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Abstract: An urban traffic network of signalised intersections can be suitably modelled as a discrete event system,
in which the traffic light alternations are described by means of timed coloured Petri nets (TCPNs). A module of
basic traffic TCPN model with a signal timing plan for a day is successfully constructed. The traffic operations are
ruled by the control logic of TCPN and an analysis method using place invariant is verified. From the basic TCPN
model, some of the complicated traffic signal models will be easily obtained. Moreover, a real-world supervisor of
the urban traffic light system is implemented by the new methodology. Finally, an urban traffic light control
system with five intersections is realised. Also, the performance of the supervisor of the urban traffic light

system can be confirmed by the simulation results.

1 Introduction

With the growing number of vehicles, traffic congestion and
transportation delay on wurban arterials are increasing
worldwide. Therefore it is practically important to develop,
verify and validate simple yet powerful models that help in
designing and improving the safety and efficiency of
transportation. It is a significant issue to control traffic lights
in road—vehicle systems. The main reason is that traffic
signals are used to manage conflicting requirements for the
use of road space — often at road junctions — by allocating
the right side of a way to different sets of mutually
compatible traffic movements during distinct time intervals.

The traffic light control systems regulate, warn and guide
transportation for the purpose of improving the safety and
efficiency of pedestrians and vehicles. There are many
literatures to develop various strategies [1-10] and they are
classified into two categories [11]: (1) fixed-time strategies
and (2) traffic-response strategies. Nowadays, most of the
industrialised countries are using fixed-time strategies for
urban traffic control. In addition, the topic of traffic signal
control can be separated into two categories [12]: (1)
determining which signal-indication sequence optimises the
system performance and (2) ascertaining how to implement
the signal control logic. This paper centralises on the

second category with a traffic signal timing plan that is
predetermined.

Petri nets (PNs) have been proven to be a powerful modelling
tool for various kinds of discrete event systems [13, 14], and its
formalism provides a clear means for presenting simulation and
control logic. Hence, the PN is applied in traffic control. In fact,
traffic control has been accomplished by using PNs [15-18].
Wang e# al. [19] chose deterministic and stochastic Petri nets
(DSPNs) as the modelling tools. The behaviour of the pre-
timed two-phase signal is depicted. The green periods and
the cycle lengths are pre-determined and have a fixed
duration. The approach via programmable logic control
(PLC) and PN synthesis is proposed in [20]. Its traffic lights
contain three-coloured lights, and each lane has a series light
whose signal will be changed by the regular time intervals.
And the model of traffic light is used by PNs. In [21], a
signal timing plan is proposed by timed Petri nets (TPNs).
The streams allow us to proceed with the eight phases of the
signal timing plan. Recently, an urban traffic light controller
using statecharts is proposed [22], which includes eight, six
and two phases.

As mentioned earlier, the models of traffic light systems
have only one set of phase duration. The authors believe
that the timing plan of traffic light plays an important role
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in urban traffic light systems. And it can determine the
optimal splits and the optimal cycle time. It hints that
there are many sets of phase duration varied with traffic
flow in a day. As a result, the authors propose a new
modelling methodology to tackle this difficult problem. To
sum up, a traffic light control system with multi-set of
phase duration has been designed based on TCPN.

This paper is organised as follows. Section 2 briefly
introduces the basic definitions of TCPN that are related
to this paper. The traffic intersection control systems are
presented in Section 3. Section 4 depicts how to model the
traffic lights by using TCPN. Section 5 presents the
analysis of the TCPN models. Finally, some conclusions
are given in Section 6.

2 The basic definitions of TCPN

We first introduce the new methodology, which is based on a
global clock. The global clock values represent the system
model time where they may either be discrete or
continuous. More precisely, each token has a time stamp
on it. The time stamp describes the earliest model time at
which the token can be moved by a binding element. Note
here that one can define the time stamp unit as seconds,
It depends
completely on the designer. Please note that in this paper,
the authors assume that one time unit is equal to one
second and the definitions of TCPN are going to be
presented here in a compact way and follow the original

definitions of TCPN by Jensen [23, 24].

microseconds or millennia and so on.

