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Modeling and Formal Verification for Software Designs Based on Hierarchical Timed State Transition Matrix
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Abstract State Transition Matrix (STM) is a table-based modeling language. The popularization and application of this
modeling method are greatly limited by the singleness of its event variable type, the state space explosion problem
caused by the increasing events and states,and the weak expressive power in time semantics of software systems, We
firstly presented a concept of Hierarchical Timed State Transition Matrix (HTSTM) which is mainly used for design,
modeling and verification of software systems with time constraints, Then a formalization of HTSTM designs was pro-
vided as a state transition system, Based on the formalization, we proposed a symbolic encoding approach which adopts
the idea of Bounded Model Checking (BMC). Finally the LTL properties to be verified were determined by Satisfiability

Modulo Theories (SMT) so that the correctness of the software design was proved to a certain extent.

Keywords Hierarchical time state transition matrix, Formal verification, Bounded model checking

1 3|8

R 46 B (State Transition Matrix, STM)I2 B —
FETFREMNRGRFERITERIES ML HMELES,
HEASHMEAREER SR BN E R A e E
AR ERAFHER RERMA/RER, HEEXE
RE—, FHEEFHRENELZRE S ERRES S AR
KEBIAIRE , 38— RESH TOIE R IR BN B R R R8T, 53X
S (AR R HLBR ) T STM 33588 ) R T E

HERERTHER S RIANEERE AEREEARE
B BRI A R PF BT BT LUBE X AT R R 8 F1 STM
AR, AR S A 50 B (STMD L pi 5] A B8] 344,
T RER ] STM BEHE S, F A BB R RRFTE;
HTERRRTER L M-S ARG Tk, kA AR
W BABL N EISIT R LTL R A SMT RESHATR

FR B HA.2013-07-01 3R{MEHH#H.2013-07-25

TEYT T UE BSR4 O IE R 1

Foh, BRTEET STM BLR i 5 iF 3 2 il 54> 8 4. 1
REZ EBRERIE, 2) % STM 3 RBH MM, N T HIeR
A R AE I, FLAE TR 7R RIS AR T AR M (STMD s 5| A
R SR B AT 3 2 R D M B FE— R R AR R T
RARIE R, (H 0] R AR UE 77 1 RN HIWT R iR 1R 2 &
BN ED WA G = BRI, SCERL8 1R Fas [ R B
FUT7 5  SCHRL9, 10040 A1 R A B 2 B 4 UML RS HUE R
AP SBERUHFTIRUE s SCIR( 1116 TA BB O H RS
TR A, P A RRET B REEHR A IERE FSM, AR
T FSM BT E# AT . 0 T BR84S R IR 45 K
PRI A AR S B SERE , SURR( 12 R F B FOR S F MM R B R
X RGEHATRAL . A SCRGEZ ALK E] STM B S48l 7
FROGE M B P AN 26 {29 SRR S AL B RUIR 2525 18] , T E —
TERRRE bR T RIS BB R R

A E R B AR HS (61272170 % B,

fﬁ]ﬁﬁ(l%fi—) 9% yfﬁj: 7&&9 I?ﬁﬁﬁrﬂﬁ?ﬁ#ﬂﬁ‘ﬁ\ﬁi/\iﬁ%ﬁﬁﬁ ] E—mail: zhoukj@dlut. edu. Cn(ﬁ'fg'ﬁzﬁ> y&tiﬁ(lggg‘“ ) » % *
W4, ERRFR D7 BT R BAE ; EAEA989—), B, Wi, FEIFFF MG TR AR R G, BEE 989,
B4, EEFR T EORA R AW R RIQ982—) B A YHIE, EEWFR S ORI T R S T,

L] 42 .



