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Abstract: Cyber-Physical systems (CPS) is a unified entity that deeply integrates computing processes and physical processes. It is a
next-generation intelligent system integrating computing, communication, and control. It is widely used in various applications. The
dynamic behavior of CPS is always hybrid and stochastic. Modeling and simulating the behaviors of CPS is crucial for developing
high-quality CPS. However, it is still lack of domain modeling approach for CPS supporting the construction of CPS domain models and
simulation techniques to simulate CPS domain models. To address these issues, this study proposes a domain-specific modeling language
for CPS named SHML to support modeling the behaviors of CPS. Firstly, the metamodel of SHML is defined as the abstract grammar

« JEETH: B K A RE A4 (61972153); [F 5K H AW & 1] (2018 YFE0101000)
Foundation item: National Natural Science Foundation of China (61972153); National Key Research and Development Program of
China (2018 YFE0101000)
AL E B IR G BT H LT S A i N ARG BRAA R . RLBIR . X B AT
WA IR R): 2019-08-21; f& et ] 2019-10-23; K HI M F): 2020-01-13; jos 74k i i i) 7] 2020-04-18



1588 Journal of Software ##F34% Vol.31, No.6, June 2020

according to the domain knowledge of CPS. Moreover, the concrete syntax and the operational semantics are also given. Secondly, based
on the GEMOC studio framework, the graphical modeling tool of SHML is implemented. In addition GEMOC sequential execution
engine and Scilab engine that can simulate continuous behavior are integrated, which supports the simulating hybrid behavior of CPS. The
proposed wrok provides a domain modeling and simulation approach for CPS, which provides an effective approach and tool to support
the modeling and simulation for CPS.

Key words: CPS; domain modeling language; meta-modeling; simulation; GEMOC

W W EL L& R 45 (cyber physical system, ffiFk CPS)ME — LA it 6. 4 45 R AT 1) 52 2% S M) R 4%,
WREEE T SRR B R 0 28—k R, TS S8 T — R F R RER S A R Y .
REACIE . IS 7. BB S8R ) 2 N T R AR RS I0).CPS HAT AN B 51k 1) BlMLIE:CPS
TBATAETF TR B AR 5E 38 AT IR BE (B a0 P 4% 4838 . B4 55 T4 LU AT 43 1% CPS (HAT A
HATBENLYE;2) TR BHECPS & S A4 1A A 2R 48, Wil £ 17 36 45 1 ) B 3ok 2R 29 501K R 4847 0 .CPS. IR0 5 i e £
BRI A TT 9 7 32548 1T 3 010 o 850 ks A S R A G USRS R 3 1) 75 s T & CPS, M4t CPS ) A s
B I E . T RERBENL. TBIAT R,
LT sk 55 78 (domain model) 4 KL fith (1452 78 8K 5 T 72 (model-driven engineering, fij Fx MDE)® L4 i o 7 1] T
R TE R % TR CPS REWNTAF MR R AEACHE . A AEI I . 5 BRI 1T 45 (K 7 & 2ok
H A R 4 I & 0 R G AN IR 5 TR EAT B vk 5 20 7. 5 4% SR R 7 VA AR LG MDE. B8 563 T4 ] 4 FH 4 %
AR AR BERAR 3 48 52 % 1 2 i A1 TR R IR o e R 2350 % AT R S8 S 5T 5 (domain-specific modeling language,
f R DSML) o Ay e AT AR 7 B8 50 1 SR, ) 32 S ) S e i AT 149 2R 40 A 700 030 4000 55 700 i MR 77 32240008 o
(OGRS . I, TR TR S ME S Z IR Ry 0, e SEE3 A AT A, S n {8 & A R G i A A
Z AAVREAT VA8  AZ . DR AE MDE A DX B SR 22 110 T R N 5 39 49 00 A T [ 4 s A0 7y sl 0 5, 95 B by e
o S IR AT A R B3S) B (R 48— TS 5 UMLIOUR ) A5k i 4551 5 DSMIL B % £ B ARl = 40088 16t DR
RGeS A S 4 DURE Y 0K 2 11 77 T R 5 TN 3R 46 4 va A T 1 o Rk % AR T, H HITTED i) CPS
AU ERASE S AR AN S B2 T ) CPS IR UG A1 5. ) — /7 THT,CPS [¥1VR BT Ay R i o A e (1 17 3 7
TR T B A G T VA R A 3 P AR S TR R SR RN T L SR R AR A (0 L SR AR T AE CPS R &
H AT T B SR BT O (1 B AT A, T SR T A IR 0 11 5 B R et FLHEAT 07 L A 1 LA 3 S A
T 20 86 () S~ 2 482 F ) gk ) 3 o AR A T B SRE FH  F  8 F [) () 7 L RS A TR v, 23 3SR FH R 1 5 B
TR BB RS R, 52, W1 Simulink!.CPS 117 2L ) R w2 4 5 T~ A ArT 47 28 il 4 S 44005 22 L
FL SEPLTR AT S 1 1 ) 5 2.
ARSCI) T BETTEREAE LR 3 AN D5
(1) ARHE CPS M4UIBRRAE, &t —FP i 1) CPS 47 4 ¥ B MR i £ B 1% 5 (stochastic hybrid modeling
language, A #K SHML) AR #is CPS AT ¢k, 2 LT SHML M4 Gy, BB L EAETE X

