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ABSTRACT. The Petri net, a graphic-based simulation tool, can describe the asynchronous and
concurrent behaviors of the system, but fails to fully simulate embedded real-time systems. To
solve the problem, this paper introduces the real-time description ability into the colored Petri
net model, creating a real-time modelling method for embedded real-time system. The design
flow of a general embedded real-time system was explained based on the proposed model.
Finally, the model was applied to simulate the multi-function vehicle bus (MVB) controller of
train communication network, aiming to satisfy the strict requirements on real-time analysis.
The results show that the proposed method can fulfil the strict real-time requirements of the
train system. The research findings shed new light on the application of Petri nets and the
simulation of embedded real-time systems.

RESUME. Le réseau de Petri, un outil de simulation graphique, peut déerire les comportements
asynchrones et simultané du systéme, mais ne permet pas de simuler compléement les
systémes en temps reel intégrés. Afin de résoudre ce probléme, cet article introduit la capacité
de description en temps re&l dans le modéle de ré&eau de Petri coloré en crént une méhode
de modé@isation en temps reel pour un systéme en temps reel intégré Le flux de conception
d’un systéme général intégré en temps réel a @éexpliquésur la base du modée proposé Enfin,
le modéle a &éappliquépour simuler le contrdeur de bus de vénicule multifonctions (MVB)

du réseau de communication ferroviaire, dans le but de satisfaire aux exigences strictes en
matiére d'analyse en temps réel. Les réultats montrent que la méhode proposée peut répondre
aux exigences strictes en temps reel du systénme de train. Les réultats de la recherche ont
permis de mieux comprendre ['application des réseaux de Petri et la simulation des systemes
en temps reel intégreé.
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1. Introduction

The traditional development strategy for embedded systems mainly focuses on the
late design and implementation, which involves the determination of hardware and
software functions through demand analysis, followed by the selection of hardware
and division of software modules. This strategy is still feasible for the design of small-
scale embedded systems. In recent years, however, the growing demand for complex
and uncertain embedded systems has called for the shift of development focus towards
the early phase of system design. In this phase, the main task is to set up a conceptual
model of the embedded system based on demand analysis, simulate the model on
simulation tools, and verify the system design against the simulation results.
Compared with the traditional strategy, the early phase design can clarify the system
functions, determine the realizability of the system and identify potential errors in
advance. One of the keys to early phase design lies in the modelling method of the
embedded system.

A Petri net (Peterson, 2010; Jensen et al., 2007) is a graphical-based mathematical
tool that formalizes the asynchronous and concurrent system behaviors. Recently,
many advanced Petri nets with strong abstraction and description abilities have been
developed, including time Petri net (Berthomieu and Diaz, 1991) and colored Petri
net (Liu et al., 2002). The emergence of advanced Petri nets provides a rigorous,
efficient and usable modeling and analysis method for embedded, distributed and
highly reliable systems. Nevertheless, these advanced Petri nets fall short in the
modelling and analysis of embedded real-time systems. For instance, time Petri net
cannot effectively analyze the randomness of transition delay, neither can colored
Petri net give an explicit description of the system’s time.

In view of the above, this paper explores the modelling and design method of
colored Petri net based on exact semantics, puts forward a real-time colored Petri net
model, and, on this basis, designs a real-time analysis method. The method supports
full description of the function and time attributes of embedded real-time systems, and
applies to the design of highly secure and reliable real-time systems.

2. Literature review

Much research has been done on embedded system development at home and
abroad. For example, Chen et al. (2001) created an embedded system modelling
method based on Unified Modeling Language (UML). This object-oriented method
divides the embedded system into several modular objects, and depicts the structure
and function of each object by class, marking and collaboration diagrams. In this way,
certain features of the embedded system can be described with high accuracy.
Rettberg (2015) suggested modelling embedded systems by program state machine.
Taking behavior as the object, this modelling strategy manages to provide a clear
description of the system and represent the system as an intuitive equivalent graph.
Maciel et al. (1999) developed a near-perfect formal modelling method based on Petri
net, which is featured by precise mathematical definition and strict deduction. This
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embedded system design method is particularly suitable for depicting control flow,
concurrency and asynchronism.

