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Cross Modeling of Embedded Systems
Using SysML and Petr1 Nets

Wojciech Szmuc and Tomasz Szmuc

Abstract—Cross modeling in embedded systems development
is proposed in the paper. The main idea consists in a translation
of SysML artifacts into the related Coloured Petri Net (CPN)
models, which may be verified directly or using other tools, e.g.
Temporal Logic Provers. The paper is an extension of [20]
mainly by insertion of sequence diagrams (SysML) and
presentation of their mapping into CPN models. The additional
part describes communication features and completes the cross
modeling approach.

Index Terms—embedded systems; cross modeling; formal
verification

I. INTRODUCTION

AST grow of embedded world has been observed in the

last decade. The grow is accelerated by development of
microcontroller technology, construction of new sensors and
IoT technology. This development extends the area of
applications — from rather simple controllers to complicated
systems, e.g. variety of robot microcontrollers, avionics
controllers, autonomous (intelligent) car subsystems,
biomedical applications, etc. Development of the complicated
systems should be supported by systematic modeling and
attentive analysis of developed artifacts. The requirements
become strong obligation in development of Safety Critical
Systems [1, 2, 6, 10, 11, 12].

Development of embedded systems is involved both in
hardware and software domains. Modeling languages are
different in these fields, therefore other languages and
methodologies merging the two fields were developed. The
languages and the development processes are embedded in
system engineering domain. The most popular modeling
languages in this area are SysML [5, 8, 16] and AADL [7].
SysML (Systems Modeling Language) was chosen as
modeling language in the proposed approach. The language is
an extension of UML profile and was developed under OMG
(Object Management Group) umbrella. Range of application
of SysML is significantly wider and moreover several
commercial and free (noncommercial) modeling tools are
available. AADL (Architecture Analysis and Design Language)
is also an interesting proposal, but less popular and used
mainly in avionic and military industry.
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Increasing complexity of embedded systems and growing
number of safety critical applications imply needs for
systematic development methodologies supported by formal
methods for analysis and verification during the development.
The aim of the paper is to present translations from SysML
into Coloured Petri Nets (CPN) [13] models. The translated
model is described using one (CPN) language, which provides
several possibilities for checking (verification) of system
properties.

II. THE PROPOSED CONCEPT

SysML offers tools for integration of several modeling
views described by different languages. The modeling tools
are grouped in the free categories: requirements diagrams,
behavior diagrams and structure diagrams. In the paper we
shall focus on structure and behavior diagrams — the
requirements diagrams are used for structuring and displaying
text-based requirements and will be not considered in the
paper, since we mostly interest in modeling and verification of
logical/operational ~ perspectives.  Sequence  diagrams
introduced here completes the picture presented in [20] by
description of communication aspects.

System modeling

SysML translation

Integrated system model
Coloured Petri Nets

Software modeling
UML 2x

Hardware modeling
VHDL, ...

/ Specification
CTL formulas
Simulation&Verification Verification of properties
CPN Tools TL prover
Fig. 1. The proposed concept of analysis
The integration of different description languages

(diagrams) is convenient for visualization of system from
different points of view (perspectives). The variety of
description languages may cause problems when an analysis
of integrated models (or part of them) is considered. In such
cases it would be better to have models described using one
language. In the proposed approach (Fig. 1) SysML artifacts
are translated into Coloured Petri Net models (arrow labeled
by translation). The models may be analyzed using CPN
Tools [4] or used as an input to Temporal Logic prover. The
later case needs additional effort, i.e. definition of system
properties which should be satisfied in the CPN model.
Sometimes input files of provers need special format, but it is
easy to rewrite because CPN models are specified in clear
XML format, and some of them specify the data format (see
[4, 15] as examples).

