YOO
31 12 Vol.31 No.12
2019 12 Journal of Computer-Aided Design & Computer Graphics Dec. 2019

HF SysML B8 2L R RERIHER AL RS WiE

E OB ELY, REEY AT Ha4Y

D( CAD&CG 310058)
2 ( 430074)
RA¢ 324000)
D 310018)
(ysliu@cad.zju.edu.cn)
o OE: . ,
SysML s , ,
SysML ; , , SysML ; 5
, NuSMV ,
*%lﬂ ; ; ; ;
FEES XS TP391.41 DOI: 10.3724/SP.J.1089.2019.17911

Formal Extension and Verification of System Design Models for Complex
Mechatronic Systems Based on SysML

Cao Yue", Liu Yusheng"", Zhao Jianjun®, Ye Xiaoping”, and Zhou Shuhua”

! (Sate Key Laboratory of CAD&CG, Zhejiang University, Hangznou 310058)

? (School of Mechanical Science and Engineering, Huazhong University of Science and Technology, Wuhan  430074)
3 (School of Engineering, Lishui University, Lishui  324000)

 (School of Automotive Technology, Zhejiang Technical Institute of Economics, Hangznou  310018)

Abstract: Formal system verification is an important method to guarantee the correctness of system design.
Because of the physical-software synergetic characteristics of complex mechatronic systems, how to verify the
system design from the dynamic perspective is a challenging issue in this research area. To this end, we pro-
posed a formal system model verification method by extending SysML, which is the standard modeling lan-
guage for systems engineering. Specifically, first, we combined the computational tree logic (CTL) and
flow-based functional representation as the formal basis and proposed a system functional modeling method in
SysML; then, we proposed a system behavioral modeling method in SysML based on hybrid automata (HA);
finally, specific to the different dynamics of physical and software subsystems, we conducted the system design
model verification in a layered manner by leveraging the model checker NuSMV. We used the mobile robot

system as a case study to illustrate the system verification process.

: 2019-06-19; :2019-07-22. £ H: (2018YFB1700901);
(61672247, 61772247, 61873236); (LY18F030001). & 1#(1986—), ,
; XIEHE(1970—), , , MBSE, CAX; ®EE(1973—), |,

, MBSE, CAD/CAM; MBEFE(1965—), , ,

>

; BB E1963—),

KIER - BE
uml.org.cn



o121 , SysML

2167

Key words: mechatronic systems; model-based systems engineering; system design; system verification; model

checking

tr

(21

B3I

(model-based systems engineering, MBSE)'"

[5-7]
MBSE )
(81
, MBSE
(systems modeling language, SysML)
, SysML
) SysML
SysML ,
(computational tree logic, CTL) , SysML
(hybrid automaton, HA) , SysML

> B

1 #HExIE

SysML ,
, Cao )
SysML
. [10]
SysML Modelica
, SysML
Modelica )
[11]
,Feldmann %
Chen ¥
, SysML
[14]
SysML Petri
, Petri
31 yML
Promela ,
Spin ,

. Chapurlat!'®

>



2168

OO\ _ kiR - &l

SysML ,
2.1 ETRETheeRTRERB D0

, Hirtz ¥

,Chen " , Yuan
[20]

22 ETF CTLHIERLINERT

i

3
(1) T:{tlatZs"'$tn}
[20].
) P=(T.Q).
Qs = {&alaU}
, 3
,p=t &t &t; 3
t, .
(3) S=(AP,Ocy ) .

CTL
CTL

(atomic proposition, AP)
AP=SPUEPUCP.

(state proposition, SP)
state

proposition, EP)
event

state= p

5
event=e

B

>

e

>

uml.org.cn
31
t, 1,
p
(event

E

(condition proposition, CP)

B

p

\Y



(parametric diagram, PAR)

OO KIER - BE
= uml.org.cn
12 s SysML 2169
Ocr =0, U Oq UG, CTL : > CTL
0, ={F.G,X,U} ’ PAR
2 2 F G ’
CTL
’ O = {A’ E} )
LA E ; ’
o)
’ SysML
’ (1) , SysML
UML
2 1,2 ’
2 b 1 S
«FunctionalEffect», «Operation», «Proposition»
’ «CTLSpec»
(1) 2 ; .
CTL . «Proposition»
2 b & > «StateProposition», «EventPropositiony
2 2 S0P =ty &t «ConditionPropositiony,
0Py =1 [t «Functional Effect» FlowObject, FlowProperty
; Trend 3 ,
3) 2 CTL , AG(state=
init & m=1 — EF state=op, ) AG(state=init &
m=2 — EF state=op, ), 2 cgfltszs?;tygl?ck
[Class]
23 ETSHENERILINGEER
«stereotype» «stereotypey| | «stereotypen| | «stereotype»
’ FunctionalEffect| | Operation || Proposition || CTLSpec
CTL ; [Class] [Class] [Class] [Class]
-FlowObject
-FlowProperty A
-Trend | |
’ «stereotype» «stereotype» «stereotype»
SysML > StateProposition| [EventProposition| (ConditionProposition
[Class] [Class] [Class]
CTL
1 CTL
SysML , (2) ;
SysML , CTL ,