(2) %:T GEMOC “F & SEBL T iZ Ak A 1E 5, S fF F P 36 T GEMOC A SHML 7

(3) 4E R GEMOC I 740 AT 51 2 F0 Scilab [¥13% 8247 4 i B 5138, 3 FE4 3L SHML AL, S35 3L CPS )
TR RRAT A, 3 B 1 oF A0 4 A A 2R R AT 0028

B TRAT AR T — B AL IR B 50 CPS @A S 07 BL 7775, Wbk« B T — i 1) CPS (1 453 A5 i
T RERE SCRFEEASE CPS MBENL . TR AAT A Ak I 1 28 1 SR AT A (¥ 7 BT 3%, SE I CPS VR AT 4y IR 45 B2, 4 ¥
WAL T —ANMER . TH ) CPS AL 17 BT &, BB 1T AU KE CPS [ 4% 5 17 ZL 4 #T.

AR 1 WA PRERIRE) . AR AR T VR IF N4 GEMOC K 37 #7447 A i ZLH Scilab T H,Jky CPS 4%
BGERL, 7 BUARGEIEAN.ZE 2 WA AETH 0] CPS Ak (¥ B LI SCE BSE F SHML, 5 20 18I0 5 S i SURLAY, 5
MW HT GEMOC HiARMEAL ST SHML #5755 3 F 44 SHML K945 B 5%, 38 i F Scilab () ODE
KR 25 GEMOC [T 5 | B4 i AE — i, 2B CPS YR AT 4 (K07 B 55 4 34T VRGN R0 047, 45 il 4% R 48
(1 5 051, JE2 T A0 BT 5 SHMIL [ A ASE RE g, I 36 T AR SO 42t 14 475 2007 Vo6 i % R 40 1K) SHML B2 AL EAT 1)

N

|
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T Je 5 4 S0 PR R RABLAR OQTE (I 577 1) AT HID 489
1 Fa& iR

11 BERHNFERMAERIES

%of 44 ¥ 21 27 (object management group, i Fk OMG)E4 t 4 75 B 51y 4 1 (model-driven architecture, f &
MDA, B b5 A 5 AR I T AT A 32 7 BT & (i 5 )2 I —— BB 2 DARERL IR B 1K) 7 T R 3R 28 ANIT K&
TR e AR R RO ) R R AR SR L B T S I B A IR AT AR AN I B A 2R ) T A B R
e TR SEIAS R0 525 R IR ASE 280 22 T (R 3 e 5 284 R 5 RS R WS A . C++ 83 Java AR 458 A5 280 0K 5 6 A1
FRINECET Z N TR SR80 RR IR .5 AR A I R 5 kA0 b B8 IR 3 K 5 32 T
SR AR SR, 4 36 AR 2 (domain models). LA 34 T TR N A R R DA 0 0 e AL AL A R
BEVE N BB B B T L 45 38 B, 0 A P o b % 1 S £ A G (1 T 2 S B A Y AR A i 5 )
FH 0 RS 55 R L S 2R A o ) L, S T ) IR ) AR 8 B AR L K R G R A
P AR AN YA DG 01 5 T B Sk AR AT % 1) AR A Y