Many scholars consider Petri net as the best way to develop embedded systems.
For instance, Huang and Liang (2004) introduced the object-oriented feature into the
general Petri net, creating an object-oriented Petri net method for the modelling of
embedded systems, and verified the value of this method through a simulation
modelling of the generalized tag error correction algorithm. Hsiung and Gau (2002)
applied the colored Petri net in the design of real-time embedded systems, in which
multiple functions are achieved through a single task and different tasks are scheduled
and executed in a coordinated manner, and proved that the system model based on
colored Petri net can reflect the operation behaviors of the real-time systems,
accommodate the multi-processor architecture and realize the inter-task
communication. Kaakai et al. (2007) invented an extended Petri net model for
embedded systems, in which the repositories are split into control ones and database
ones and the transitions are time-delayed, and confirmed that the model can specify
and analyze system functions, resource consumption and time constraints. Jiang et al.
(2000) proposed an embedded real-time system modeling method based on colored
time Petri net, offering a desirable solution to the concurrency problem in real-time
systems. In this model, the data flow and control flow are described by extending the
color elements, while the real-time system is depicted well by extending the time
elements

3. Extended real-time colored petri net

As its name suggests, a real-time system completes system functions in real time.
In other words, this system is expected to reliably transcend time constraints. So far,
the Petri net has been extended to depict the time attributes of real-time systems,
yielding time Petri net (Gardey et al., 2005), timed Petri net (Zuberek, 1991) and
stochastic Petri net (Chen et al., 2005). In a time Petri net, transitions are allowed to
be triggered within a certain time interval. In a timed Petri net, transitions must be
triggered immediately to simulate its time consumption. In a stochastic Petri net, there
is a random delay between the enablement and trigger of each transition. The
performance of stochastic Petri net is often discussed based on the isomorphism of
state space and Markov chain. However, none of the three extended Petri nets can
independently simulate the dynamic behavior of embedded real-time systems.

To solve the problem, this paper extends the time attribute of classical colored
Petri net and thus comes up with an extended real-time colored Petri net model, which
can simultaneously satisfy the modeling requirements of complex real-time systems
in terms of time attribute, security attribute and system behavior.

3.1. Basic theory of petri net

Atriple N = (S, T; F) satisfying the following conditions is called a net:
L)SUT=9
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2SNT=0
B FE(SXT)U(TxS)

(4) dom(F)ucod(F)=SUT , where dom(F)={xeSUT|FyeSuU
T: (x,y) € F}and cod(F) = {x€SUT|3y € SUT:(y,x) € F}.

A net system is a marked net £ = (S, T; F, M) with the following rules of transition:

(1) For transition t € T, if Vs € S:s € 't = M(s) = 1, then transition t will occur
under the marking M. This case is denoted as M[t >.

(2) If M[t >, then transition t will produce a new marking M’ (denoted as M[t >
M") from the marking M. For Vs € S,

M(s)—1, ifse t—t
M'(s)=<{M(s)—1, ifset — 't
M(s) otherwise

Let M, be the initial marking of a net system. Under the initial marking, there are
several possible transitions. Once a transition is triggered, the system marking will
change into M;. Under the new marking, there are also several possible transitions.
Once any transition is triggered, the system will enter a new marking M,. The above
procedure is repeated to continuously change the marking of the net system.

A six-tuple £ = (S, T; F, K, W, M) satisfying the following conditions is called a
(place/transition) P/T:

(1) (S, T; F)isanet, W:F - {1,2,3 ... } is the weight function, K: S = {1,2,3 ...} is
the capacity function, and M:S — {0,1,2 ...} is the symbol of X that satisfies Vs €
S: M(s) < K(s).

(2) Z should satisfy the following rules of transition:

If t € T, then the marking of M[t > is

Vs € t:M(s) = W(s,t)
Vset — t:M(s)+W(t,s) <K(s)
Vset n t:M(s) +W(t,s)—W(s,t) <K(s)

If M[t > M’', then for Vs € S
M(s) —W(s,t), ifse t—-t
M(s)+W(t,s), ifset — 't
M(s) +W(t,s)—W(s,t), if seEt N 't
M(s) otherwise

M'(s) =

A simple Petri net is described in Figure 1, where each circle stands for a Petri net
system, the box represents the transition, the arcs indicate the flow directions, and the
solid dots show the symbols in the place.
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Figure 1. A simple Petri net

3.2. Extended petri nets

The classic Petri net was modified into new extended Petri nets for the modelling
of practical application systems. The modifications are mainly the addition of new
elements, making it simpler and more intuitive to describe a particular system. Thus,
the extended Petri nets do not outperform the classic Petri net in the descriptive ability
of the target system.