Copyright © 2018 by Department of Microelectronics & Computer Science, Lodz University of Technology



INTERNATIONAL JOURNAL OF MICROELECTRONICS AND COMPUTER SCIENCE, VOL. 9, NO. 2, 2018 61

The paper is a continuation of the research towards
efficient use of formal methods to support development of
embedded systems. Translation from UML 2.0 into CPN
models is presented in [18, 19]. SysML is UML subset with
some extensions towards system modeling including hardware
components. Experience gathered in UML—CPN translation,
including its implementation has been used and some results
have been directly or after some modifications moved to the
SysML translation. Block notion is a new and main concept in
SysML. Blocks are core units for building system structure.
The paper is focused on translation of SysML blocks,
modified activity diagrams, and sequence diagrams.
Translations of the first two diagrams (presented in [20])
describe structure and behavioral perspectives. Mapping of
sequence diagrams completes the picture by adding
communication aspects.

III. SYSML — AN OVERVIEW

SysML set of diagrams consists of three main categories:
behavior diagrams, requirement diagrams, and structure
diagrams (Fig. 2).

SysML
Diagram

Requirement
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Sequence Activity
Diagram Diagram
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[ T ]

Package
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Fig. 2. SysML diagrams [5]

Use case diagrams, sequence diagrams, state machine
diagrams and package diagrams are directly taken from UML
2.5. Activity diagrams are inherited with some modifications.
Similarly block definition diagrams and internal block
diagrams may be treated as being derived from class/object
diagrams. It is not enough space in the paper to present all the
diagrams, therefore we shall restrict to brief description of the
“new” diagrams.

The requirements diagrams (RD) are used to define
relationships between requirements and/or related use cases,
blocks, etc. They are used for structuring textual requirements
using several dependency relations: containment, trace, derive
requirement, refine, satisfy, and verify.

The block definition diagrams (BDD) are used to specify
in blocks, actors, value type, constraint blocks, flow
specifications, and interfaces form types for other elements
appearing in other SysML diagrams.

The internal block diagrams (IBD) define internal
structure of the related blocks. Any IBD describes in which
way parts of a block must be connected to create an instance
of the block.

The parametric diagrams (PR) are used to specify
relationships between blocks and constraint blocks. Constraint
blocks are used to close inside frame constraints, i.e. bindings
between parameters expressed by equations and mathematical
relationships.

IV. TRANSLATION FROM SYSML INTO CPN

In this paragraph the chosen SysML constructs and the
corresponding CPN models are presented. Algorithm of
automatic translation is complicated and its description is out
of the paper scope. Translation of activity diagrams is the only
one example, where relations between the related elements are
simple (Fig. 3).
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Fig. 3. Activity diagram symbols and the related CPN constructs

a1 T

General rules for translation from activity diagrams into
CPN constructs are illustrated in Fig. 3, where activity
diagram elements are presented on the left hand side, and the
relevant CPN constructs are located in the right part.

The main and most important rules are explained and
illustrated on ATM example. We hope, that they will form a
basis allowing understanding of the proposed concept. Any
model of system consists of several artifacts grouped in the two
main perspectives describing the system structure and its
behavior. Sequence diagrams specify communication between
related elements (blocks, actors, etc.) and belong to behavioral
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class, but are important for specification and analyses of
communication properties. Internal block diagrams, activity
diagrams and sequence diagrams have been chosen in the paper
as representatives of the related perspectives. The diagrams
describe main views of system and also IBD is a new SysML
construct. Translation of IBD diagrams leads to homomorphic
structure, which will be visible at the ATM example.

A. Internal block diagram and the related CPN model

To depict practical use let us consider an example of
internal block diagram describing (using SysML) structure of
simplified ATM model (Fig. 4). Behavior of the Controller is
described by activity diagram in Fig. 6. The definitions of
ports (Fig. 4) permit to determine the right connection of send
and receive constructs, which in turn is applied in conversion
of activity diagram fig. 7.