USSR T A B AR R S HO TR G R R IR TR O R SR A T2 R A
TR B A BRI S R B BAT . 7 B il 75 vk o R 3 % 1 v (abstract syntax) ATEL 4417 ¥ (concrete
syntax), 3 5 1 V233 4 70 28 (metamodel) SRt ik, 21 il 17 2% 4535 19 % i A T 2 (A ) S B T FE 2 (]
[ 56 2 b AR, TR I i SR MR R % PEZH 20 OMG 32 HH (R T B E MOF (meta-object facility)™, [ ik,
FE T SR BEE 5 (M AL I 2R MOF (W, SUE TG 36 2 ] 1F1 ¢ & .Eclipse 1) £ A5EHE H (eclipse
modeling framework, fij #x EMF)$& 4t T oA 8 {2l 3 i, 52 21 7 Db A R22 R A B 12 AT EMF 324 1) o s
T Ecore 324 T #4) 5 DSML JGHE L (1 FE A% 45 0 32, FRATT T LAAS FH Ecore R & Hi s LT 7] CPS I st A5 1 5
(1 To A 2.
1.2 GEMOCE#HELE

H Al AU B T & () g AR R S GEMOC ZAAHE 42112 i [] INRIA T & #9561 Eclipse 19T
ARHES, B TF R . EJHIET EMF [f) DSML 2B R 37 8 A% HE 0440 7 388 1 i 38 10, m] ) T4
L 5 DSML AH SE BRI 40T 51 46112 GEMOC HEZE Fh 4 1 T 4 Fh it B 5 A B T L (f3.4% EMF,Ecore, Xtext, Sirius),
I HAREE T —ADPAT T LSRR AT . R, BILA5 Th 8. GEMOC MER AP E A l——iE 5P a
(language workbench)Fil £} 51 & (modeling workbench): i& & 1 & A & 5 it A 2 B3+ DSML s 4l & % Fh
DSML $ 457 43 1M AT 6 O RGE I AN AR AR (g Gk . 4R AT 5 V3R] S i ) I i ol i I 351 Ecore
TR S I AR A 5 T B A 1 S A A U B S A TR T . H T GEMOC AT 518 HLURE S RE 1
AT B R SRR T TG S 0 B AT . K GEMOC (3 AT 51 98 072 1 82 S B AT A 1 15 2L, 75
T PTG VAT A LSRRI AT O (4 1) B 5208 1) ) ,GEMOC  HEZE$ 41t 1 38 F (¥ 82 11 -1 4 iy o2
AU A RVE 5 AT 5 1 AT DL e A SRR L SEAT D BT 5 .

Scilab & K & T AU VS R, 0D st aT LUE T E) 20 80 4EAR HH INRIA FFR T B R
#; Blaise™'.Scilab ) F B0 AU FE RO TH 67 . B AT RIAL . VA VETE . TF R B P v R i) 2 B
AL FE S Gevt A5 T Al R A ) AR e U A T B 4 ST RAL U5 T, Scilab BB I & plot bR K il I TE,
T ARG 4 A = 4 R, LA 8 AR ) 0 (K 2 B o A R T R I U B T B R IR

2 @ CPS BySE iEEIES SHML

AR ESAHE—FE ) CPS AU ME = SHML T T8 CPS [ ilAT h K BEHLAT 4. 15 Je 4k
SHML ifi 5 TR ] 15 SC SHML il 5 32, 1T T 08 8L CPS BTl i i B 0 31 JF R4 e e 38 2 1)
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(R 29 R G 28, L L SHML TR 45 £ 78 SO, 4 45020 (14 475 LT $ (I o SO 4 1 J B T GEMOC HE R 5 3 m]
A SUBHEBTE 5 SHML, JE AR B Bk 5 $2 1k — A1l 1 CPS MYk @i s . (i ¥ 5.
2.1 SHMLA9iEZE &It