The colored Petri net is developed by adding color elements, which mainly classify
place and marking, to the classic Petri net. A colored Petri net can be expressed as a
seven-tuple £ = (S, T; F,C,W, [, M), where (S, T;F) is a net, C = {cy,cy, ..., cx } IS @
finite set of colors, W:F - L(C),,I: T - L(C), and M: S = L(C). Note that L(C) is
a linear function of nonnegative integer defined on color set C and L(C), refers to the
L(C) whose coefficient is not all zero.

For vt € T, the occurrence condition of transition T under markingMiss € 't —»
M(s) = W(s,t). If M[t> M', then, the relationship between marking M’ and
marking M can be expressed as:

M(s) —W(s,t), ifse t—-t
M(s)+W(t,s), ifset — 't
M(s) —W(s,t) +W(t,s), if seEt N 't
M(s) otherwise

M'(s) =

The extended Petri net is developed by adding enabling and restraining arcs, which
enhance the controllability of the net system, to the classic Petri net. It has been proved
that the extended Petri net has a simulation ability equivalent to Turing machine. The
enabling and restraining arcs are defined as follows:
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(1) Let F; E (P x U) be the set of restraining arcs and Fz = (P X U) be the set of
enabling arcs, which satisfy F; n Fp = @;

(2) Let W: (F; U Fg) — {0} be the weight functions of the two types of arcs.

If P; and Py respectively denote the set of places associated with the enabling and
restraining arcs. Then, the transition t can be triggered under marking M, if and only
if:

(p€ t=Mp)2W(p,t),p€ PP~ P

{ peEt =Mp)+W(p,t) <K({)p€EP
peE t=>M({p)=0,peEP

k pE t=M(p)>0,p€Pg

If M[t >, then transition t can be triggered under M[t > M. In this case, M’ can
be defined as

M@)-W(p,t),pe t—t Ape(P—P —Pp)
M( )2{ Mp)+W(p,t),pet — 't
p M@) —Wp,t) +W(t,p)peEtn 't
k M(p) otherwise

The extended colored Petri net is a combination of the colored Petri net and the
extended Petri net. This net can be developed by adding color elements as well as
restraining and enabling arcs into the classic Petri net. The color elements enhance the
data description ability, while the two types of arcs control the transition order and
depict the event priorities. An extended colored Petri net is a ten-tuple X =
(P, T; F,C, W, I,W;, E,Wg, M), where P is the set of places, T is the set of transitions,
C = {cy, ¢y, -..c } isafinite set of colors, F = (P X T) U (T x P) is a set of finite arcs,
Wg:F - L(C), is the mapping from finite arc set F to the color domain, I =
P x Tand E = P X T are restraining arc set and enabling arc set, respectively; , M: P —
L(C) is the current marking of X.

Figure 2. A simple extended colored petri net
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An extended colored petri net can be represented as a directed and weighted
bipartite graph, which includes such elements as places, transitions, arcs. The arcs are
further divided into restraining/enabling arcs and directed arcs. For the arcs from the
place to the transition, those with a small hollow circle are restraining arcs and those
with a small solid circle are enabling arcs. As shown in Figure 2, the places are
illustrated as circles, the transitions are presented as rectangles, the weight on each
directed arc is described as a linear expression of the color set. Different objects or
data in a place can be assigned different colors, while different transitions represent
different triggering modes.