Dejfnil‘ion 1: A timed non-hierarchical CP-net is a tuple
TCPN = (CPN, R, rp) such that:

1. CPN=(3, P, T, 4, N, C, G, E, I) satisfying the

requirements below:

2, is a finite set of non-empty types, called colour sets.

P is a finite set of places.

T is a finite set of transitions.

e 4 is a finite set of such  that

PNT=PNA=TNA=0.

arcs
e N is a node function. It is defined from A into
PxTUTxP.

e (s a colour function. It is defined from P into 3.

e G is a guard function. It is defined from 7 into
expressions.

e Eis an arc expression function. It is defined from 4 into
expressions.
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e [is an initialisation function. It is defined from P into
closed expressions that is an expression without variables.

2. Ris aset of time values, also called zime stamps. It is closed
under + and containing 0.

3. 7y is an element of R called the start time.

Dqﬁ‘niz‘ion 2: A binding of transition # is a function &
defined on Var(¢), which is called the set of variables of ~
B(#) denotes the set of all bindings for £

Definition 3: A binding element is a pair (4 4) where £ € T
and & € B(#). The set of all binding elements is denoted by BE.

Deﬁniz‘ion 4: A step Y is enabled in a marking M iff the
following properties are satisfied:

VpEP: > Elp,H)<b> <M(p)

(t,b)EY

The expression evaluation E(p, ) <&> yields the multi-set
of token colours, which are removed from p when # occurs
with the binding 4. For a time concept, the enabled
definition is modified as follows:

A step Yis enabled in a state (M, 1) at time 7, iff the
following properties are satisfied:

1. VpeP: Z(r,/;)EY Ep,0)<b >, < M, (p)
2.1 =<n

3. r,is the smallest element of R for which there exists a step
satisfying the above two restrictions.

Next, the definition is related with place invariant.

Deﬁniz‘ion 5: For a non-hierarchical CP-net, a set of place
weights with range 4 € 2, is a set of functions W = {I/VP

Le
such that W), € [C(p) s — Ayyl; forall p € P. "

1. Wis a place flow iff

V(t,6) EBE:Y Wu(E(p,£)<b>)=Y Wp(E(p,))<b>)
PEP PEP

2. W determines a place invariant iff:

VM € [My > WpM(p) = > WplMy(p))

PEP PEP

Note that the invariant property in (2) is a dynamic property,
while the flow property in (1) is a static property. It hints that
the static property can be checked without considering the set
of all reachable markings.
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3 The description of the basic
traffic system

It is observed quite often that the vehicle goes straight and
turns right in a junction with two-way roads. In this paper,
a traffic system with two phases (shown in Fig. 1), called a
basic traffic system, will be introduced. The two phases
consist of phase_NS and phase_EW. And the operations
are described as follows. In phase_NVS, the northbound and
southbound vehicles are allowed to go straight and turn
right. In phase EW, the westbound and eastbound vehicles
are allowed to go straight and turn right.

A schedule of the traffic signals is given in Table 1 for
this intersection. At first, the definition of ‘period cycle’ that
represents one cycle of a period and ‘day cycle’ that
represents one cycle of a day are introduced. There are
several periods in a day cycle and they represent
the intervals that have continuous execution times. The
duration of the phase NS represents the time when
the vehicles can go and pass the intersection in NS
direction. Similarly, the duration of the phase EW
represents the time when the vehicle can pass through the
intersection in EW direction. The duration of the two
phases include both the duration of green and the duration
of yellow light. A cycle time is defined as the summation of
the two durations. It is worth noticing that there are many
repetition cycles in a period. For example, the number of
repetition cycles are 30 in 1 h if its cycle time is 120 s.