2 HISTM R4k

2.1 HISTM{FHIES

ASCEENBE X HTISTM WITHIES L, X T8
HTSTM BB AN, E CIEESBEEMEXERN LiES
BEEE N, LR OEA /R B A, L X
B AT (D FRBISCF true F false, BEFISLEC
Fi(DERL; QAR ER; (OPERBER leftexpr op
rightexpr , o op GG +,—, *,/,&8&, | ,1=,

L ZFHEAEE . (DWMERER ths=rhs; (2)F STM
VAR E A) Ochild _ STM _id; (3) & STM & [8 i 4] re-
turn XXX, ZSCAFF Livat » Lime T L o 73 BIFRIN AT IR B TA R
AR RARNEAREERLXNES,

2.2 RiEERGHE

REYRGERT TN B AT FE(Passage of Time) FithiT4HF
E N, BE R G0 AT LUFI B — B s o 5 R g

Y€ T, s(t)=a (1
He,s:R~R B—MEZEBHEE 5 s(0 & ¢ Bt 2Rt 4h; T.C
R RZGATHERA m BHIBHEF4E; 4 254 FizE et
AP R o B— B LT B8] 8 2 — 4 B B8 i o
[MRGME 1 iR,

$()=a

Bl 1 R T A AR RAER b S 1 Sl

2.3 STM.HTISTM ®3i{4L R R

EX 1 TSIME—A=T4H(S,E, O, K S ERE
WHEHBRES ERFHNERES, CRRETHERES;
VS(TSTM) = Var (TSTM) U { ActiveStatus}, H d Var
(STM) R TSTM b R B A& &, ActiveStatus 24
BIIEBRARAS , TSTM 454 C WT LARR Var (TSTM) 9 —1K
VRAEL,

TSTM g M REFMBEFERA v — i B R E S index
(DEN; BN TSIM BLFH —NEKRS, BRH active
(TSTM) , B 8 59 1E BRAR S active(TSTM) = index (s)) =
0. M Ea4E 3 MERFM. IMNREM E. GMRAESFBD
HEHS, B2 LUNEFEX" L) N EHF E, (HTSTM
PATE R P A A F A BT B (BT EARE
) s A Ee NEw =@ Eet N Eiime =@ Eie (1 Eie =0;E.
E.BTAM/REE, B JB T EHEBCGEE N EHEFARE
AEXRZR)  RGEH AR Eine 0T, %0 B FHBAME
BT CHtE 3 MR EERTT Co » I BEEHTT Cp FIEEIR
B5EC.,. Hh en €EC, WLUBAITTH (55 e,u.a,5 ) ESXE
K Lot X Lgme X S s 5B X source(en) = sy event(cn) = e,
guards(cn)=u,actions(cn) =a, target(cy) =53 T A WS BT
Hlsses /s RANKBITT DA BUEFT B S IRBITTH (ss e
X0 RARFRFEERBITRATRER AR AT, IR B XN & £
IR,

AL EAT A7 NS R G0 H, 87 2R AL E
STM#ERY, a0 2 B 7R, % HE 8 4 45 B 38 4 : TRAFFIC _

s >T/tick o
e tic.
s(9:=0

LIGHT_TSTM #1 PEDESTRIAN_TSTM, H &t TRAFFIC _
LIGHT_TSTM & TR T #4E M GREEN_LIGHT_TSTM,
TRAFFIC_LIGHT_TSTM #1 PEDESTRIAN_TSTM 2 [a}i&
ARBEAR pedestrian(BFF NERFT I sigRLITRD .
sigGUITE) #4715 . TRAFFIC_LIGHT_TSTM ##) 4
ARZS N RED source(0)==0), 2481 8] F 4 Cevent (¢} = (x(t)
>60)) BT, BATE AT (0,00 H action( ) FBLLITIE
KT A5 BT IR E GRS BEH 2R A GREEN, At 3 A
SITETER , EIRETEAT s ERATRET , WA F STM(GREEN
_LIGHT_TSTM) , iNRFE 1T NEF (pedestrian==true) , I
PH&M x(1)<<60, MR [ELRSHRIR PENDING, #1845 TSTM
RA&BKFE 2] PENDING; fn R4 L&A 2 (1) =60, W 44T 48
KyEITER, f#I3F, RERSHE YELLOW, {£8 2
TSTM RAEBER YELLOW; ZEE AT B BE (source(c) ==3),
%1% 5 B BAL, AT R LU0 B 5, A RS B
FBTIT RS, REILBIEME PEDESTRIAN_TSTM £
TARSERRS WHRENONE) Z R OBETASE
RO, UE—MMT AR O S8 - NI EEH
xWait, BB} 3 38 B8 JC ¢ (0, 0), source (c) =0, event (¢) =
xWait,action(c) & pedestrian=true,target(c) =1; fT AFHF A
HRRE, B A5 5 TR (sigR==true) , #k A CROSS-
ING RS AT AT T B, Y a5 ST R IT AE 1R
5%, REGR [ 2| NONE R3S,