«Block»
Eatm

& + kb: Keyboard [1]

+ Portl: String [1]

&+ ds: Display [1]

+Portl: String [1]

. & + cr: CardReader [1]

+ PortL: String (1]

©1 + pt: Printer [1]

+Portl: String [1]

+ KBPort: String [1]

+ DSPort: String [1] ] +PTPort: String (1]

+ CRPort: String [1]
& +cl: Controller [1]

+ NIPort: String [1] MDPort: String [1]
+ ort: String

&+ nit Networkinterface [1] © + md: MoneyDispenser [1]

Fig. 4. IBD describing structure of ATM

+ Portl: String [1] + Portl: String [1]

During translation the IBD is used to identify data types in
message exchange and distribution of functionality among the
system. Result of the translation is presented in Fig. 5.

TetwaorlInt

Fig. 5. CPN model after translation of IBD (Fig.4)

The structure is expressed using hierarchical CPN, where
the upper level (Fig. 5) consists of substituted transitions and
ports, being gates to lower level.

Detailed description of the related subsystems is located on
the corresponding subpages (lower level CPNs). Behavior of
the “Controller” (the corresponding subpage) is specified in
Fig. 7.

B. From activity diagram into CPN model

Activity diagram describing behavior of ATM is presented
in Fig. 6. The diagram is self-explaining, therefore more
detailed comments seem to be not necessary.

Merge) 5(9) o

Fig. 6. Activity diagram describing behavior of ATM

Fig. 7 presents the translation of the activity diagram
(Fig. 6) into CPN. The layout of the elements has been
organized (to the possible extent) to reflect the input
arrangement. The general rules of conversion have been
presented in Fig. 3, so the following description will focus on
more specific aspects.

The first is the use of fusion of places employed to make
the net easier to understand — no cross connections. However,
since the fusion is assigned to port places there is a need to
add another construct (it is not possible in CPN to define a
port place being also of fusion type). The solution is quite
simple and it has not been presented in the figure. It consist in
adding another place (the real port) which is connected via
transition to place in proper fusion (e.g. DSPort).

The second important issue is the declaration of types
(colsets). Two types were used in resulted CPN — one is
“string” and another is “record” of two strings. The code (only
crucial constructs) is as follows:

colset str=string;

colset tran=record amount:str*pr:str;

Last line describes a type implemented to store the value
received in an earlier stage. The construct results from the
selection if the ATM user wants to print the summary of the
operations. This takes place in either withdrawMoney or
checkBalance operations (Fig. 6).

The last element that would need an additional comment is
the transition named “PrintDecision”. Its existence is the
consequence of easiness of backward translation — the result of
CPN analysis is to detect possible problems in design
therefore, the constructs had to be defined separately.
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Fig. 7. CPN model after translation from activity diagram (Fig. 6)

C. Translation from sequence diagrams into CPN models

The authorization (Fig. 8) is modeled using sequence
diagram. Four lifelines are involved in the scenario: keyboard,
display, controller and network interface. Since the card id
was already received, the next step is to ask the user to
introduce PIN which is depicted as message “EnterPIN” from
controller to display. If PIN is entered, then it is sent from
keyboard to the controller. In the next step, the collected data
are sent to network interface in order to verify their
correctness. The answer is sent back to the controller. The
next step may break the loop, if the data are correct. Otherwise,
the message “WrongPIN” is sent. If the number of attempts to
validation is less than 3 the next iteration is proceeded.

Fig. 9 presents translation of SysML sequence diagram
(Fig. 8) into the corresponding CPN model. Starting from the
top there are 4 places, each for one head of lifeline: kb/ for
keyboard, ds! for display, c// for controller and nil for
network interface. The next element is transition which then
traces token to the place that begins the loop construct.
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| 1

1 1
1 1 1
1 1 |
1 1 1
1 1 1
1 1 1
1 1 |
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Fig. 8. Sequence diagram of authorization operation