4 A TCPN model

In this section, the paper focuses on how to model the traffic
lights using TCPN. It is an interesting work for the traffic
light system model. It is worthy to notice that three TCPN
models are constructed in Fig. 2 by three type lines. One is
the basic traffic system model, which is modelled by
normal lines. The other one is an extended model, which is
added with dashed lines. Another one is also an extended
model, which is added with heavy lines. The two types of
extended models will be explained later. The basic traffic
system model consists of two main parts: the left part,
which is called the NS traffic lights, describes the states of
both the northern and southern traffic lights; the right part,
which is called the EW traffic lights, depicts the states of
both the eastern and western traffic lights. More precisely,
each part can be divided into two sub-models. One sub-
model is for the signal indication and the other is for the
signals’ timing whose model is shared between the signal

Phase NS Phase EW

pra—

N

l‘\/’

Figure 1 Two-phase transitions

Table 1 A schedule of traffic light signals

Period ty t, ... t;
Execution time 0-hy | hi=hy | ... | hiy1—h;
Phase_NS duration T T |... Ty
Phase_EW duration | 751 T |... Ty
Cycle time cty ct, ... ct;

indication models. The duration of the yellow is assumed
as 3s and the lost time [11] is neglected in this paper.
Detailed information is given in Sections 4.1 and 4.2.

4.1 Signal indication models

Usually, green light means the vehicles can go straight and
turn right. And the vehicles do not permit turning left. In
the pioneer works [17-20], this situation is hardly
presented in detail. However, this case is easily modelled by
the new methodology. A signal indication model can show
the traffic light in red, yellow or green. The traffic lights
are modelled as places EW_G, EW_Y, EW_R, NS_G,
NS_Y and NS_R (ie. Fig. 2). The places of the traffic
lights are triggered by tokens in the TCPN model. Based
on the rules of TCPN, the tokens are defined as 4-tuple (d,
n, ¢, cf) with time stamp. The first element d represents the

D*NAT*CT D*N*T*CT
(OO
|
|
|
|

(d.n1,ct)@tease cf if d=ew then (dnf.cr) (d,n.t.cr)@+case of

of ct;/=>1,;-3 if d=ns then else empty lof ct,/=>1,,-3
let=>1,5-3 {d.ntch) pLy |ct=>15-3
clse cmpty
let=>7/-3 c1=>15-3
Letyt
per )t
D*N*T*CT ANFTHOT D*N*T*CT
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NS traffic lights EW traffic lights

Figure 2 An intersection TCPN model
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traffic lights in VS/EW. Thus, it can be written as d € {ns,
ew}. The second one 7 (i.e. n € I'") represents the number
of the repetition cycles. The element # stands for the period
time, where # € I'". The final element ¢ represents the
cycle time, where ¢z € I*. Here, I" is a non-negative
integer.

Places NS_G, NS_Y, NS_R, EW_G, EW.Y, EW R, CP,
and CP, belong to this sub-model. A token in place NS_G
means the green lights turn on in NS traffic lights. And
then place NS_Y (IVS_R) with a token represents the yellow
(red) lights turn on in NS traffic lights. Similarly, the places
EW_G, EW_Y and EW_R with tokens means the green
lights, yellow lights and red lights turn on in EW traffic
lights, respectively. Places CP; and CP, play the guard
roles, which guarantee that only one direction is allowed to
proceed for the vehicle streams. For example, when the
green light turns on in NS, the red light turns on in EW.
More specifically, the two places ensure the safety of the
traffic. The transitions of the system model will be
introduced next.

The transitions 75 and Ty stand for the green durations.
Because the duration of the phase involves green duration
and yellow duration (i.e. 3s), the time inscription 7— 3
that deducts yellow duration from phase duration is a
green duration. The transitions 7y and T3¢ represent the
yellow duration (i.e. 3's). The transition 7% stands for the
red durations in VS. And then, the red duration in EW is
controlled by the token of place CP;. The physical means
the red light of the traffic lights in EW is going on till the
enabled binding element (73, ¢) is taken. Obviously, the
red duration of traffic lights in EW is 71; seconds. It reveals
that the vehicle streams only proceed in either NS or EW.

Based on the basic sub-model, two types of extended
signal indication models that involve a left turn arrow on
green are obtained. The first one is added with the dashed
lines in Fig. 2, which describes the left turn arrow on green
to be triggered with the right turn arrow on green and go
straight arrow on green at the same time. In other words,
the three green lights are turned on concurrently. In this
extended signal indication model, the authors add a place
NS_GL to the basic traffic model. And it represents the left
turn green light. The second one is added with heavy lines
in Fig. 2, which indicates only one of the three green lights
(left turn green light, go straight green light and right turn
green light) goes on. It means that the left turn green light
(NS_GL) is going on after the other two green lights
(NS_G) turn off. For this purpose, the authors add a place
NS_GL to the basic model. It also represents the left turn
green light. It is worthy to notice that the two types of
extended signal indication models in Fig. 2 describe only
one part of NS traffic lights. The attached places and
transitions can also be constructed on the part of EW traffic
lights. The extended signal indication model is useful in
the multi-phase transitions.

