single C;. Based on this the sig-
nal timings for each traffic light in every junction can
be computed, and is shown in Figure 3. Note that in this
representation each of the junctions can have a different
cycletime and offset time.
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Fig.2. Chromosome representation for a three-junction net-
work
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2.5 Preparation Of String Encoded Parameters

A set of randomly initialised parameters b/, ¢/, ¢¥/ and
¢,i=1, ..., m; j=1,.., misprepared such that ¢/ + ¢/ +
¢ + 21GP < 130, where m is the number of chromo-
somes in population. In Britain all cycle times must lie
between 20 and 130 seconds. The gene b/ defining the
start signal for L, (¢) traffic light is randomly initialised
and takes value O or 1. ¢}/ is randomly initialised in the
range [0, 130], wherek = 1, 2, 3.

2.6 Calculating Optimum Signal Settings
The j-th chromosome C(j) specifically the parameter set

Vi¥xcl is applied to the junction controllers B;, i=1,
....,n and the parameters used in a software simulation
of duration ¢,,. The simulator returns the total delay in-

curred by vehiclestravelling in the simulated network.

2.7 The Genetic Search Operators

Evolution of the population in the GA involves two ba
sic steps: (1) a selection mechanism that implements a
surviva of the fittest strategy and (2) a genetic recom-
bination of the selected chromosomes to produce off-
spring for the new population. Recombinationis affected
through the two genetic operators of crossover and mu-
tation. A uniform mutation operator is used, where the
mutated gene takes a randomly generated integer value
from a specific range. In order to obtain the highest con-
vergence within the GA different types of selection and
crossover were investigated, as well as different sizes of
population.

Two types of selection operators were used: roulette
wheel and probabilistic binary tournament. With roulette

wheel, probability of selection is proportional to fithess.
With tournament selection, the probability of the tour-
nament victor being selected is the tournament discrim-
inator. Experimentation showed that the optimal tourna-
ment discriminator was 0.8. This experimentation also
indicated that tournament selection significantly outper-
formed
roulette wheel.

Threedifferent types of crossover wereimplemented:
(1) uniform, (2) one-point and (3) two-point. Cut points
were chosen so that individual junctions were not
perturbed. The best solution was obtained using uniform
crossover, but the behaviour of mean fitness is better
for two-point crossover. The convergence of the GA is
faster for one-point crossover, and in the experiments
discussed in the next section the one-point crossover op-
erator is used. A number of experiments were carried
out to discover the optimum mutation rate. The results
of thisindicate an optimum mutation rate of 0.03. Using
an adaptation technique for mutation rate, where therate
is increased when the fitness of the population reaches a
local maxima, appears to improve the optimal solutions
obtained during our experiments.

3 Experimental Results

In order to evaluate the usefulness of the GA in optimiz-
ing traffic signals, an experiment was constructed where
the GA controlled the settings of the three simulated sig-
nalised junctions shown in Figure 2. Each of these junc-
tions use atwo phase signal configuration.

The experiment was constructed so that the GA se-
lected a sequence of traffic signals, and then passed these
to the simulation engine. Traffic was then simulated in



thetraffic network using the specified signal timings, and
ameasure of how well the traffic moved through the net-
work was obtained. This measure was then returned to
the GA as afitness value, and the cycle repeated.

3.1 The Simulated Road Network

Ideally the GA would have been best connected to areal-
world set of traffic signal's, but the expense of this, not to
mention the inconvenience to real road users as the GA
tried to find an optimum signal setting means that get-
ting permission to using this approach would have been
difficult. Instead, we have used a urban traffic simulator,
JUDGE [6], which was devel oped by the authors during
research performed a few years ago at Strathclyde Uni-
versity. It makes use of probabilistic traffic arrival times,
and simulates traffic using a microscopic discrete mod-
elling technique [7, 8]. With this system we can simulate
ahour of traffic flow in afew seconds.

For the purposes of the evaluation, the JUDGE traffic
simulator was programmed with the three-junction traf-
fic network shown in Figure 2. JUDGE allows networks
to be built up using a “train-set” approach, linking up
roads with other constructs (such as junctions) by plac-
ing components next to each other on atwo-dimensional
surface.

The simple network used in the simulation is de-
signed to be hard enough so that the solutionis not easily
solved without simulation, but is easy enough to under-
stand what the GA has tried to achieve. The authorsin-
tend to look at more complicated networks with a higher
traffic loading as anext stage in devel oping this research.

The GA produced traffic signalling information, which
is then simulated by JUDGE for 16 minutes of traffic
time (this takes about 1 second of CPU time). JUDGE
al so analyses the performance of the network, calculated
vehicle delay, flows, average speeds and queue lengths.
This information is then collated and formed into a fit-
ness measure for the network. For simplicity, the fitness
function is based solely on vehicle delay measures, al-
though the use of the other measurements is also being
investigated.

