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Abstract: In view of utilizing Petri net to perform analysis of UM model, this paper proposes a transformation
methodology from UML statechart to Petri net in terms of the semantics. Firstly, it gives the formal definition
of the TUML statechart, uses state sets, transition sets, event sets, guard sets, object sets and refinement
functions of the state to describe the features of the UML statechart and designs transfer sets of state
concurrency, transfer sets of collision and transfer priorities. Based on the strict formal semantics of the Petri
net, the study studies the equivalency between them and proposes a transformation algorithm from TUMIL
statechart to Petri net which lays the foundation of automated transformation. Finally, m order to validate the
proposed methodology, a novel decentralized railway interlocking system which ensures train safety n stations

is modeled and analyzed.

Key words: UML statechart, petr1 net, distributed railway interlocking system

INTRODUCTION

Unified Modeling Language (UML) has become the
industry standard. It not only supports object-oriented
analysis and design, but also supports the whole process
of software development from requirement analysis
period. Applying the UML modeling approach brings a
number of advantages: First of all, as UM L is a popular
modeling language, the requirement models are
understandable for both software and system engineers,
who do not worry about misunderstanding due to
different technical backgrounds; Secondly, UML offers
multiple view-points for diflerent stakeholders and 1s
more easily applied to modeling integrated architectures;
Thirdly, The architecture models can be smoothly turned
nto software application designs and even into excusable
simulation models by means of some emerging excusable
UML approaches (Dong et al., 2012).

Because of UMTL is a semi-formal modeling language,
the description of model 1s lacking in precise semantics.
Although most of the static semantics have been defined,
most of the dynamic semantics are described by natural
language that often occuwrs vague or ambiguous.
Currently there are two maimn 1deas about the formal
methods of UML. First, formulates formal of the UML core
syntax and makes it in line with the formal specification
language. In reference (France et al, 1998) a formal
language on the meta-model level of the UML was

proposed. Second, formulates transformation methods
that use formal language for UM formal analysis under
the premise of no or little loss information. Tn reference
{(Guo and Yao, 2007), GUO proposed a formal model
SC Net which can precisely describe the dynamic
features of UML statechart.

Petrinet is a graphical tool which can clearly describe
the internal mteractions of a system, such as concurrency,
conflict, distribution etc. Meanwhile, Petr1 net has mature
mathematical analysis methods (Gu et al., 2010), such as
reachability, deadlock and other formal analysis methods
and validation tools. These merits make Petri net become
popular to modeling, analysis as well as optimization of
complex systems, such as train dispatching system
(Hei and Na, 2011). In reference, a new modeling method
of extended hybrid Petr1 nets (EHPNs) was proposed to
describe a semiconductor wafer fabrication flow available.

This study uses the Petri net to describe semantics of
the UML statechart, defines the formal syntax of the UMI,
statechart, studies the semantics of UML statechart and
Petri net, then proposes an algorithm for transforming
statechart into Petri net. This work will be the basis of the
automated analysis of the UMIL statechart, which is
significant for software specification, in safety-critical
systems, such as train control system.

Formal definition of UML statechart: Main elements of
TUML statechart include: state, transition, event and so on.
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State describes a period of time of a class object existence.
Transition means that when a particular event occurs or
satisfies some certain conditions, the state will transform
a source state imto target state. Event describes the state
change in a particular time or space. In the TUMIL
statechart, triggers event of transition may send messages
to some collaboration objects, so tlus study includes
object sets in defimtion UML semantics.