www.ietdl.org

4.2 The signal timing plan model

The sub-model of the signal timing plan model is the kernel
of the TCPN model (i.e. Fig. 2). It is the model’s duty to
assign the cycle times to the different periods. Especially,
there are no durations and delay times in the sub-model.
Indeed, it is used to estimate the cycle time of a period. In
the sub-model, one has to count the number (i.e. 7;) of
repetition cycles. Once the number of repetition cycles
meets the number 7;, the current period # will enter the
next period #1. And then, a new cycle time will be given
in terms of period #;1.

The definitions of the elements of tokens in the sub-model
are the same as the signal indication model. It is worthy to
notice that the component elements of token in this sub-
model consist of two (i.e. (£ cf), three (ie. (d, n, £)), or
four (i.e. (d, n, £, cf) elements. And the signal indication
model consists of four elements (i.e. (4, 7, £, c£)). A more
explicit expression is described as follows.

There are several arc expressions between transition 75 and
place P,. The arc expressions determine when the current
period goes to the next period. The repetition cycle time in
a ‘period cycld is represented by 7. And values #n; are
determined from the formula, where 7, = > 77, n € I,
For example, 7, = r; + 7. Once the number of repetition
cycles is equal to 7, the current period (#) will go to the
next period (#1). And then, the current token (4, n, #)
will change to (4, n, #;,1). In addition, 2 maximum number
of repetition cycles 7y, for the ‘day cycld is required,
because the system model needs a mechanic to judge what
is the day off. On the new day, the number 7., is
enforced to reset. It means the state is coming back to the
initial state.

In summary, when a token is removed from P; to P, the
token is with a #. Once the token is removed from P, to P;,
the token is now with a ¢#;. Note that the ¢z is offered by the
Place Database. The function of Place Database is that the
model can show both the cycle time and the current period
together. Therefore, we have to create a database of (¢, c#)
by tokens in Database. Meanwhile, the output token is
changed and it is with four elements like as (d, n, #, c%,).

5 Analysis of the urban traffic
net model

A traffic light control system model must have correct and
readable features. For example, the controller should not
lock up (deadlock) due to some unexpected combination of
actions, should not allow conflicting movements to have
right side of a way simultaneously, should be able to serve
all signal phases and return to some initial state. A major
strength of TCPN is the availability of methods for
analysing the properties of the model. Those properties of
TCPN model reveal whether the model is reliable or not.
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There are three methods to analyse a TCPN model: (1)
invariant method, (2) occurrence graphs method and (3)
simulation method [23]. In this section, the basic traffic
light control system model is analysed by the occurrence
graphs method and invariant method. In addition, a real-
world urban traffic net, which consists of three
intersections, is used to verify the model by simulation.

5.1 Invariant method

The basic idea behind place invariants creates equations that
are satisfied in all reachable markings [24]. In TCPN nets,
the sets of removed tokens are not fully determined by the
binding elements. Based on the rules of TCPN, a
transition can be fired if the global time is greater than or
equal to the time stamp. It hints that the system acts
according to the time stamps of the binding elements. In
fact, the system models require only the time stamps to be
small enough, instead of requiring them to have some exact
time values. This means that the linearity of weight
functions is insufficient to guarantee that each flow
determines an invariant. However, our traffic light TCPN
model is pre-determining time. Therefore, it is necessary to
use invariants in the analysis of TCPN models. The basic
model (Fig. 2) is used to analyse the place invariance.
Based on Definition 5, we can obtain several equations
from Fig. 2. And the performance of the system should be
verified by the equations. The detailed information is given
as follows.

