AT ISSN 1000-9825, CODEN RUXUEW E-mail: jos@iscas.ac.cn
Journal of Software,2015,26(8):1853—-1870 [doi: 10.13328/j.cnki.jos.004838] http://www.jos.org.cn
O [ RBL 2 Bt ER AT R T A Tel: +86-10-62562563

H [ FE A SR 8 18 B RS B dh S 4 AR
ilom'Y ozgk' L o#°

USRI BT BOR B 5K T S 30 5 (P 50K 5), 08 Ml 210093)

*(Department of computer Science, School of Computing, National University of Singapore, Singapore 117417, Singapore)
SRR THSEHURL 2 G ER 2B VL8 BT 210016)

T RAE#: %IFH, E-mail: yangliu@seg.nju.edu.cn

1§ E: MAERNIE R 2 BRI e el Sl TR ST ZEAEAN I ik A R A2 R AE K
KHMXNFE RS F LB HEAEH R AT REGHMESEMIEZIABR I F 69458 7, ATV KR SR 9 2 AL
ARRATE P B AP F A R A EBIRE R AR ) A 69 T 2R —, LR T4 ) B RO R A B6 AR 4R SR
P T — e 3R A8 ) AR R AR 10 09 AR A Jy R HOR A AR AT £,8 820 8 T AR I R AR o) 19 B8 8, R U5 ey
FAER MR RS L)ANT ;Mfmfﬁ& BATeg At m R, mEst b T B AT 9B R AR AL X 2 S 4 b L
KB b AR Jh R A 0G0 B B SR T A SUR AR 3 2 R MR R AR T 6.

EEA AR IR K A L:ﬁm"s%ﬁ;#ﬁzﬂ#@ %R EML

hEESES: TP31L

| A R Sl B4R B R, e T BB ASE 2R 56 (A 2 i R R R R 2% 41:,2015,26(8):1853—1870.  http://www.jos.org.
¢n/1000-9825/4838 htm

G Liv Y, Li XD, Ma Y. Model abstraction for stochastic model checking. Ruan Jian Xue Bao/Journal of Software,
2015,26(8):1853—1870 (in Chinese). http://www.jos.org.cn/1000-9825/4838.htm
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Abstract: Stochastic model checking is a recent extension and generalization of the classical model checking. Stochastic model
checking combines the classical model checking algorithms and linear equation solving or linear programming algorithms, moreover, it
processes the probability vector instead of the bit vector. Consequently, the state explosion problem is more severe in stochastic model
checking than classical model checking. Abstraction is an important means to tackle the state explosion problem, and it has made some
progress in applying to the field of stochastic models testing. This study focus on model abstraction for stochastic model checking. First,
the problem of model abstraction is formally presented. Then, the advances in the research area are classified and summarized according
to the construction technology of abstraction model. At last, the various abstraction technologies are compared in regard to the
effectiveness of solving the model abstraction problem, and the future research topics for improvement in solving the model abstraction
problem are pointed out.
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THE ML A B LR B ) R 3, O 238 3 [ [ 5F L B BRI AS A3 1 2 AN J7 i Lk R 4
TR A9 H P KR A 2% AR 22 SE B IR R R G T BE LA T S 4 L L R R T 490y 3 2%

(1) RGA G A FHLYE, a0 Mk 2 57k s B A AL 52 (randomized algorithm) £

(2) RGUISAT IR I 52 52,38 F R e A 1 U8 FH S8 1) 2 W A 3 i G 1) 25 2 S B L Bt 1) R A

(3) X RBLHEATHEREVEAN TN 3, 75 BNy b 3 i i AT AR ke 0 e H AR Y 1 1 BE TR A

FHBE ALK % (model checking)® > ) J7 32560 AT BEHLAT by ) 52 2% R e 047 52 B 0k, B R g Bl ML ARE 7R A6 6
(stochastic model checking) sl A % #7154 (probabilistic model checking)®").