The first action in the loop is message arrival from
controller to display. It is implemented with transition
sEnterPIN which sends token (“EnterPIN”) to port (DSPort5).
The transition rEnterPIN is now enabled and after firing puts
token in place ds/2. The consequent transition allows waiting
for execution and passes token to kb72. Transition sPIN sends
message to 7PIN (through KBPort2). PIN saved in the variable
st is than concatenated with value stored in s¢z. In the next step,
the token through cl/3 is taken by sVerify and sent with “v”
added at the beginning to NIPortl (bidirectional port). Tokens
may be gathered from that place only by network interface
(via rVerify) because of the guard (the first character has to be
“v”). After the verification (verify(st)) the answer is sent back
to controller (sIsOK, NIPortl and rIsOK). The answer is put in
result place in the next step. In order to execute either OK or
NOK transition, the place break must contain 3 tokens. They
should be provided by kbBreak, dsBreak and niBreak. There is
no need to wait for c/Break since it puts token in result place.
If PIN is correct (“ys”), 4 tokens are sent to enable exit
transition for each lifeline (kbExit, dsExit, clExit, niExit). The
transitions put tokens in the last places of each lifeline. In the
case of wrong PIN 5 tokens are inserted in continue place.
Four of them are used to continue lifelines execution
(transitions with continue) and the fifth one is used to increase
counter of loop iterations. As it is depicted in Fig. 9 the
message “WrongPIN” need to be sent which is implemented
with part containing: sWrongPIN, DSPort6, rWrongPIN. After
that step the loop condition is checked. Transition check takes
token from iteration counter and puts in place checking. Two
possibilities are available now. One is the end of the loop,
when the number of iterations is greater than 2. In that case 4
tokens are placed in ending and thus appropriate transitions
are enabled. The other possibility is the next iteration of the
loop. The transition again returns token to the instance counter
and also puts 4 tokens in onceAgain. That enables transitions
putting back tokens in places representing the beginning of the
loop for each lifeline (kb11, dsi1, clll and nill). The token
for controller is also trimmed to contain only CardID data.
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Fig. 9. CPN model of authorization specified in Fig. 8

The presented authorization model contains loop in the
sequence diagram (Fig. 8). The loop is distributed among 4
life lines what makes the related Petri Net more complicated.
The above detailed description explains in which way such
construct may be modeled using CPN.

V. SUMMARY

The paper describes concept of translation from SysML
selected diagrams into the related CPN models. The three
SysML diagrams: internal block definition, activity and
sequence diagrams representing structural and behavioral
(including communication) perspectives have been chosen,
which in turn provide formal verification of designed system.
The concept has been illustrated by translation of the diagrams
modeling ATM model. Translation of the other SysML
diagrams may be carried out using the rules and algorithms
defined in [18]. In particular UML state (machine) diagrams
being the second main tool for modeling of software behavior

have been directly moved to SysML [5, 8, 16]. The same
diagrams are used in SysML for specification of hardware part.

The resulted CPN model is an integrated model of the
system described using one formal language. The language
provides several possibilities for proving properties of the
system model. The two main methods are presented in Fig. 1,
i.e. direct application of CPN tool, or using the CPN as a
model for verification if Temporal Logic (TL) formulas
describing required properties are satisfied. The two
approaches are briefly presented below.

CPN model is a net (bipartite graph with marking) which
by its execution (simulation) generate graph of states
(markings). The graph specifies all states which are reachable
from the initial state. The CPN tool [4] enables generation of
the tree and checking of several its properties specified by
predicates over the states. The following main properties may
be proved [13].

e Reachability of states, i.e. if given state may be
reached from the initial one;

e Home property, i.e. if given state may be reached
from any reachable state, e.g. if state when controller
is ready for servicing is always reached in some
future;

e C(lassical properties in concurrency: safety, liveness
and fairness defined by a composition of reachability
properties.

The tool enables also modeling and analysis of time
properties — see [17] for details.

The second approach is based on proving of TL properties
in the model which is defined by the tree covering reachability
graph generated by CPN. The required properties are specified
using mainly Computational Tree Logic (CTL). Many CTL
logic provers exist [3, 9, 14, 21] and efficiency of proving
have been remarkably improved for last years, extending
scope of verified models to industrial system dimension.
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