NS.G+NSY+NSR+P, +P,+P;+P,=1 (1)

This invariant states that there can be only one token in any
one of the places involved in (1). And it indicates that the
firing sequence of the binding elements should be in order
at NS traffic light. For example, the variations of traffic
lights are red, green and yellow in turn. Note that places
Py, P,, P;, and P, are necessary control places. Similarly,
the  other  invariant can  be obtained, ie.
EW G+EW Y+ EW R+ P+ P,+P;+Ps=1. This
invariant asserts that at any given time, there is only one
token on the right-hand side of the display indication
modules.

NS-G+NS_Y+NS_R+P1 +P2+P3+P4:EW_R,
where EW_R =1 2)

This invariant depicts that if there is one token in place
EW_R, then there must be a token in either place NS_G,
NS_Y, NS R, P;, P,, P; or P,. It means that once a red
signal goes on in the EW traffic lights, a green, a yellow or
a red signal turns on in the NS traffic lights.

In the other way, the invariant EW G+ EW_Y+
EW_R+ P, + P, + P;+ P; = NS_R asserts that if there is
one token in place NS_R, then there must be a token in
either place EW_G, EW_Y, EW_R, Py, P,, P; or Ps. It
shows that once a red signal is going on in the EW traffic

lights, a green, a yellow or a red turns on in the NS traffic
lights.

NS_G+NSY +EW_G+EWY +P, +P,+ P; + P,
+P;+ CP, + CP, =1 ©)

As mentioned earlier, this invariant means that the direction
of the vehicles movement is either in NS or EW. This
invariant hints that the system model guarantees the safety
of the traffic.

The three equations (1), (2) and (3) show the key
invariants in the TCPN model. And the three key
invariants show that the system model is with invariants.

5.2 Occurrence graphs method

The basic idea behind occurrence graphs (OGs) is to
construct a graph containing a node for each reachable
marking and an arc for each occurring binding element.
Also, it is intuitive in this approach to see that there is no
possibility of deadlock in the system model.

The OG of the basic TCPN model is shown in Fig. 3. Itis
worthy to notice that each node represents a marking, and the
content of the marking is described by the text inscription of
the node. And each arc represents the occurrence of a binding
element, and the content of this binding element is described
by the text attached to the arc. For example, EWW_R and
NS_G are used to describe the node Ns. This means that
the red lights turn on in the EW traffic light and the green
lights turn on in the NS traffic lights. After a binding
element 7§ firing, the marking will be changed to node
Ng. It is worthy to notice that the initial marking (i.e. node
Ninrriar) shows all the red lights turn on in a set of traffic
lights. For the sake of simplicity, the place Database is not
shown in the OG.

Based on this analysis, it can be concluded that: (1) there
are no dead-end nodes in the OG, therefore the net is live;
(2) the net is reversible because we can always find an

NlNl'll:’\I. NO NI N2 N}
NS_R
EW R T JEWR ‘ T, ‘EW,R ‘ T ‘waR ‘ T, |EW.R
— P, P Ps Py
cP.

Ny Tn Ny Ts
NS_R EW_R
EW_Y NS_G
Ny [Two N: ¢+ To
NS_R EW_R
EW_ NS_
Nt N, Ny Ny Ne 4T
NS_R T, [NS_R ‘ Ts ‘stR ‘ T, ‘stk ‘ 1, |EW-R
P P P p NS R
N G A

Figure 3 The OG of the basic TCPN model
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occurring sequence that brings the system back to the initial
marking.

5.3 The simulation results

Considering the simulation, a real-world urban traffic net is
used to verify the model. The real traffic net consists of five
intersections, which are shown in Fig. 4. Some notations
are employed to represent the five intersections. For
example, INS_G means the green light goes on in the NS
traffic light, which is placed at intersection I;. Fig. 5
shows the information of the phase transitions in this real
case. Also Table 2 shows the signal time plan of traffic
light model. The urban traffic net model will be
constructed based on the basic traffic model. For
convenience, the five intersections are divided into three
types. One consists of intersection Iy, Iy and Is whose
models are the same as in the basic model. The other one
is with intersection I, whose model is obtained from the
first extending model. Another one is with intersection I3
whose model is also from the second extending model.
The detailed information of the urban net model is
described as follows.