TSTMO:TRAFFIC_LIGHT

oo RED {GREEN| PENDING [YELLOW
0 1 2 3 |TSTMI1:GREEN_LIGHT
GREEN| 011 _|[YELLOW
P S = ET
o / sigY=true;
sigG= X(0~0; 0
true; — X(<60 | x(1)> 60
SgY= GREEN | GREEN|
x(==5|1} / / false; sigG=talse;
sigR=true; é 0 [pedestrian={ SIEY ~true;
x()=0; 3 lt:alse; x()=0;
01 E. return pede'stnan—
PENDING;| 1s¢;
x®<60|2| / / / / return
YELLOW;
TSTMO:PEDESTRIAN
TrafficLight
o NONE WAITING |CROSSING, PedestrianControlSystem:
0 1 2 Structure
WAITING
aWait] O ! X TSTMO:TRAFFIC_LIGHT
pedestrian=true;| L : —
A CROSSING TSTM1:GREEN_LIGHT
sigR |1 / T 7 | /
- TSTMO:PEDESTRIAN
sigG {2 / / N

Bl 2 HTSTMET5H 8T _7ABH ARG

EX 2 HTSTM fii FmAE XA RR K (TSTM, ,
TSTM, -+, TSTM, ,R), Hith TSTM, E# TSTM,R T4
F& TSTM Z H M ERXRFRES, 0 R, j) = true, B4
TSTM; & TSTM,; B TSTM; HTSTM KA Cuam =
{Cutmy » Cotmy s ***» Cuam, } B’y o1 Com, TUARRH VS
(TSTM,) = Var (TSTM,) U {cflag; } FI — K BAE, B &
Fflag; FIREEHIEA HISTM hEZH —MEK TSTM,

AT _FTABEHRELFEH A HISTM: HTSTM, =
(TRAFFIC_LIGHT,GREEN_LIGHT), HTSTM, = (PE-
DESTRIAN) ;R(TRAFFIC_LIGHT,GREEN_LIGHT) =

o« 43



= true, %7 TRAFFIC_LIGHT & GREEN_LIGHT &
A2 TSTM,

—NREMEIT DEFERHE N HTSTM, =(TSTM; ,
TSTM, ,+++, TSTM, ,R)O¥J L, W] LA Ferm A 3.

Design
TSTM, TSTM,
TSTM; TSTM,
LTsT™, TSTM,
TSTM; LTsTM;
TSTM, LTST™M,
LTSTM;S TSTM;s
LTSTM, _TSTM;{
HTSTM, HTSTM,

B3 #F HTSTM ZZ&HinER

RHERIHA LR RILF RN D=(HTSTM, ,HTSTM,,
<o  HTSTM,) , & T A MDY ER . MID) =(G, g >»
A)HPGCEFELRAFHNES . ¢€G g0 BRUHKER/FE
B s A€ GX (Uleo (U (HTSTM;. TSTM;))) X G TR FFH
HTSTM H{Effl—4 TSTM REF BB IFBEBNRER
BHTH.

O FHHELEREH g0, B—A HTSTM,: ¥i§3h
TSTM #5351 TSTM, i G4 TSTM HAD 14 15 BOR 2 active
(TSTM) =index(s;) =0, F— N HMTE xEVar (D)EE
BNV A

(DFHBEIBRE TBANEES R 3. TFEATR
HEER SRSB4 SR ETB M R EAIBWERE .