3.2 FlowsIn The Network

There is a number of possible settings for the signalsin
this network that produce optimal fitness measurements.
No fitness should ever reach zero, as even on a straight
roadway cars will interfere with each other (e.g. a fast
vehicle may be slowed down by a slower- moving vehi-
cle, causing delays).

The input flows for the network is shown in table
1. In traffic modelling, flows are measured in pcu/hr. A

pcu, or Passenger Car Unit is a number which describes
how big a vehicle is. For instance, a bicycle is 0.3 pcu,
whereas the standard household vehicle is 1.0 pcu.

Thereare aso turning probabilitiesfor each approach
road to junction 1, indicating how much of each traffic
flow goes down each of the two roads which leave junc-
tion 1. Theresult is that 700 pcu/hr travel from junction
1 to junction 2. The flow from junction 2 to junction 3
should be around 1000 pcu/hr, and the output from junc-
tion 3isaround 1300 pcu/hr. All roadways have a capac-
ity of 1800 pcu/hr, and a speed limit of 46 km/hr.

3.3 Expected Results

In civil engineering, the design of traffic signaling strate-
gies can often be thought of as an art rather than a sci-
ence. There are a large number of theoretical models
which describe ways to calculate how good a particular
signal strategy actually is. Noneof the theoretical models
are recognised as being an accurate model of real-world
traffic. Even the best software simulations of traffic flow
must be, by definition, be a simulation of some of the
important factors of real-world traffic networks. Thus, it
is an almost impossible task to confirm that the results
generated by the GA are in fact good, near-optimum re-
sults.

In order to give some confidence to the results pro-
duced by the GA, two separate analyses of the data was
performed. Firstly and most simply, a study was made as
to the proportion of traffic flows which arrive at a par-
ticular junction. This should give an indication as the
the proportion of the green times which each approach
should expect. A table depicting this information for the
network used in analysing the GA can be found in ta
ble 1.

Secondly, a respected theoretical model for steady-
state single junction networks, Webster [9], was used to
get a better understanding of the cycle times and green
times produced by the GA. This theoretical model is
based on queuing theory, and takes no account of the
varying distribution of vehiclesasthey approachthejunc-
tion (which happensin real-life traffic). Optimum signal
settings for the network, as calculated from the Webster
eguation isalso shownintable 1:

Note that neither of these two data analysis tech-
niques take into account the fact that the junctions are
combined together in a single network, but instead treat
them all as separate entities. This is unfortunate, as re-
lated junctions will have to make compromises in their
configurationin order to achieve aglobal optimal setting
for the network. Nevertheless, it should give some sort
of indication as to how well the GA has performed.



Junction [Approach Direction ||Flow (Total |Green Proportions|| Webster's Predicted
ghredicted Green Time|Cycle Time
Junction 1 West 500 (1400 35% 21 62
Junction 1 South 900 1400 65% 35 62
Junction 2 North 300 {1000 30% 9 31
Junction 2 West 700 {1000 70% 16 31
Junction 3 North 1000|1300 76% 31 49
Junction 3 East 300 {1300 24% 12 49

Table 1. Green time proportions and Webster Predictions

3.4 Obtained Results

Table 2 contain the data analysis of several best signal
timings defined by the genetic algorithm described above.
The proportion of green time is defined as o, and com-
puted as follows:

ty

=—2 %1 .
tc—2*d* 00%

Oy
The proportion of green time for each traffic light in the
three-junction network is given in Table 2 for different
signal timing diagrams. The difference between the ex-
pected proportion of green time and that obtained by ex-
perimentation, A, is calculated as follows:

_ ~predicted __ _obtained
Ap =of oy .

When A, is minimal over all traffic lights of network
then the best fitness is obtained. It is interesting to note
that the biggest differences are mostly found in the sec-
ond junction, and that in the mgjority of cases the cycle
time for this junction is also smaller than for the oth-
ers. The best fitness (54.24) had been obtained with a
population of 80 chromosomes, a genetic al gorithm with
tournament selection, and using a one-point crossover
and uniform mutation. The mutation rate was 0.3 and
crossover rate was 0.25. Elitism was used to improve the
GA convergence.

Thetable also shows A,,, which it the difference be-
tween the g gbteined and that predicted by the Webster
equation.

The analysis of these results indicates that the GA is
excellent in finding near-optimum o, values, as the cor-
responding A, and A,, values equate to only about +/-
1 second in terms of the cycle times involved. This is
to be expected, as neither the proportional study nor the
Webster equation is as accurate as the software simula-
tion.

What is interesting is that the optimum cycle times
produced by the GA arefor the most part all much lower

than that predicted by Webster equation. Post analysis
has given three main reasons for this; the fithess of a
junction is governed more by green proportionsthan cy-
cle time, the equations used treat each junction sepa-
rately but yet in real-life junction settings must be changed
due to the effect of surrounding junctions, and that the
genome encoding used cannot modify cycle times with-
out changing the green time proportionsfor a junction.