, ConditionalActivation CTL
AG(Satelnitial & Condi-
, Satelnitial, Condition

>

tion—>EF SateFinal);
SateFinal ,

SysML
3) ,



OO\ _ kiR - &l

uml.org.cn
2170 31
PAR , Conditional Activation Spec; ,
CTL . 3 initYate,
, SysML modeCon, finalSate ;
CTL 3 .2 ,
22 CTL final Sate op; , 2
CTL t, t
Statelnitial «CTLSpec» StateFinal
. JateFi
farelnitia specl : ConditionalActivation alerna
{AG (Statelnitial & Condition -> EF
StateFinal)}
Condition
«StateProposition» «ConditionProposition» «StateProposition»
initState : StateProposition modeCon : ModeCondition finalState : StateProposition
{state=operation} {mode = m} {state=operation}
CTLSpec  |Perefor | S | operation
«Operation» mode = «Operation»
init : Initial op : Sequential
{t&b}
Operations ~_____ _ _ _ __ __________| R S
«FunctionalEffect»| | «FunctionalEffect»
t.:Move ¢ : Rotate
FunetionalBffects ___ _ _ _ _ _ _ _ _ ___ _ ______________
2 CTL
3.1 HAEipiRE
3 E T SysML B SHHRESITAEE HA ’
HA =(X, Loc, Edge, %, init,inv, flow, jump) . ,
X:{Xlaxzf"’Xn} )
’ : ; LOC:{II,Iz,-u,In}
3 ;
; Edgec Locx X x Loc
; 2=16.6,0,6)
) ;init, inv flow 3 ,
. 3 init(x), inv(x) flow(x)
, HAP! jump ,
HA , , jump(x),
SysML

, HA



YOO
12 s : SysML 2171
(finite state machine, FSM),
jump )
, flow guard ,
. effect. SysML
32 ETHKESNBEERILITARE (state machine diagram, STM)
HA )
SysML HA HA . SysML
HA FSM, s )
SysML 3 . «Hybrid Automatony»
SySML HA)
) , HA
3 s entry  exit «HALocation»
, do «HAEdge»
3 HA
HA HALocation do R
«HAPredicate» . jump HAEdge
, , Modelica, . inv
Java . «HAPredicate» HALocation «HAInvariant»
«ControlBehavior»  «PhysicalBehavior».
; 4 MESRHMERXILEERLIE
providedFE ,
init HALocation entry , ,
. flow CTL

KIER - BE
uml.org.cn



2172 31
HA
CTL )
CTL ; HA
5 ] 2 t1 t2
b E 5
) 3
3 0RO
at&t b. ti|t, c. hUt,
5
4 5 s s
4.1 HEEIIE
43 #EXWIE
treq b FSM, CTL. ,
Eorov 3 , NuSMV
b t o . NuSMV
Teq
(1) t.,.FlowObject t,, .FlowObject ’ .
CTL (linear

(2) t,-FlowProperty t

prov

(3) teg Trend  t,, Trend

prov*

4.2 BIFISIE

.FlowProperty

temporal logic, LTL)
NuSMV

4.3.1 NuSMV

SysML

STM.

KIER - BE
uml.org.cn



12 s : SysML 2173
) {parla pary,---, parx}
init S - next
case > S S
, & pary
SysML
NuSMV
433 CTL
NuSMV | SPEC
6 NuSMV
CTL SysML  PAR | CTL
SysML «CTLSpec»
NuSMV NuSMV
STM FSM s
PAR CTL 2 ,CTL
2
FSM CTL Stepl. «CTLSpec» ,
NuSMV . NuSMV c= f(xi’xw,xn)
c=f (p17 P,y pn) .
432 FSM Step2. P,
NuSMV , ¢ = f (X%, %,) -
VAR ASSIGN 2 ,
. . ¢ = (Y Yor s V) - Y
FSM : VAR ; > Y, ; > Y
: ASSIGN :
, FSM Step3. CTL
: : CTL c=
MODULE main F(F (Vs Vi) Fo (Yo oos Vi )oros Fu (Vs oos Vi) -
VAR 2, PAR NuSMV
te: : -
state: {88, %}; CTL SPEC AG(state = init& m=1 —
even: {€,8,.6n}; EF state=op, ).
par, : {VOth"'sVI} 5
par,: {---}; 5 £ fi
par,: {-}; [22]
ASSIGN
init(state) == s, SysML
next(state) := case 7a :
State =5 & (event =g | par, =Vg):s;; 7b
TRUE: {§,.5,S}; ,
esac; , ’
, state , event ( ):