1. Modelling of intersection Ij, Iy and Is (type I)

The model of type I is the same as that of the basic traffic
systems model. Hence, the module of basic traffic system
could be applied directly to type I. From the schedule of
the signal timing plan, there are four kinds of cycle times
given. For fitting the basic models, the notations ¢z = 90,
¢ty = 120, ct3 = 180 and cz4 = 200 are assigned. Then, the
values of 7; and #; have to be determined. The intersection
I is used to illustrate how to obtain the values r; and #;.
Table 2 shows the execution time and the cycle time for
every period of the intersection I;. From the table, the
number of repetitions (i.e. 7;) is easy to count. For example,
the numbers of repetitions of 71 is 30 for the period # in
the intersection I;. As a result, all the numbers of
repetitions (i.e. ;) are obtained and are shown in Table 3.
Based on Table 3, data the values 7; shown in Table 4 are
determined from the formula, where 7, = > " ;7;, n <9.
For example, 7, = 71 +r, = 30 + 160 = 190. It is worthy
to notice that the values of 7; and #; in Table 3 can be
applied to intersections I, and I3 since the three

www.ietdl.org
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Figure 5 The phase transitions of the traffic net

Fig. 2). And then, the three models (i.e. I1, Iy and I5) are
given in Figs. 6-8.

Based on the place-invariant method, the three models
should be verified by the following equations:

Intersection I;:
INS_.G+1NSY +1INS R+ 1P, +1P,+1P; + 1P, =1

)
1EW .G+ 1EW Y +1EW R+1P, + 1P, + 1P, + 1P, =1
)
INS.G+1NS.Y + INS_R+ 1P, + 1P,
+1P,+ 1P, = 1EW R, where 1EW R=1 (6)
1EW .G+ 1EW.Y +1EW R+ 1P, + 1P,
+1P,+1P, = INS.R, where INSR=1 )

INS.G 4+ 1NSY + 1EW .G+ 1EW.Y + 1P, + 1P, + 1P,
+1P,+1P; +1CP, +1CP, =1 )

Intersection Iy:

4NS.G + 4NS.Y + 4NS_R -+ 4P, + 4P, + 4P + 4P, = 1

intersections have the same cycle time in a period. ©)
AEW G+AEWY +4EW R+ 4P, +4P, +4P; +4P, =1
Finally, three TCPN models of type I will be derived if the ! 2 3 4 10
values 7;, T1;, T»; and ¢ are put in the original model (i.e. (10)
4NS_G +4NS.Y +4NS_R + 4P, + 4P, + 4P,
+4P, =AEW R, where 4EWR=1 11)
AEW G+AEWY +4EW R+ 4P, + 4P, + 4P,
+ 4P, =4NS_R, where 4NSR=1 (12)
4ANS_G+ANSY + AEW _G+4EW.Y + 4P, + 4P,
Figure 4 A real-world urban traffic net +4P;+ 4P, +4P; +4CP; +4CPy =1 (13)
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S5NS.G+5NSY +5EW_G+5EW.Y + 5P, + 5P, + 5P,
+5P,+5P;+5CP, +5CP, =1 (18) A T-type intersection is usually presented in a real-world
urban traffic system. A feature of the T-type intersection is
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straight. For this reason, a left turn arrow on green is needed
to present in the traffic light system. As a result, the function
of the left turn green light can be presented when a place
NS_GL is added on the original model. It is interesting
that the completed TCPN model of the T-type
intersection (i.e. Fig. 9) can be derived after a minor
revision of the first extended traffic system model.

From the definition of the phases (i.e. Fig. 5), a right turn
movement is absent in northern traffic light (i.e. phase 1 of
L,). For convenience, ie. in the extended model (i.e.
Fig. 9), the place NS_G used to represent the vehicle
stream can be allowed to go straight in the northbound
traffic light and the other way can be allowed to go straight
and turn right. In addition, the vehicle stream cannot be
allowed to go straight in the eastbound (i.e. phase 2 of L).
This situation is different from the phase of the basic
model (i.e. phase 2 of I;). For the same reason, the place
E_G used to represent the vehicle stream can be allowed to
turn right and turn left in the eastern traffic light. Notice
that the place EW_G/EW_GL is used instead of the place
E_G/E_GL in the new extended TCPN model.

Finally, the TCPN model of T-type will be derived if the
values 7;, T1;, T»; and ¢#; are put in the original model. And

then, the model is constructed and is shown in Fig. 9.