LR AT RENTI BN RREELTHIITER RS
RAEBZE, KR ERH (2,0, 80 €A ¢ & TSTM; €
HTSTM; Hj—A~ BT, 0<i<m, 0<{j <, rulel FIR
BB, g "5 ¢ A rulel fE T RIS g 5
FPRZE g7, rulel F T

rulel. condition év(c‘flag{ ) A vevent(c)) N\ v(guards

()Y A v (ActiveStatus! ) = index

(source(c)) (2
rulel. effects ég'=g[clmmo /Chtxemo [ ?C/h«t:tm" /Chtsrmn :l
3

Hr condition FnIAT oM ef fects BARPATHR , v Fn
AR R BB B BUE Chun, /Cosom; T8 HTSTM; FRES
C s, BARIEARZS Coom, -

SN SBATE BN rule2 BRIMNEEM E. M E

rule2 ,

ERURFEREYE ¢ —¢  HEHMIT .
rule2. condition é"u(xEm )y ={false (4)

rule2. ef fects & g =g [Clh”""i / Chtstm, 1, where Cl"‘-‘"",‘ =

{Cuamg » ***» Cuun, [ true/v (zEu )], oo,
Cum, ) (5
BT 364 5 B FE RS AL ruled SR B (B4 o B2
H BBRGRAEE ¢ 92y Ho SN
rule3. condition & V(E e [ Ziime —>x]) = true (6)

rulel. ef fects & g=zg I:C’,.m,,,i / Chtsem; 1, where C/;,mmi =
{Cumg +***+Cuam, [0(Eigme )15+ 3 Cugm,, }
7
ERGPATH ¢ VB, REEBHNE S RS={r1b,72,
o 44

eyl 2 VR, BRI LIT B TR
H rule BUTIER g g,

3 HISIM #S4HEKH %

ETF HISTM BRI RHK R I KRR K D= (HTSTM,,
HTSTM,, -, HTSTM,), ¥ {X B F I HTSTM, =
(TSTM, , TSTM, , ++, TSTM, ,R) ,n, m 4} Bl F#& % HTSTM
fMEA HTSTM H# TSTM fHE , 0<ii=<im, 0<j<in, VS (D)
={x|x€EVS(HTSTM;. TSTM)} BREHZTTETH.

N T IRPORAS S (R R IR, A XX F SRS R A
A ARSI (BMO) # BARDY , F XA R bd RAEEIS I
BHRCIRLE D PSTRIIBRKEN bd, IRE bd TEEA R
GFERET SR, MW UIARNREBERMR. 4 o<k
bd  TEE R AEWER . REXBASINERAFH LK 2[£].
expr[ k] stmi[ R]FR , U R SIR FH B AR F W HRATEL .
3.1 HISTM ¥R S HIL LR

R4 D 7E step 0 FIRRERR A«

step[()]é A zx[0]=v(x) (8)
ZEVS(D)

{true/cflag,[0],false/c flag:[0]|0<i<lm} €))

{0/ ActiveStatusi | 0<i<{m,0<j<<n} (10

BEEXTARKEREDHIA LR - EdA KN 2[0];
HTSTM; #iR TSTM {6, B4~ TSTM ¥ 54 1 BRR S A
index(state) =0,

3.2 ZRANHFSHKRERERT

HX 2.3 W3 L&THAN. ZEFRTIRHMIHR
rulel SMRE 4 2T rule2 fMaT A FHRHMITH
rule3, S FIFEATE T A FAERG I EED D TS 5D,
3.2.1 AF rulel #5%ABF*

YT TSTM; € HTSTM; F 38 5T ¢, rulel B4 %5
W RE LA

rulel. condition[k]écflagf [2—1] A event(c)[k—1] A

guards(c)[k—17] A ActiveStatusi [k
—1] = index(source(c)) 11

FHEFEER o flagi[k—1], event () [k — 1], guards{c)
[k—1],ActiveStatusi [k— 1 1B R M step[k— 1B HIH,

rulel SURHEHIDE LT«

rulel. effects[k]éacti(ms(c)[k] A (IEVS/}D)/VI[ka

z[k—1D (12
HH,V ER actions (O R RBINE LS EFREN TR
£85.
3.2.2 RTF rule2 5 maiik
rule2[k]% —zEu (k1] N 2B [RINC _ A

VS(D)/aE,, }x[k]
=z[k—1] 13
TR step(k— 11 MM MEM 2E. [k —1]BH
false, ¥ step[ ] PIAMREM: 2. [R]E N true, Hih B ER
A%,
3.2.3 AEFrule3 545 %

N - -
rule3[ 1= Eume LRI Zime =2 A (Ievsm/)\/u; N )x[k]