Definition 1: UMIL statechart is defined as the six-tuple
SC=(8, T, E, G, O, Func), S: state sets; T: transfer sets; E:
event sets; G: guard sets; O: object sets; Fune: state
refinement function  Including the  following
functions:

¢  State name: S~ String, state name

¢  Child state: S-25, layer (parent/child) relation of
between the states

¢ Sub state: S-p(3), defines p(3) 1s all sub-state of a
state, there 1s a unique root state root=S and VseS,
rootep(S) in the UM, Statechart

+  TInitial state: S0-(0, 1)

*  Source: T- 3, source state of transition

»  Target: T~p(3), target state of transition

¢+ Event: T-F, triggers event of causing transition

¢+ Guard: T-G, guard condition

*  Object: (T-E)~0, occurrence of each transition may
have a corresponding object

¢  Entry: enters action of the state

+  Exit: exits action of the state

*  [Func:

8§ —{ BASIC, AND, OR, PSEUDO}

Which:

2(8)£F ~nFunc(§)={BASIC}

S 18 basic state (including simple and final), because
of initial state is a marking, so this study will not include
initial state mn the state sets; When:

2(8)=F A Fune(S)={4AND}

and m the state S, 1n fact 1s all the sub-state of state
S, When:

2(8)V2F A Func(§)={0OR}

And m the state S, in fact 1s a umque sub-state of
state S; When:

p(S)# F ~Func(S)={PSEUDO}
S 1s RSEUDO state.
Definition 2: For t#'eT | if

Event(t)=Event (t'), ?(Source(t) )~ ?(SOWCQ(I’)) =F

So tand t” will cause concurrent transition set.
Definition 3: For t, t’eT, if:

Event(t)= Event(t'), ?(Source(t) )1 ?(Source(t')) = F

So, tand t’ will cause conflict transition set.

Definition 4: For conflict transition set, if :

?(Source(t)n ?(Source(t'))=F

and:

?(Source(t)) ?(Source(t’))

So:
t" priority >t priority

Definition 5: The of UML
describes with pattern, pattern includes
active sub-state and also includes the composite
sub-state, by the Patf:
S-25 definition, all possible pattern of a state is as
follows:

statechart
current  all

state

state active function

I if Func(s)= final €{ BASIC}

{5} if Fune(s)= simple e { BASIC}
Patf (51)=131) Jechild (S)Patf(s') if Func(s)=AND ~ s e Child(s)

CT— (S)Patf(s') Y if Func(s)=0OR rs e Child(s)

Definition 6: Transition sequence of the state: When
trigger event of the statechart triggers the state transition,
it first executes exiting action of Sowrce(t), the event E
triggers Source(t), to Target(t). Then executes entering
action of Target(t). The transition sequence of execution
is:

Exit(Source(t))« Trans(E & G« Enter(Target (1))
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SEMANTIC TRANSFORMATION OF UML
STATECHART TRANSFORMED TO PETRI NET

Based on the above, some simple semantics
definition of the UML statechart is proposed and state,
transition, event and so on elements of the statechart will
be transformed into Petri net related elements from the
semantic perspective. Place/Transition Petri net defined as
a six-tuple:

PN:(P,T,F,K,W,MO)

UML statechart will be transformed mte Petri net as
following:

State transformation: In Petri net, place describes the
state of the system, these states and the state of the UML
statechart have the same semantic that should be mapped
to place of the Petri net. However, when initial state of the
statechart will mapped to place of the Petri net, should
mclude token, State (intial)-Place(token), while others
state will be mapped to:

State {s < {simple, final}} — Place(p)

Transition processing: Transition of the statechart
connects pattern of the two stable states, which the
object from one state to another state, so should be
mapped to transition of the Petr1 net:

form € Exit(Source(s', t))

s < Patf, teTransition(L &)
toe Entry(Target (s 1)),

I= tfrom, tto

Arc processing: In the Petri net:
F o (PxT) (T xP)

1s flow relation,so should be mapped to arc of the Petn1
net:

Fc (< p’tﬁnm,Ltn > ‘P € Place>tfmm,|,m € T)

U< Pty iior P> [Lpromere © 1> P place)

In order to accurately analyze nature of the model,
thus study will semi-formal UML statechart transform into
formal Petri net from the semantic perspective. In the
semantic definition process, a method is simple defined
and transformed from the both concepts perspective. For

some complex issues in the transition process, such as
communication between the statechart will be researched
1n the next step.

