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Abstract  The integration of computing process with physical process makes the software requirements
analysis for Cyber-Physical Systems (CPS) a challenging task. First, software requirements need
to be derived from the desired changes of physical entities and the properties of such physical
entities. Second, analysts can’t treat the software as a whole and describe its external behaviors.
Instead, they need to analyze the software entities and physical entities composing CPS and
capture the properties of each physical entity and desired behaviors of each software entity. Finally, a
unified way is required to describe the properties of physical entities and the behaviors of software
entities to help validate the satisfaction of user’ requirements. Based on problem frame and goal
oriented approaches, this paper proposes an approach to address this task. It describes the properties

of physical entities and the behaviors on software entities in CPS as the causal relations between
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phenomena. Starting from the physical phenomena desired by users, it then follows the goal

based analysis process, transforms the software requirements analysis into building the phenomena

causal chains required to meet users’ requirements, and finally validates the satisfactions of

users’ requirements by checking whether the desired phenomena in the causal chains can be

reached through describing the causal chains with Alloy. An adaptive cruise control system has

been taken as an example to show the feasibility.
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T I — AT A J A8 oF 5 0 000 3R A% g b i R
Gy i B 0 R A T R R B pL (B R
o <= fp R . X B H IS R R AL R 2 TR
138 523 43 AT B PR3 1 PR A 20 S A CRROBR S B v
brag | BB e A I e A T N g WA - [
BT AR BE R s ARSI E AT @ Bt R
MR ANBLE pi B pI RUNIRGE p. 5 po A
ROCFR G HIARBL T B 35 TN A% J8% 2 1 S 30 Y 5
K. TS P AN PR OGRS AR B CR s A
PG IR i AR 6 R A PR B o] DL %56 0 H A A 7Y
Hh 56 TP S A TR s R S A SR A O AT 45 T (R
pr=pOF T(SS: p,—>po). WAL 6 Ff 7 . 3 F 53X #
MMES > AR G2 p0 N po— py) 38 38 ] #5853 fif 7T LA
BAL N HAR GC2:pl A pr—>ps).

HWR TR B 5 T A5 ik, mT LA
il &G pl RS HARELG po (0 fih Sz o RISE 1 K
T B 1R Bt R ) 48 A A S A A A A 1
TR B B DRI L T () R AL e, T LUK N pl F
b RIS R 8 W AR K (W AV pi—>ps)
ARV MG Z 0] O R pr B v T, 9 H A
TSR B AR G2 p1 A po—>ps) W LR H
bR GC7.p1 N\ pi—>p3).

T — 20 o T AR AR S A B i 3 A
J3E AT L gk 2 A e it I AR R Y 3h g ke SR PR 4 b

LA [ 480 i 3 7% ) 285 4 A Y

f fih 2 AT LA SE 3 Mk & p7 R SEEH. N P E pl 2 TR Y
PRI OC BRI T 450 3k — W) PSR A 1 o PRI ok,
Tl B e 5 N o B pl Z AR R KB N H
B 7Y vh 56 F 4258 3k — ) PSR ) AR e K(W
pim i) IEIETFIZAR B HAR G722 py A py—>pi) ]
ALk S AL R B AR G722 p1 N po—>pi).
wJa.mFeHa] L it & — 4 ECS(5] %
Pl 3 500 ok %k FEF8 e i 2h Jy . ECS Af DU 48 %
) Jom T e JBE A A Cp™) SR 4 2 8 it i A N 1 3l A
P NP7 E i R AR S RARBLXT ECS X — 1
SCUR TSR DR S T B pT B pl B R R
KR KL HNETF ECS WAL 55 T(ECS: p/—p%),
G pi Npo—>pD) AT LA AL Jy B bR G (72 p) A po—>
POV T G272 pt A ph—>p) X — H bR Al DL 5E 4
TR 245 — 13 0 22 S < 300 A 42 Tl 28 (CO) 7 e S B
R iz H A T UL AT 45 T(CC:pr A po—>p2).
B ME 7 s, EIRERESH T B p A
Po—> ps X — PRV R BT 05 5 ) B S AR L S A L
FEMZ B IEEIG. I H B prspesplspos Y
P D by FTRE R B G2 1) RSB 56 R B S PR B T 5 A
(o N po—>p) X — H PR K TR R S
R ERG. B 6 T JE 7N (1) 40038 AR 5 R B T 9y B 5K
PR R o AT 55 AL T 2P S AR 37 3 A2 1 79 3K
SEBR T, AN E 6 BT s ) B AR AR B ) B A
SR Ry SR AR 15 AT 55 B B X — A B AR 9 53
FRZE. H H b A SR P 75 SR e i A A PR AR
K FR IR G _E IR 53 ok Bk A] DAAR A A
5 2 2 R B PR CUN & 6 FF 7 ) 45 4 A A
CanlEl 7 Fro) SR IE A I RS S A BRL, AT LAAS 3
B CPS ) #) B S A B 592 4 7] 96 2R A 5 2 45 4
TS (AR S5k L R 9 /D i M A8 B T X 7o s oy S0 BT
TN 4D,
X T b AR A3 A o AR TR B A A S R A AR
55 (& 6 H bRBE A g b 55 5 AT DR 7 — AN
1) EH s o SR 05 T b 3R 1 40 A 5K B ke E AT i — 20 1)
O3 . — A G AR  AT LA 23 i A At ) S B s —
A 55 0T LAy i o S AR AT 55 AER A SR AE 4k 2k
SR SRR P BT SR AR IR A R A
55 109 4 fif 3k R D) X 7 5 4 I 1) 40 L SEC R sl A
SEARZER 104 . Bl an . & 8 s T4 T(ECS:
PP WAt B CRAZAT 55 4458 19 B AR GCECS:
PP B9 SN 5 s i R e (ECS) 3 —
SR HEAT 43 ik 4 A D 45 R
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G(2%: pT = pyes/\brcs)