(::

z[k—1D a4



BARFIR steplb 104 [T A B [0 B &4, H At
TRARRERAE,
3.3 BMCARFEHBF X

&%t rulel, 8 X RULE1=/{c|c€ TSTM.. C.. \ BREZ D
HETE BB B0 41 3 rule2, 5E X RULE2={e|e€ TSTM..
E.. ) RRRLGE D PN EREF ;4% ruled, & X RULE3=
{el e € TSTMI. Eune } RR R G D BT A B 81 F 445 4
|[RULE1|+ | RULE2 | + | RULE3 | =w, rl € RULE1, r2 €
RULE2,r3€ RULE3, E X /R B BEE Flag=1{fg1s>
f&uwh s BRYGL DAE step [ RIFPRESTTLIRR N

step( k]S C .V GIEINfgGDIEDIVC Y (2

r2€ RULE2
[EIA fECDIEIV C Y. (RLEIA f(r3)
[£1)) (15)
BT RGO 8EH SN & AR R BSL, O T Bl 1R X
PATHFFTOITI IR OL, L AUE REPBATER 2 (16)
control & | (A (o [B=— (¥ (f, KD (16)
ARATERIER LTL AR o R TH R HEEEIILR

48047 {5 PR SMIT R f0.88 17 R E A 2 B0 LTL R
BB H p_neg 55 LABRAD)

&d
BMC(D,p,bd) & ( A step[]) Acontrol Np_neg (17

4 KB EIFEMH

4.1 3RIGIg
AIZSEAT AT ANER ARG RH, EH LTL WM
3 RGEM AT R R RS, A FE N RERS
Akt BSREARMBRESARFITE L.
(DRERFERSTEHFERRIEREPERATH
AAEHE ER G HTSTM RIS X R R ZRITAER
BT, REATTREREZ BT,/ active(H, )RR —7]
BERRE g P ERETBERE H WIERRES, Wizt R
A AR«
VY c€ H,. Couia. ¥ g€ G. —((active(H;, g) =source(c)
A event(c))) as)
AICBEIT_AT AR R G LB+ , PEDESTRIAN Hi
TL(2,0) B—MERETT, RARWRT AELFETRE,
AR RE T, BRI IRR N
invalid=not((xWait=true) and (statusPed=2)) (19)
(DRGHEARBEH AN HTSTM Z EIH—F#EA L
BAIEM, 24 HTSTM,. TSTM; 4t TR statusA Bf, HTST-
M,. TSTM; b FIRE statusB, XFHESHARXEZTLUEX
L% -Z P
VY g€G. active(Ha , g) =statusA=>active(Hp ,g) =
statusB 20)
XA L ASELT_AT AR RE LB BB AR
PIRR A
staticl = ((statusTra=0)implies(statusPed=2)) (21)
static2=((statusTra=2)implies(statusPed=1)) (22)
static3= ((statusTra = 1) implies ((statusPed = 0) or
(statusPed=1))) 23
B MR staticl BARYUBITATLATRARE.TTA
RE—ELL TBITRS R static2 TR H3E T4 THE

HIRE ITARGL FEAERFRIRE ; static3 TR Y32\ 4T 4k
THRITEHRES, TARELFREASHFRERETALE
Q) RATNTLHRRBAEAN TSTM & T RIS ERET
But, B —A TSTM —E4b FH A E RS, X FpHEF A L
EXARRY:
Y g€ G. active( Ha » g) =statusA N active(Ha ,g') =
statusA'=active(Hp,g' ) =
statusB (24)
EEXFASCHRAZRBAT _FT ANB R RGELH, shS LR
RAERRNA:

dynamicl= ((statusTra=0) and (statusTra=1)

implies(statusPad=0)) (25
dynamic2= ((statusTra=1) and (statusTra=3)
implies (statusPad=1)) (26)

dynamicl FRRMNFITELT RS B LLLT AR A ERLT  HRAAT
ARG —E S TFRAEFTIRE ; dynamic2 R R ZELT
REHGEETHEEO, BATARE—ELTHASFHRES.
4.2 KIRIRHE