Instance analysis

Distributed railway interlocking system: Distributed
railway interlocking system (DRIS) ensures train run
safely m the station by the cooperation of all related
devices. Same to the traditional railway interlocking
system, DRIS still includes three key devices: signal, point
and track wut. But these three key devices m DRIS work
independently to complete tasks and there no longer need
a traditional central interlocking computer and they
communicate with each other directly without centralized
wnterlocking  computer. The DRIS features strong
independency, standardization of software and hardware,
system decision decentralized and so on (Hei and Nam,
2011), as shown in Fig. 1.

Consider each kind of interlocking devices has the
same functions, it 1s considered as an object and the
object has its own control logic. These objects combine
the logic relation or station yards data to execute the
defined actions. For mstance, the signal object include
execution flow which 1s designed beforehand, such as
reading route request messages, preparing destination
device objects for messages, sending messages to related
device objects, receiving and analyzing response
messages from related device objects, executing route
sefting, canceling route requests and so on. When
interlocking device object are initialized, the centralized
data are downloaded to the device objects, which are then
activated and interact with each other to complete the
route interlocking.

The UML statechart model of DRIS: As a safety-critical
system, the reliability and safety of DRIS are expected to

Train
Route
Signal
Point | _|Track Unit

Fig. 1. Concept of DRIS
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Fig. 2: DRIS UML statechart

enswre. Based on concept of DRIS, its UML statechart
can be shown as Fig. 2.

Figure 2 includes the most of the statechart contents,
which contains initial state, simple state, composite
state (OR state, AND state) and the final state. The
transition also includes various transfers in the statechart:
transition of the simple state, transition of the OR
state and transition of the AND state. From the
UML statechart, it is considered that the signal, the
point and the track circmt are concurrent and
independent.

Transformation UML statechart into Petri net and
Verification: According to the transformation rules in
Section III, the UML statechart will be transformed mto
Petri net as shown in Fig. 3. In the statechart, the state will
be mapped to the place of Petri net and transition between
the states will be transformed into transition of the Petri
net. However, some transitions between the states are
restricted by the guard condition, such as: if the Singleidle
= NULI, and the guard condition = NULIL, which
indicating there 1s no car, the Singleldle-Place. Otherwise
wait.

In order to ensure the safety of train route, the
correctness of Petri net model will be checked Petri net
analysis methods mainly mclude: reachability graph and
coverability tree, incidence matrix and state equation,
invariants and so on. This study uses Petri net analysis
tools Pipe 3.0 to analyze distributed railway interlocking
system.

As shown in Fig. 4, the state space analysis is used
to analyze the Petri net model. From the Fig . 4, the Petri
net model translated from the UML model of distributed
railway interlocking system i1z bound, safe and not
deadlock. Tt is concluded that the UMI, model of Fig. 2 is
bound, safe and has not deadlock.

As shown in Fig. 5, the invariants method is used to
analyze the Petr1 net model.

And P-Invariant equations of Petri net model are
showed as flows:

o M{POHMPDHMPITHM(P12)+M(P13HM(P14)+
M(P15 1 M(P16+M(P17 HM(P18 HM(P2)+M(P3 )+
M(P8)= 1

s M(POHM(P1)+M(P13HM(P14)+M(P15HM(P16)+
M(P17)+M(P18H+M(P2)+M(P3)+M(P+M(PS
+M(P6)=1
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Fig. 3: Generated Petri net model

Petri net state space analysis results

Bounded frue
Safe true
Deadlock false

Fig. 4: Petri net state space analysis results

o M(PO+M(P1 HM(P10HM(P13)+M(P14)+M(P15)+
M(P16)+M(P17)+M(P1& HM(P2H+M(P3HM(P7 HM(
P9)=1

From the Fig. 5 and P-Invariant equations, it
1s concluded that P-Invariants 1s a bounded and live
net and T-Invariants is also bounded. The result
confirms the safe process of signal scheduling
specification.

As show in Fig. 6, Petri net simulation 1s performed to
analyze the Petr1 net model. The average number of tokens
of each place is calculated and shown in the figure.
Accordmg to the average number of tokens of place, the
efficiency of actions designed m the UML statechart 1s
evaluated.