‘ K(E: P;-:('s /\Pi:('s_’/’:g )

G pl—pres) G2 pres/Apres)

G prpico)

b

‘T( ECU: pf—pres)

T(T: pres— pres) | TCAFC: pres—pres)| (G2 pres/A\pres)

| TCECU: piespies) | [TCFE: pros—pico)

brest BB RN Ui =alL; Prest BRI =cL/s;
Prest S AVER NI R =k3al;  plgr W =

Prest WRITHIF SR E =

A AN R EL B T B AR GCECS : pf— p) Al LU
G R HAR GC2 2 p = pres N pres) IR T HI #iX —
PSR U B K Cpres A Pres 130 - - H B
B GC2: pl—> pres N pres) AT LA HE— 243 it o H b5
G2 p > pres) M HBRG(? 2 pres— pres) » H G(7:
Pres ™ bres) I8 BRI A B2 KRR 4G 5 %
LN DA S A L ORT: B

(3) By ik FH P e oK A AT 2 1

25 3 TP D I A T FRATT AT LA 0 2
it 2R — 2 B S AR L R SR DA R A 5 TR 2R
K FR T F B W AR T SR sl F PR, ZE X PP IE O T

8 XMES T(ECS: p— p!) #E— 40 i i H AR b 25 =TGSR H A R 50 UE T X B SR Y T oR B
58P H RGUECS)

sesipemas |20 L || |31 9t | P || 1474007 [ Pacg |, AP

(CE) SECECU) T 5 8(E) > ZEE(W)
' A A‘
o AR Phcs o
; Dres (AFC) 3
Copr—py B2 (F1) ;

BBl MR pFsefk < ISR ---FR5IA
C stk ORI FoR - > s il 2R i # ok 51

B9 XHE4 T(ECS:p”

BT R SR A AT LA B A2

ASCIHEF Alloy kL HX — H. Alloy j&—Ff
B2 R0 T 1 X AR TE T L signature Sk 3R
AR R AAIERFIE X RES. 1EE X
— > signature BE AL AT DL 3 22 X field ik 5
MR EE A A O R H A AL IR AT DL
SR G2 T A ) 29 5. R 2B A B3 e T LA
E X fact AR IS Z (0] 1 5C . T 5 22 56 I 1Y) 55
i@i%%l@)ﬂﬂﬂ%@.ﬁi%)‘(&ﬁ% assert ﬂéﬁﬁﬁ ﬁai
JG s ot KGR ELRLT Alloy 43 Bt 4 > 36 UE W 55 1Y)
HAK.

AR SCH BRI S B M R CPS Y 454> SR 5E Xl
—A signature, $ LR T H A — IR E Lh
signature Y field, -4 SC A B A 1Y M BT 505 N6 2
B oR (B (8] ) R 51 56 R %8 XN signature B %)
WGHE D imply & R R AR Z 1 H IR KR,
SR 5 T USRI assert R4k B P sk A
ISR S = Wl VN S Bri v (($ i ki E¥: ok <Y
JER T X ) E S AR A g (WD 7 RN S A 5 | s

— Pk — 2L A3 i T AT B 1 20 B ECS 2544 1 45 K 4R

il RGE(ECS) 7By . B 11 7R 7 3 o W 5 ok H
Y E T ] ZR S8R P R

abstract sig Entity{}//52{&

sig Phenomena{ } / /S ) BE 42

sig Machine extends Entity{}

sig Domain extends Entity{}

sig true extends Phenomena{}// N EHK ML E S

one sig W extends Domain{
p4: Phenomena,

"
ps3: Phenomena,

}{p4 in true implies p% in true and -}
one sig ECS extends Machine {

p%: Phenomena,

2% : Phenomena,

}{p¥ in true implies p% in true and p5=V.p%}

Bl 10 ARG E G R LR Alloy fi ik

UntE 10 Fros s Xt TR E . BESCHRE 14
KAES NI pi R ps Je Fil ik JHC 9y 380 P O 41 AT 2R 56 3R
KA BG LI 6 R 7)5 5 2 KRGS NI ER
I RS A B A 5T 194 B0 G DRI 2R 56 AR il 0 T
TR SR G 6 R S8 A 1A RIE 5 R A2
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XPHAH GG M H 3 L 55 2 A K A6 5 N Y 223k L)
% G 7 S 0 B 5 PR R O R AL I HL S (AR [
F14) S 3 2 0 e S X — 5 S T DAAE SR e
M55 2 DNKRIES W& Can & 10 o ECS 1956 2 A4~
KEESHN pi=V.pD.