Based on the place-invariant method, the model of
intersection I, should be verified by the following equations:

2NS_G + 2NS_Y + 2NS_R + 2P, + 2P, + 2P; + 2P, = 1

(19)

2W_GQW_GL) +2W_Y + 2W R + 2P, + 2P, + 2P,

+2P, =1 (20)
2NS.G + 2NS.Y + 2NS_R + 2P, + 2P, + 2P, + 2P,

=2W_R, where 2W_R=1 (21)
2W_.GQRW.GL)+2W.Y +2W R+ 2P, + 2P, + 2P,

+2P,=2NS.R, where 2NSR=1 (22)
2NS.G+2NSY +2W _GQ2W_GL)+2W.Y + 2P,

3. Modelling of intersection I3 ( type III)

From Fig. 5, the phase of intersection I3 is with four phases.
Obviously, one of the phases is with a left turn movement of
intersection I3. The TCPN model of the intersection I3 can
be easily obtained because the phase is already included in the
second extended model. As a result, the TCPN model of the
intersection I3 can be constructed if the relation values are put
in the original model. The model is constructed and is shown

in Fig. 10.
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Figure 9 TCPN model of the intersection I,

Based on the place-invariant method, the model of
intersection I3 should be verified by the following equations:

3NS_G + 3NS_Y + 3NS_R + 3P, + 3P, + 3P, + 3P, = 1
(24)

3EW.G+3EW.Y +3EWSR+ 3P, + 3P, +3P;+ 3P, =1
(25)

3NS.G+3NS.Y +3NS_R+ 3P, + 3P, + 3P, + 3P,

—3EW R, where 3EWR=1 (26)

3EW.G+3EW.Y +3EW R+ 3P, + 3P, + 3P, + 3P,

=3NS_R, where 3NSR=1 27)
3NS.G+3NSY +3NS.GL+3EW_.G+3EWY
+3EW_GL+3P;+3P,+3P;+3P,+3P;
+3CP, +3CP,=1 (28)

The TCPN models are implemented and simulated by the
CPN tools [25]. The aim of the simulation is to observe the
relationship between the cycle time and the execution time in
each period. Based on the schedule of the signal timing plan
(ie. Table 2), the global time of the supervisor is set as 86 400
time units (i.e. one time unit is equal to 1s) for the nine
periods (ie. #1, %, ... , 2) in the CPN tools. In summary, the
simulation results are the same as the pre-determining time
(i.e. Table 2) and the cycle time of each period is consistent
with Table 2. Moreover, the traffic performance can be
confirmed by the simulation results.

348

© The Institution of Engineering and Technology 2009

IET Control Theory Appl., 2009, Vol. 3, Iss. 3, pp. 340—350
doi: 10.1049/iet-cta:20070368



Ty

if s then (dm.rcf

¥
else empty l
4 cty=-67
e

TN Vituers -

(s [ ap ) Pttt
N DeNeTeCT Vet (et

l _.4",.\-.-,-.(--,-
. 3y £
l 3T, L \

T*CT
(i rcn@+3 £ TNDNT
)
ifree3s0 andalso <=a21  \ " ) ’

then (edr.1;) else empty
~=422 andalsa <=466

(3e
S DNt
(tncts) g

aT

lld}l_.‘ ciNa+3

y N
5o |JEW.Y)

bepieigh, AP
emply T DANSTCT
R6

k1)

s ter)

©

L=y

R

= ) A
|'e@eD (dntcty
L h

EW traffic lights

DN*TCT
3 aCe,
| E
I
——
i NS traffic fights
1

Figure 10 TCPN model of the intersection I3

6 Conclusion

This presents the modelling,

paper

summarise, this paper has the following contributions:

i. How to use TCPN to model the traffic lights of the urban
network. Also, the applications of TCPN to urban traffic

lights have been realised.

ii. Structural analysis of TCPN models.

ili. The traffic systems with signal timing plan for a day are
successful in converting TCPN models. These examples are
helpful to us to obtain a TCPN model for a complex urban

traffic lights system.

The authors presume that our research using TCPN to
model traffic light systems will become more important in
this field because of the increasing demands in many

features of the traffic light systems.
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