As show in Fig. 7, the reachability graph 1s used
to analyze the generated Petrinet model. All states
in the graph are vanishing states. It 13 also
concluded that the Petri net
deadlocked.

For the generated Petr1 net in Fig. 3 from the UML
model of DRIS which is shown in Fig. 2, we use four
different methods to respectively,
include: space analysis method, invariant analysis,

model 18 not

analyze 1t

simulation as well as reachability graph. The conclusion
1s consistent, 1.e., the model 1s bound, safe and has not
deadlock.
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Petri net invariant analysis results

T-Invariants

'TO T1 T10 T11 T12 T13 T14 T15 T2 T3 T4 T5/T6 T7 T8 T9 Ti6

The net is covered by positive T-Invariants, therefore it might be bounded and live.

P-Invariants

'POP1 P10 P11 P12 P13 P14 P15 P16 P17 P18 P2 P3 P4 P5 P6 P7 P8 P9

The net is covered by positive P-Invariants, therefore it is bounded.

Fig. 5: Petri net invariant analysis results

IPIacelAverage number of tuk.ensIQS% confidence interwval {+I-1|
PO
|p1
P10
|P11

1",
et
-

Fig. 6: Petri net simulation result
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Fig. 7: Reachability graph results

With the proposed method, more complex UML
statechart can be analyzed in a strict way, which reduces
the human errors and ensures the effect of the
verification.

CONCLUSION

Consider it is extremely important to confirm
software specification in safety-critical systems, such
as tramn control system, this study proposes to
combme UML and Petri net. And because the UML
statechart is semi-formal, it is difficult to analyze and
validate its model. So this study gives a semantic
defimition for the UML statechart and Petri net. Based
on these defimtions, proposes a method which can
transform UMI, statechart into Petri net. Finally, uses
Petri net mature analyses
model, including T-invariants, P-mvariants, simulations
and reachability graph. As a case study, a distributed
railway interlocking system is modeled and analyzed.
By the obtained conclusion that the net is bounded and
live, safety and correctness of the UML model are
verified.

methods to analyze the
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Ow futwe work is to specify the elements
identification of UML statechart and Petri net based
on previous analysis and further express some
complex semantics between the TMI statechart and

Petri  net, such as commumcation problems by
referring CSP {Commumcation Sequential
Processes).

ACKNOWLEDGMENT

The authors wish to acknowledge the support of the
National Natural Science Foundation of China (No.
61100173, No. U1334211), Fundamental Research Funds
for the Central Universities(2012IBZ014) and fund of
Shaan¥i Province Education Department (No: 11JK1038).
This project is also supported by China Postdoctoral
Science Foundation (No.2013M542370). This work is also
supported by Scientific Research Program Funded by
Xi'an Umversity of Science and Technology (Program
No0.201139).

Foundation item: This work was supported by the
National Natural Science Foundation of China (No.
61100173),

7295



Inform. Technol. J., 12 (23): 7289-7296, 2013

REFERENCES

Dong, Q.C., Z.X. Wang, G.Y. Chen, X. Jiang and
T.T. Zhang, 2012. Domain-Specific modeling and
verification for C4ISR capability requirements. 7.
Central South Univ., 19: 1334-1340.

France, R., A. BEvans, K. Lano and B. Rumpe, 1998. The

TUML as a formal modeling notation. Comput. Stand.
Interfaces, 19: 325-334.

7296

Gu, YW, Z.T. Wang and Q.D. Wu, 2010. Application of
object-oridented Petri-nets in system modeling. T.
Tongji Umv. Nat. Sci., 38: 437-441.

Guo, F. and 3.Z. Yao, 2007. Formal model of UML
statechart based on petri nets. J. Beij. Hangkong
Hangtian Daxue Xuebao, 33: 248-252.

Hei, X.H. and O.Y. Na, 2011. The scheduling strategy of
concurrent request in distributed railway interlocking
system. ICTC Express Lett. B Appl., 2: 43-48.



	ITJ.pdf
	Page 1