h T EBORA BEMLE CPS 4T 4, AT CPS AR 1E#h 5 H CPS AT E A 5 v T b 200 75 1) 3
BUE JFE IR 8 T SHML 7oA B i AR Hohl Gk B A&, CPS AT 2o B AT TR Bk, B A0 4% 2
HIC LT D, DA, 1T 7] CPS (1) 4045 A5 5 WV 1% Re 5 A A% M SRR @88 AR 48 TR AT b b A1 BE LA 72 CPS
(1) 5y — TR LB W CPS 38 AT 75 FF UM FREE b 23 52 B A0 SRS P O 8 PR DR 38 (SR S5 30 . g s A
IR AEIR) IR S I, N CPS AR 48 AL B AR, 1 N RIAT DA e LA T, 2L A0 A 5 ok e AN i o TR 6 2 3
CPS IR ZiAT 2y HAA R ML, D8] 75 T2 A8 4 e 1) A8 70 33 S S AR e (R AT S T BLAT

FRYE MOF AxHE (8, B AT 18 FH Ecore 615 & 5 XK SHML Ju R Un B 1 Brom, B P 1R 45 AN 203 I i
CPS Ut 547 A 2 DIAH I I i St & Je v,

o 2% System Fn—A> SHML #E%) H 21 il o6 25 1045 TSHS(timed stochastic hybrid statechart). 4= Ja) 48 &

(global variable). 4 %f(global clock) A2 4> 7 314 (global event);

o RJFAERAREK T CPS A AF AT A B 1 BT

o INBNERIR R G K B I I ) 4

o AR IR S A A ] FL A,

e TEJCMAEIHR System FJ @& % > TSHS Hl F &M R4 2 IR AT 4. —A TSHS H1Ik 25 (state) -
I # (transition). & #B8A8 = (local variable). a4l (local clock) X & 43 4> 75 72 (ordinary differential
equation, & FKX ODE)4 A il &, TSHS A AL 1% — M1 4A R 25 (initial state). TR AE GBI, R G0 MR
BT B H RS FEHEARZS AL, T DU H — A5 0 7 72 ODE 85 SN BZCIRZS Ak B SR 3 45
TERE, X M JE 2k & B ORI & (slaveode) KR ;

o HigsrJiFE ODE ok (function). 243 4 fF(condition) LA K sk fi# [ 8] (interval) 20 i iR 4 (i H A% £
(IndeVariable). [X45 & (DeVariable). & 047 20 (fright) 28 . 491 3, — A% M 5 18 b y'=y®—2xsin(x)+
cos(x), 5 [ A8 x, AR 5k 1T R A 38 yP-2xsin(x)+cos(x);

o LA I BRBOR AR IR — L B 4% 1, 28 0 A B o B e 1 A5 BN SR 2 BRI SR AR X (R e T
BRI 187 R (R AV [ 7 3 R AT T LT a7 LR F Y ODE JE 2, B dE s . A4 sk
e DX A], A2 8 S AR B R R IR IE BAT A R A T 7507 BB B B 4 & 1 Scilab ODE (¥ 3K fif %, AT R H
i) ODE )£ 55 Scilab H 4 H ¥ ODE 28 82 — B, LASCRFE A Scilab X SHML AR5 b (R I 4247 4
AT K

o N THEMRLEMBENAT N, AT HAE SHML Jei M il R IT R £ on T8 R AR, WE 1 B
IR T R R IR 2 (transition), & — AN 528 S 28 ——3% 38 12 #% (ComTransition) & Al % & %
(ProbTransition). 5 3530 1T 5 A [\], i 2T 8 A7 — AN 2k 2 % 1 (probability), & & — M T 0f 12
V) PR SI2 0, 3R N 12O RS RE A ik i P RE 28 . 7 23 23 R DA TR — YRDIR S R I R 28 1 IR 2 2 Ry
1. B4 (quard) &L B KA G oy A 3 A AR IR R —— I P 4 . R4 B4 o,
I 3 4 55 08 5 (R IR onclock SCIEE, 11 4% A1 15 R 2 1K S onevent IR, A8 HE 45 11 5 5 58 I M LA
& onvariable JIE.