assert ry{all a: FV.p1, 6:V.p2, ¢:V.p3|a in true and b in true
implies ¢ in true}

assert rp{all a:FV.p1. 6:V.py, ¢:V.ps|a in true and b in true
implies ¢ in true}

assert ry{all a: FV.ps, b:R.p7, c: V.pg|a in true and b in true
implies ¢ in true}

assert ry,{all a:FV.pss b:R.py, ¢:V.pj,|a in true and b in true

implies ¢ in true}

B11 0@ R AP R ST P R Alloy fi i

5 MHxXI*E

CPS feid 2 JUAE BLAG R T R AR K. T CPS
T SR A3 AT 5 B4 S CPS BiF 58 400 88k rp ) — 4~
SRR, W T VF 2 5T N B ARV TR 09 Bk K
A5 2R B 5 .

T T8 I 14 3K 0% 7 18T Derler 58 N5 A28 7 76 48
ik A v I TR I ) DRI X DA K R R A A DG R s Wan
SFNSIIR T AR CPS 1 SR A A F0 43 Bt Tk
i s Wang % NV T8 CPS 4 4 1 v 76 1Y)
)8 AP s 1M Banerjeey F1 Gupta U i i 7E 4%
RGN AT 2558 18 A9 A D T O E T
CPS 173 FIERASE A B AT TR 13 AR B % T CPS
JEAN BT

FE L& J5 1 J5 T . Ringert 48 AU 42 25 4
ADL #1 1/0 A gh¥LRk & CPS. LIFI ADL Sk g
B CPS &5 4 R 1/0 B gl LK $if ik 44 i CPS
1 & A 2H B EB 43 1947 4 s Henriksson H1 Elmqvist'
AN Modelica % 5 i& 1 7 CPS 1y 7 3K gt 852 #0 {)y
H ;Bujorianu & AP 3T Hilbertean 32— 14
— B IE ORI CPS: AR NN 2 2L T 1%
STl AR ORI CPS 175 SR AL AT @ 1k ik
Banerjee #ll Gupta ' $ 1 3% IR A B sh Pl ok g (5
B LB IT R G0 A 264k % AUV 4R 1 3 T CPS-
ADL X} CPS 2 48 8l 547 Jy A ALk 47 4y 5 O 2%
SEND R T A T B B B R Y CPS B JE]
R—B P T HESE s 1% 388 CPS. Zhang™ il i 4
it AADL 3k 353238 CPS AT 1k i L 8 245 % &2
AL RIS 45 5 5K 5 61 0¥ 4 CPS, Zhang™" ik — 4 45
4 AADL . Modelica,UML &34 iR 5% CPS 197

kL H R AADL Fil UML SRR 15 % CPS By %k
PEER 73 ) FH Modelica e fifi 78 9 B AB 73, 5 J5 4@
3 T Ak 12 00 A 50 I A2 5 19 T SROASE AL i 2 R
i) fE . 1k BB % % oK s E iF — 4, Zhang™ 38 3 F
AADL S#iik CPS QoS J5 T 7 3K .

MNTE 1] A 55 0 AR RE & B A Huang 45
NN P 2R A N R R R A 1 R 55
BRIk Sy CPS (1 ¢ B2 42 41k fig e 77 2. R b 2 4h
Murugesan 4 N7ESCHRL25 ] 4@ i 77— A Jr i ok
ST ZRGE I LA S5 AT RD L DU Bh i 2 R G Y L 7
LA AT v, 2R S8 I AL 43 38 S LA A R

R 3T CPS 5 3K 43 B A g 485 Jy i 1 AR )
HF CPS T5 3R A AL, 32 B G 1 F Qi o] 415 3 156 UF
CPS (W5 F 84 A7 . AN [l F 3 2 TR, A SO &
T CPS Wy K407 o 322560 T anfof > 35 FH P
SR el R P SR 8 k2 43 A R e I v R i R
RS BRI AR B AT R MR AT Ol AR

YES CPS (14 5 B 20 W& 43 - CPS 114 4 B 5% 4 4k
F LA A Ik Heimdahl % A\ 4 F CPS
PSR FRATTAN AT B 43 M S i P 5K L IR A3 B
3% S M IR SR 6 G L A2 B BR A S R TRl
M & Heimdahl % A5 #2576 o) 4 3
ST R O T B SR B 7 SR A S ST T )
B S UR T B v 1 5 X D DL R 3% S M
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