KIER - BE
uml.org.cn



OO\ _ kiR - &l

uml.org.cn
2174 31
3
(1 3 . Te
> b 90°, t; 90°.
5 OpZth 5
op; =t, &t , Op, =t &t &t;
3) 4 ,
a.
d . 2
a=1 |, .
AG(state=idle & d=1 — EF state=op, ).
R PAR
8
SysML STM
> 9
b. 5
7
«CTLSpec»

spec, : Conditional Activation
{AG (Statelnitial & Condition -> EF

Statelnitial |%1|teFmal)} EStateFinal
Condition
«StateProposition» «ConditionProposition» «StateProposition»
idleState : StateProposition d : DirectionCondition op;State : StateProposition
’—’{statFoperation {d=1} |—| {state=operation
CTLSpec operation operation
«Operation» «Operation»
idle : Idle op; : Sequential
|_| {n&}
Operations ____ _ _ _ _ _ _ _ _______ o _ _ b |- __
«FunctionalEffect»|| «FunctionalEffect»
t: TurnLeft t; : MoveForward
Transformations __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ____________
8
3 tt L 4 op,, 0p,, Op;
’ 0p4 B

, 9 bty I3 t;. 9 ty m op, t, ts My 0p;.



KIER - BE
uml.org.cn

12 , SysML 2175
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e or email to <nusmu-users@list.fbk.eu>.
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2 NuSMV :

MODULE main

VAR

state: {Initial, Idle, op,, Op,, Ops, 0Py, Final};
d: {1, 2,3, 4};

ASSIGN

init(state):= Initial;

next(state):= case

state = Initial: Idle;

state=Idle & d = 1: opy;

state = op;: Final;

TRUE: {Initial, Idle, op;, 0p,, OP;, OpPs, Final};
esac;
SPEC AG(state=1dle & d=1— EF state=op,)

NuSMV >
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) : ;
3) . ;

, NuSMV

m## Copyright (c> 1995-2804, Regents of the University of Golorado

mxx This version of NuSMU is linked to the MiniSat SAT solver.
e See http:s/s/minisat.sesMiniSat.html

pees Copyright (c? 2803-2886, Miklas Een, Niklas Sorensson

peex Copyright <(c> 2007-2818, Niklas Sorensson

ARNING x» This version of MNuSMU is linked to the zchaff SAT i
ARNING ¢ soluer (see http: /swwi.princeton.edus“chaff zchaff . html). e
ARNING % Zchaff is used in Bounded Model Checking when the il
ARNING s system wariabhle "sat_solver" is set to “zchaff". 0
IARNING ¢ Notice that =zchaff is for non—commercial purposes only. e
ARNING 3% NO COMMERCIAL USE OF ZCHAFF IS ALLOWED WITHOUT WRITTEN il
ARNING x> PERMISSION FROM PRINCETON UNIVERSITY. o
IARNING ¢ Please contact Sharad Malik <{malikPee.princeton.edu? e
ARNING 3% for details. il
—— specification AG {{state = Idle & d = 1> -> EF state = opl> is true
—— specification AG {({(state = Idle & d = 2> -> EF state = op2> is true
— specification AG ({state = Idle & d = 3> —>» EF state = op3> is true
— specification AG {{state = Idle & d = 4> -> EF state = op4> is true
10 NuSMV

— specification AG {{state = Idle & d = 1> —> EF state = opl> is true
—— specification AG {{state = Idle & d = 2> —> EF state = op2> is false
- as demonstrated by the following execution segquence
Trace Description: CTL Counterexample
Trace Type: Gounterexample
-> State: 1.1 <-
state = Initial

d=1

—> State: 1.2 <{-
state = Idle
d =2

—— specification AG ¢{<{state = Idle & d = 3> -> EF state = op3> is false
—— as demonstrated by the following execution seguence
Trace Description: CIL Counterexample
Trace Type: Counterexample
—> State: 2.1 <-
state = Initial
d =1
-> State: 2.2 {-
state = Idle
d=3
—— specification AG {{state = Idle & d = 4> -> EF state = op4> is true
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