DL REEAE T E DA AT T ISR R I T SHML JUBEEL (¥ AR E 43 b Ak, ok T A 2 1 R G474, Bl
KHE DA IR E LG 1,4 SHML BB FPIRES 70 A P2 ——SORESJE KRS )2 31X AT RDIRES S8 B X
KPR R B ARG MR E.SHML  JOBI 2 i SCE AR TE V5 B 35 E T8 SCIR FE il 2 ) 7 ARk A A 35 1) e B Y
75 BT oA AT AT L SE SO B (0 EHARTE VR . BT X

AT A 00 B A T v, B AR T 2R 1 L AR SR R A W R R L T 20 SCAR R B SCAN T 3 IR AR B R LA
ASCII B¢ XML SCASTE 2 H B, 1 B TS AL B AR DIAESE 8] % R 12Xt B AT X SHML Je RS v (1 %
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NEBICER, TATROE TEAR AR IE 2 PR g TSN EEOTR K R ARSE A e BIR.

KA UHE, $RZEAE.

0 Toubelocks
[07]) subevents
I 0] e iy 0] suvariabis
—1 o @ name: EString [0 locavan soles 1 ODE Condition
- o TSHS 10 *l gwredodes ~rame Commg [ sondilon——
‘| sh
01 *] giobuhvariables 11 Syetem 10| s = N : ESng {1 4] intiesstete 1] interval
“name . ESwing
[0.4] ghobakiocks [1. 1] locoiclach
" 0."] sdvnles
18] oty [0.] ownecransinans | | [0 ownedsiatos
nT iti 2] L State
Y SR = e ESiming —— “rame Egrrg  |[1-1] slaveode
B Clock = 3chon  ESwng 1 ComT) [0 “Jomiguinget [1 1] ewr = gageme Eint TR
e B3y J1.7) trigpersyant, 0 “incmsnge (1 1] ag o kel EFlost = 010
time | EFlaat =00 ~:::| Crioat = 9.0
[0."] ownpaguard HI_'J] st 1. 1]tunetion | Tloat=00
H Guard { ProbTransition B
* name . EStning w name . ESung
y et 48 0. incominged [1 1] g
[0.*] cangoingpt  [1_1] psee
1.1] indevariable 1] devariabie [1.1] fright
1.1] onclock
[ & Temporaltuard| | EventGuard | |1 Evaluatetuard | & Indetvariable | ¢ DeVariable [ & Fright
o |eondion | ESting _econdition : o, vEandnan o fane | ESting o name - ESting O pame | ESng
FSuing sty

r..q onvariatie

Fig.1 Metamodel of SHML for CPS
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ERRREEET Suare 5 008 HEEER

A MER T 5 TR
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W T SCR ARG ER KRE 2 R ATEIRIE W S SUEBOTR IEAE, Bl W G e ], e s ME sl S 2 5
Ab AR ] X A Oy P SR T A HE @A 5 3 Sirius BOR Sl B AT VR 1 S B 5 v, T R B

ST — AR TLBL AN, I T DR Hok B M Bk B ) s e I B AR B Statel, H P IS AT DA R
Statel FHLE'E 10T BB 2 AMRIE SHML (TR FATLA B T %05 5 1 BB LR R B0 P 4245 T w3
Ak P A5 3B E AR BE T Sirius B ARHEZESEIL T SHML 8 5 i BAREE L, A 1248 7 — AN e Ak
FERIR LS,

2.2 SHMLBYJIE X #& B

SHML P45 45 15 OB BRORE i 201 T SHML BB AT L), ) SHML S BT i P AT A ELAR AL T 15 X
SCHE, AT LLAR IR GE AT 8, T R e B (R B8 L 23 BT . SHML B2 ] DU F— AN L0641 TSHS=(S,— L, 50,0)
FoR, Ho,
o SEPNIREELHLPFMRE s(lv,c,r),| FIRNLE (location),v R R4 i ,c KR4 r RoRZR (e &
ANz 1 ROR T R) A I AT — BEECIRESASC 945 5 R, A e S, FRoRAE ro IR ARG,
S, Zon T Iz r PRE WA FE)ERACRE S MACIRES ¢ R R AR S I TFIREIHR A s on R
AR S BIFILA TR, OT(S, )RR FEIRES S A — 4 2T B tR(o,s) X IRES 5—4> ODE o
(BN