3.5 Fitness Variations

Two graphs have been created in order to demonstrate
why the fitness measure was dominated by green time
proportionsrather than cycletimes. They have been gen-
erated from the Webster equation.

In Figure 4, graph b shows the effect of varying the
green time for ajunction (in this case Junction 2), while
keeping the cycle time fixed, resultsin an obvious * sad-
die’ area where the delays are quite similar in value. In
this area, a green time of between 6 and 10 would pro-
duce similar delays. However, moving outside this area
in either direction and the delay increases dramatically.

Figure 4, graph a shows the effect of varying the cy-
cletimefor ajunction (thistime Junction 3), while keep-
ing the green time proportions fixed. There is a obvi-
ous “knee’ areain the graph. In this area, the minimum
delay is to be found, but it is significantly effected by
noise. This is due to rounding effects causes by a simu-
lation constraint that signal timings must be rounded to
the nearest second. To the left of this area, the delay in-
creases significantly, and to the right the delay increases
more gradually.

The genome in the GA was such that the cycle time
was calculated from the red and green time components
of the genome. In this way the cycle time was insepara-
ble from the green proportions. Increasing or decreasing
the cycle time could only be achieved by changing the
green proportionsin the genome. As thereis only a nar-
row areawhere green proportionshad similar delay mea-
sures, and outside this area delay increased dramatically,



fithess

fithess

dunction || o4 | Ap Ay |te(to]| 0g | Ap [Awlte|to|| 09 | Ap|Aw]|te|to
% | % | % |s|s|| | % | % |s|s|| % | %| % |s|s

Ch,West ||33.3|1.7(4.2139|8(|34.5|-0.5 |3.0 [35|8 [|33.33|1.7 |4.2 33 |8

C1, South||66.6|-1.7|-4.1 65.5| 0.5 |-3.0 66.64 +1.7 4.1

C5, North||31.8|-1.84.2 |28|7 (|41.2-11.25.2 140 |8 (|31.6 1.6 (4.4 P5 |9

Cs, West ||68.2] 1.8 |-4.2 58.8|11.2|5.2 68.4 |1.6 |-4.4

C3, North||79.2|-3.2|-8.1]30|6 ||73.5| 2.5 [-2.414012|| 75 |1.0 :3.9B0 |5

Cs, East||20.8/3.2|8.1 26.5|-25 |24 25 [-1.0|3.9

| Fitness || 56.8417 || 60.3319 || 54.24 |

Table 2. The best traffic signal control results obtained by GA
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attempts to increase the cycle time (and thus change the
green proportions) would initially be given low fitness
values, and would thus be considered as highly unde-
sirable members of the population. In addition, as the
change in delay caused by changes in cycle time are
small in comparison to the effect of changes in green
proportions, even a genome designed so that cycle time
was independent of green proportions may mean that a
GA may not have spent enough effort in producing an
optimum cycletime.

From this analysisit is clear that, as a next step, cy-
cle time should be isolated from the green proportions
in some way, perhaps encoding it as a percentage green,
percentage red, and a cycle time. However, some way to
promote the breeding of better cycle times rather than
concentrating on green proportions must also be devel-
oped.

4 Conclusion

Our novel approach to signal optimisation alow us to
configure traffic controllers for a variety of geometric
configurationsand traffic conditions, by adapting the sig-
nal parametersof each traffic junction controller interms
of overall network delay. These parametersinclude cycle
times, offsets, and green proportions. Our approach can
be easily extended for different types of junctions and
roadways. Thisis one of the future directions for our in-
vestigations.

Theactual signal configurations produced by the GA
were similar to that expected by the Webster equation; a
traditional theoretical model for junction optimisation.
Where the GA configured signals differed from Web-
ster the cause can be traced to the way the chromosome
was encoded, and to the fact that the Webster equationis
based on anumber of assumptions which are not present
is either red traffic flows or the JUDGE simulator-based
traffic model.

The GA investigation showed that the choice of ge-
netic operators and their parameters has a marked ef-
fect upon GA performance, and that the choiceis depen-
dent on the GA components used. For the given chro-
mosome representation the tournament selection opera-
tor performed better in comparison to the uniform oper-
ator. It was discovered that the best GA convergencewas

achieved when the tournament di scriminator equalled 100%.

However, the best fitness result can be achieved for a
tournament discriminator equalling 80%.

Many key questions remain unanswered. These in-
clude: (1) how using multi-agent techniques instead of
traditional genetic agorithm will influence the obtained
result, (2) how our approach handles a larger number

of junctions, (3) how our approach compares in perfor-
mance terms with other adaptive control approaches.
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