LWV A E R CPU; AMD Athlon(tm) [I X4 610e
Processor 2. 4GHz, R FE: 4. 00GB, i #%. 1T, Windows 7 #:4E
RHEB2 4D, LI 2 BT T AERRERFRRS, HH
TENBH I EHTEXCNFSED REHEH 23
SMT R AF 28Xt 72 G0 AH 3 M IR A7 SR A8 020, WA T 3IE BA A% ST B
AT ERME R,
4.3 HEFMIE

fEF SMT RAFRE Z3 %t Lk 6 St R#ATINE, /T 8%
1 Fr5l 45 R (BMC 1 R MH 6d=50),

F1 ZZRBBWIEFRGREERER

Property Step Verdict  Time(s)
invalid 50 unsat 2.79
staticl 50 unsat 2.94
static2 24 sat 1.47
static3 50 unsat 3.14

dynamicl 18 sat 0. 95

dynamic2 32 sat 1.81

3B 2 fiR AT _FT AEH R % HTSTM # &L, 3¢
b 6 KRBT, BRME 1 FTF), K Step REIE
HHRERB R AR E RRBRFFPATHRE, WRLB R H
4% 1R BT ; Verdict RALRIIGIELE R, MR R unsat MFARZ
HEATHE, MR R sar WFERZERARAHE; Time 256
UEFE A AT F B BT E] (RO D) . LA static2 A B4 71
FENET % R 8 L, %4558 BT (0, 0) f# BB, TRAFFIC _
LIGHT {EBOIR A2 Bk%#% 8] GREEN, {HEEME 2 87 R4
BB #ERA 0, BT LAY ¥E A F TSTM GREEN_LIGHT &Y
&R 2(6) <60 WP BRAAERTBEMR, KFMFTH
action(O)WMARSHHAT, BT LAET static2 R ESHIR. BE
ERME B Z3 4 TR A R R AR R ) 2R F
B, BEFAILREE.

SET7E TRAFFIC_LIGHT B9(0,0) HERin 2() =0 %4
FRAER A AG45HR , BT RIIIE, v DB B3k 2 Br
FISZWEER, BT dynamicl A HR—KERER 2N, Kb
P BAR R TR R

« 45 o



#F2 LRBBRIEBESREMERER

Property Step Verdict  Time(s)
invalid 50 unsat 2.86
staticl 50 unsat 3,35
static2 50 unsat 3.62
static3 50 unsat 4,18

dynamicl 16 sat 0. 87

dynamic2 50 unsat 4.79

HHRIF ACHX STM BAR R # il TSTM K8,
AR & B 1) R 3R Bk R R R AR AN IR IE e i (5]
HRB A AR RS (2R BRI SRR I8 85 . B0 AT
BRI B 20 R THR 7 S BB AR AR B h BURAS =
J6) 48 5 BT (BI04 SC 4R ty HTSTM B9#E&:, % TSTM #4172
WA, ANTIE—ERE AR KFE, T HTSTM R
BUASCA BB AR R 7 B, I E SRR B R — MRS
877k R A TR I M 77 3 A SMT SR &R X
BB RAEITRUE . WSCRERATLUE B, A SCR H B 07 8 Al
DA Re & SMT SR 251 S IA BT IR, 7E W) AR R B9 B
(6] 9 6] P B T AR 4 O, AR R P R IR R B R AR
®.

BAXHTENAEREBEMEE. BRITF—FH I
EREMAERABERE KMy I BRI R AT
Ak BUE X A B AATIAL » AT R A B B0 R 75 B 9
B ) F0 2 (8] 5 T I T8

2 % X W

[1] Matsumoto M, Anada K, Ueshima D, et al. Model Checking of
State Transition Matrix[ R]. ITSSV 2005, AIST Technical Re-
port. 2005.2-11

[2] Watanabe M. Extended Hierarchy State Transition Matrix De-
sign Method -Version 2. 0L R]. CATS Technical Report. 1998

[3] Clarke E,Kroening D, Ouaknine J, et al. Completeness and com-
plexity of bounded model checking[ C]// Proceedings of the Ve
rification, Model Checking, and Abstract Interpretation, Springer
Berlin Heidelberg, 2004 ; 85-96

[4] Clarke E M, Grumberg O, Peled D. Model checking[ M]. The
MIT press, 1999

[5] Armando A, Mantovani J, Platania L. Bounded model checking
of software using SMT solvers instead of SAT solvers[M] //
Model Checking Software. Springer Berlin Heidelberg, 2006
146-162