4. Embedded system modelling method based on real-time colored petri net

4.1. Definition of real-time colored petri net

A real-time colored petri net can be expressed as a fourteen-tuple:
(z,P,T,AN,C,G,E1TD,[d",d"], TS, PW,S)

where £, P, T and A are non-empty sets of colors, places, transitions and arcs,
respectively, that satisfy PN T =PNnA =Tn A = @; Nis the node function about
mapping from Ato P X T U T x P; C is the color function about the mapping from P
to X; G is the guard function about the mapping from T to expression Vt €
T: [Type(G(t)) = B A Type(Var(G(t))) £ ZJ; E is the directed arc expression about
va € A: [Type(E(a)) = C(p)us A Type(Var(E(a))) £ X] ; I is the initialization
function about the mapping from P to expression ¥p € P: [Type(I(p)) = C(P) us];
TD is a set of random delays between transition enabling and triggering that satisfies
TD = W(M,,) with W(M,,) being a distribution function with a certain probability;
[d~,d*] is the allowable trigger interval set for transitions, with d~ and d* being the
earliest and latest moments allowable to trigger transition, respectively; TS is the
timestamp set of marking; PW: PW — R!%1] is the probability of possible transitions
that satisfies the expression Vpw € PW: ¥, pw(t) = 1. Note that the time
information of marking’s transit through the place and the transition is contained in
Vts € TS. The marking’s timestamp information can be calculated by TS =
Yiepey D@, t) <b>+Yiner D(E,p) <b >+ Yigerp td.

Definition 1: The binding of transition t is a function b defined on Var(t), which
satisfies Vv € Var(t): b(v) € Type(v). The set of all bindings is denoted as B(t).

Definition 2: Marking element is defined as (p,c), where p € P and c € C(p).
Binding element is defined as (t,b), where t € T and b € B(t). All sets of marking
elements are represented by TE, while all sets of binding elements are represented by
BE. Marking is a multiple set on TE, while step is a non-empty finite multiple set on
BE. The initial marking M, is obtained by calculating the initial expression ¥ (p,c) €
TE: My(p,c) = (I(p))(c). The sets of markings and steps is denoted as M and Y,
respectively.
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Definition 3: For a marking M, if and only if expression Vp € P: ¥ pyey E(p, t) <
b >< M(p) is satisfied, step is considered as enabled. In this case, (t, b) or t is
considered as in the enabling state.

Definition 4: When step is enabled under marking M, the result of the new
marking M, can be calculated by Vp € P: M,(p) = M;(p) — X(tpyer E(p,t) < b >
+ X emer E(t,p) < b >. Inthis case, the marking M, is directly accessible from M;.

Definition 5: A finite occurrence sequence means a sequence of markings and
steps satisfying condition M;[Y; > M,[Y, > M5 ... M,[Y,, > M,,,;, wheren € N, M,
is the initial marking and M, is the new marking.

Definition 6: Marking M; is accessible from marking M; if and only if there is a
finite occurrence sequence with M; as the initial marking and M; as the new marking.
A marking accessible from M; is denoted as [M; >. Marking M, is considered as
accessible if it satisfies M, € [[M, >.

Definition 7: The set of input places of transition t is denoted as - t, which satisfies
the expression Vp; €- t: [p; X t # @, while the set of output places of transition t is
denoted as t -, which satisfies the expression Vp; € t-: [t X p; # @.

4.2. Modeling method and analysis

In the hardware design of embedded real-time system, the circuit structure may
vary with the design requirements. Based on the real-time colored Petri net, the
hardware circuit system is modelled through the following steps:

(1) Each storage unit is represented by a place p;, whose data structure definitions
are represented by color sets.

(2) Each functional unit is represented by a transition t;, the node function N(¢;)
is defined based on the component function, the guard function G(t;) is defined
according to pre-condition of component function, the allowable trigger interval set
for transitions [d~, d*] and random delay function TD are defined based on the unit’s
time attribute.

(3) If a functional unit retrieves data from a storage unit, a directed arc will be set
up from the corresponding place to the transition.

(4) If the calculation results of the functional unit are imported to the storage unit,
a directed arc will be set up from the corresponding transition to the place.

(5) If multiple functional units, with mutually exclusive operations, acquire data
from storage units and the operations of these functional units are mutually exclusive,
a directed arc expression which is output by the corresponding place of storage units
will be set up to describe the probability of transition pw.

(6) The place is initialized according to the actual situation after the circuit system
is powered on and reset. Then, the marking elements will be assigned to the
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corresponding database with data in the storage units, and the marking’s timestamp ts
will be defined.