e —:StatexLabelsxState KRR FI H FRIRES Z 18] TR AT A PIFE 208 l IE 2 (CT) M2 7
(PT).LRARTBINEES 1={e,0,a,p},H e Konfil ik Ffh,g £on T4 a KRN p R on iz ik,
e A DU A A ful o A A P DA [R) 20 1 (e 5 e?);

o soRIN TSHS MIHIIHIRGS;

o ORINH JTFE ODE HEA LA F A ODE &xUAT Rk o={f,c,i}, I f RN c Frg
AT R RAR X (8] i={il,ir,step},il 7R X (8] Ze A, ir 37 X 8] A5 {H, step 7 SR AR X (8] (1 1

W SHML BERUE —ANEZ A TSHS MERR AL ) B AE 8 AR B IR & AR U ATIRES T, 4 A
fiih i A R AR I, R G A AT P e X B B TS 4 PP SO i R [ B IR IR S IE
¥ A ZIPRS TR LLEGT R 26 1135 X

0 1. P ODE Z:::

s,3eT (e) A (BtOT(s,t) A (v,cE g)) AC, == I ATOR(S,0) F V' =V + f(4step)

(lv,c,r) —22(1,v',c',1,) (Rule CT2)
s,3eT (e) A (BtOT (F(s),t) A (v,CE @)) A (BtOT (5,t) A (v,C E g)) A JOR(S,0) F V' =v + f (dstep)
(I,v,c,r)—22(1,v',c',1) (Rule CT2)
s,3eT (e) A (BtOT(s,t) A (v,cE g)) AC, == D ATOR(S,0) F V' =V + f(4step)
(Iv,c,r))—2222 (1, v',c',r,) (Rule PTY)
s,3eT (e) A (AtOT (F(s),t) A (v,C E @) A (AOT (s,t) A (v,C E g)) A FOR(S,0) F V' =v+ f(4step)
(Iv,c,r)—2222 5(1,v',c',1,) (Rule PT2)

M 2. [ Z XK PPRST R
s,3eT (e) A (FtOT (s,t) A(v,cE Q) Fs'e S, ACy =0

(Lv,c,r)—22 51"V, ¢, 1) (Rule CT3)
s,3eT(e) A (FtOT(s,t) A(v,cEQ))Fs' e S, nCy #D s, 3TE)VAGOT(S, t)A(V,C'EQ))Fs"e S,
(Iv,c, ) —22(1",v",c",1,) (Rule CT4)

s,3eT(e) A (BtOT (F(s),t) A (v,cF @) A (BOT () A(v,cF Q) Fs'e S,
(lv,c,n)—22 (" V', c',r) (Rule CT5)
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s,3eT(e) A(FOT(s,t) A(v,cF Q) Fs'eS, AC, ==
(Iv,c,r) —22E 501"V ¢’ ry) (Rule PT3)
s,3eT(e) A(BtOT(s,t) A(v,cF Q) -s'e S, AC, #D 8", FeT(E) A (FHOT(S, ) A(V,C'F Q) Fs"eS,
(lv,c,r) —222E 51" V", c" 1) (Rule PT4)
s,3eT(e) A (BtOT (F(s),t) A (v,CF @) A(BOT(s,) A(v,cF Q) FS'e S,
(Iv,c,r)—222&2 51" v',¢',1) (Rule PT5)
FM 3. A Z K FPIRAS TR
s,3eT(e) A (FMOT(s,) A(v,cF Q) Fs'eS, AC, #DA@BOT(S' ) A(V,C'FQg")),s" =1
(lv,c,r) —225(1'v',c', 1) (Rule CT6)
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Fig.3 Technical framework for SHML based on GEMOC
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Fig.4 Simulation platform for SHML models
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Fig.5 SHML models for the temperature controller
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Fig.6 Simulation result for the temperature
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