[6] Kong Wei-qiang, Fukuda A, Watanabe M. An SMT approach to

hounded model checking of design in state transition matrix [C]//
Proceedings of the Computational Science and Its Applications
(ICCSA). 2010:231-238

[7] Kong Wei-giang, Katahira N, Watanabe, et al. Formal verifica-
tion of software designs in hierarchical state transition matrix
with SMT-based bounded model checking[ C] // Proceedings of
the Software Engineering Conference (APSEC). 2011.81-88

[8] Latvala T, Biere A, Heljanko K, et al. Simple bounded LTL
model checking [ C]] / Proceedings of the Formal Methods in
Computer-Aided Design-2004. 2004 ; 186-200

[9] Jussila T,Dubrovin J,Junttila T, et al. Model checking dynamic
and hierarchical UML state machines[CJ // Proc. MoDeV2a:
Model Development, Validation and Verification. 2006;94-110

[10] Dubrovin J, Junttila T. Symbolic model checking of hierarchical
UML state machines [ C] // Proceedings of the Application of
Concurrency to System Design. 2008:108-117

{117 Biere A,Cimatti A, Clarke EM, et al. Symbolic Model Checking
without BDDs[C]// TACAS 1999. 1999.193-207

[12] Latvala T,Biere A,Heljanko K, et al. Simple is better; Efficient
bounded model checking for past LTL[C] // Proceedings of the
Verification, Model Checking, and Abstract Interpretation.
2005,380-395

[13] Lee E A, Seshia S A. Introduction to embedded systems: A cy-
ber-physical systems approach[M]. Lee & Seshia,2011

[14] Barrett C, Sebastiani R, Seshia S A, et al. Satisfiahility modulo
theories[ ] |. Handbook of Satisfiability,2009,185,825-885

[15] Veanes M, Bjorner N, Alexander R. An SMT approach to
bounded reachability analysis of model programs[C] // Procee-
dings of the Formal Techniques for Networked and Distributed
Systems-FORTE 2008. Springer Berlin Heidelberg,2008.53-68

[16] B4 KB4k ETERFMTHARBEE AR BRI,
2012,39(2).143-147

[17] fTR %, 244, KB . %, £F SMT RFEH 1 B2 HREFRIE
(1. #2441, 2012, 23(10)

[18] Dubrovin J,Junttila T, Heljanko K. Symbolic step encodings for
object based communicating state machines[ M]. Springer Berlin
Heidelberg, 2008:96-112

[19] Cousot P. Abstract interpretation based formal methods and fu-
ture challenges[ C] / Proceedings of the Informatics. 2001 138-
156

[20] De Moura L, Bjgrner N. Z3: An efficient SMT solver[M] //
Tools and Algorithms for the Construction and Analysis of Sys-
tems. Springer Berlin Heidelberg, 2008 ;337-340

(L% 41 70

[2] Scott M. Dynamic frequency and voltage scaling for a multiple-
clockdomain microprocessor[J]. IEEE Micro, 2003,23(6) : 62-68

[3] Nathuji R, Schwan K. VirtualPower: Coordinated Power Man-
agement in Virtualized Enterprise Systems[ C]// SOSP’07. Ste~
venson, Washington, USA, October 2007

[4] Verma A, Ahuja P, Neogi A. Power-aware Dynamic Placement
of HPC Applications[ C]// Proceedings of the 2008 ACM Inter-
national Conference on Supercomputing(ICS’08). 2008:175-184

[5] Fallenbeck N, Picht H, Smith M, etal. Xen and the art of cluster

scheduling[ C]// First International Workshop on Virtualization
Technology in Distributed Computing. 2006 ;4-4

[6] Kim K H,Buyya R,Kim J. Power Aware Scheduling of Bag-of-
Tasks Applications with Deadline Constraints on DVS-enabled
Clusters[ C]//CCGRID. 2007,541-548

[7] Ge R,Feng X,Cameron K. Performance-constrained distributed
dvs scheduling for scientific applications on power-aware clus-
ters[ C] // Proceedings of the 2005 ACM/IEEE conference on
Supercomputing. IEEE Computer Society Washington, DC,
USA, 2005