A key function of real-time colored Petri net is the real-time analysis of system
performance, which hinges on the worst-case critical path cycle. In a real-time colored
Petri net, the critical path consists of a transition sequence M,[Y; > M,[Y, >
M ... M,[Y, > M, ,,. The path cycle is actually the time to return to the initial
marking M, after at least one transition in the sequence from M,. The minimum path
cycle of the system can be expressed as:

Tin = max{Ty /N, :k =1,2,...,q}

where Ty, is the total transition delay in path (circuit) k; Nj, is the total number of
markings of transition in path (circuit) k.

The critical path in the real-time system is the path k that achieves T,,;, while
completing a series of operation cycles. After analyzing the timing information of the
critical path, it is possible to optimize the overall performance of the circuit by
properly reducing the transition delay or increasing the marking number of the places
in the path. In the design phase, the analysis on the time parameters of circuit design
is fundamental to the optimization of real-time system performance.

Train bus (WTB)

Figure 3. Topology of train communication network

A train communication network (Figure 3) was adopted to verify the effectiveness
of our real-time colored Petri net modeling method. As shown in Figure 3, the network
has two types of buses, namely, the WTB (wire-train bus) and the MVB (multi-
function vehicle bus). The former is responsible for the communication between the
boxes, while the latter also supports the communication between devices inside the
box. Both types of buses follow the master-slave communication protocol, and have
high real-time requirements for data transmission and equipment management.
According to real-time colored Petri net modeling method, the author constructed a
real-time colored Petri net for MV B bus controller (Figure 4).
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Figure 4. Real-time colored petri net for MVB bus controller

Table 1 lists the worst-case time parameters of each functional unit to complete
the operation.

Table 1. Worst-case operation time of functional units

Transition sequence Functional unit Longest delay

number (ns)
T, Decoder 3160
T, Message analysis unit 30
Ts Timer 3
T, Main control unit 6

Traffic message channel (TMC) reading
Ts - 20
operation

T Encoder 30
T CPU 280
Ts Arbitrator 20
T TMC writing operation 20
Tio Interrupt controller 400
Tu Dual bus redundancy controller 15
Ty Input/output multiplexer (1/0 MUX) 30

The T_reply is an important parameter that must be configured by the MVB bus
controller at the start of train operation. Here, it is cited as an example to illustrate
how system time parameters are determined by real-time colored Petri net analysis.
The T_reply refers to the maximum delay from the transmitting end to the receiving
end of the main frame monitored by the main control unit. The value of this parameter
equals the sum of data transmission time, decoding time and access time:
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T_reply = 2 X (6.0 X L + T_repeat_max X Nrep) + T_source_max

where 6.0us/km is worst-case delay of bus transmission; L is the length of the
line; T_repeat_max is the maximum delay caused by repeaters; Nrep is the
number of repeaters; T_source_max is maximum delay at the end of the data source.

Next, all s-invariants, which represent the paths in the circuit, were obtained from
the incidence matrix of real-time colored Petri net. Table 2 shows the s-invariants, as
well as the corresponding paths and delays.

Table 2. s-invariants and corresponding paths and delays

s-invariant Paths Delay (ns)
Y1 T1T2TsTaTs Te Ta2 3,379
Y2 Tu T 45
Ys T1T2TaToTeTs Te Taz 3,316
Yq TiT2TaTwT7TeTs Te Taz 3,976
Ys T11Two T7Te Ts Te Ta2 795
Yo Ti2 30
Y7 T Ts 300
Ys T1T2TaTs Te Taz 3,376

It can be seen from Table 2 that the critical paths of MVB bus controller are T1 T»
T4T1w0 Tz TsTs Te T12. The path delay peaked at 3,976ns. The time parameters obtained
are in line with the real-time requirements on T_source in the Train Communication
Network IEC 61375. This means the desighed MVB bus controller fulfils the strict
real-time requirements of the train system and benefits the real-time performance of
the whole train system.

5. Conclusions

This paper probes into the modeling and analysis methods of embedded real-time
systems, and extends the colored Petri net into a real-time colored Petri net model.
The proposed model was applied to simulate the MVB bus controller of train
communication network. Through real-time analysis of the simulation results, it is
proved that the proposed embedded real-time system modelling approach can fulfil
the strict real-time requirements of the train system. The research findings shed new
light on the application of Petri nets and the simulation of embedded real-time systems.
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