B BTSSRy 4 et 40 M ASS 200y 46 39 00 (1) A A RT3, ] O B L AR e AT 55 TS L1 B 2 I U E .

AR BT A 56 5 1k T % 236 TE 55 Ak 19 )32 0030, AR T 3 K ke, SC AR SR i e R A o | 2t
K2 Kwiatkowska P8 21 ) PRISM.. 7 [F 37 28 Tk K 2% (RWTH Aachen University)Katoen 2841 ) MRMC Al
Pl [E % /K 22 K 2% (Saarland  University)Hermanns 88 41 ] PARAM %5, B 1, B8 HUA RS 56 O FF 4A . FH 24 2
J (0 TE A M B AE L R G A 2 W)L 8 A B D30 P S A A O R 5 AR 1 R 5 o A A U, B 5 R 4 A g 2 )
Xk

R T B BLAR 204Gy 56 B vk &5 B T & R TR G 6 B0 vk R 2 1 Oy R SRR At 2 v N R B v 2 O L 3L IE AL R
1) 2 9 IR 2 1O ME S5 17 e 7 I 28 AR TR A 565 v (K947 (bit) 17] &8, BT LIRS B 4 i) fi (state explosion problem)fE fifi
WU IR A 56 w5 Sy 7 A 1690, D b st A 45 K 1 Bt AL 2R 495, G4 0 AR 24 I 0 i A i LA TR0 A 5 17 ) T okt
FEERAT F S0 1) T S B0 0 R 43 BT, A B AL AR RS 56 BF ST I 1) — AN B BBk % . 7E Turing Lecture o, 8 R %45 3=
Clarke 15401 firf £ 72 It A LASE TS 565 o P40 BR 285 1 e ) A0 91y 5 TR G 560 A S 5 40888 1y — A T 22y 17 €,

G B ARl —Fh AT R DIk A5 K )\ 15, A 28 SRS ARG 56 v MR A T A P 2 R L S i B vk
E BT TR (R Al AR 22 450 th 1y 38 35 T 10 Ay (0, Gt T IE BROR S R S REAT B RS 46 96 10F L e T IR R Beie
ATERBEIRT AR A 22 1R DRI 35 o A 1 A A (1 A 40 R R AP 2R 0 5 AR SO DA A B ML ASE B A B rP R S o A 1)
RIS BB T G FLEAT 4328 g ARk,

ARSCEH 14 H R SO T B0 (0 B AT LASE 25 50 1 R AR 5 55 2 7Y 4 L T o) B AL ASE 2R G 50 R 8 28 e % ) R
TR B 3 1 0] BE BTUAR TR A 56 A% TR oy G 15 R A3 SR 9. 56 4 747 45 0k Ll B T BB G B R i R AR
T4l G B ik 1) JL A AR SR AT 7 1)

1 FEHREE A EARER

W BILASE TR A 36 K 48 OB B A B 1) R R B B 4 2 B B L 2R 90 A8 B s 4708 ) BB P B 1) I o 12 4 e B8 T )
HR 4R ) R R ) R 2B . E T, TSR I B R SR TS DTMC(discrete-time Markov chain, &5 i
[H) h 7K 7] K4EE). CTMC(continuous-time Markov chain, % 420 [i] 5 /R 7] K5%). MDP(Markov decision process,
R AT Kk E ). PA(probabilistic automata, #f3 [ z#1). NPPN(Nondeterministic Probabilistic Petri net,F
T B Petri M), PTA(probabilistic timed automata, 8 5 7] [ £ #H1)!'%'), CTMDP(continuous-time MDP,
A 42 N ] T 2R AT 5 vk o ok )8 OVRD IMC(interactive Markov chain, 38 . 38 B /R 7] o) P04 326 L3 1.

Table 1 Stochastic system model
FT 1 BEHLRGRIR 52K

EES A+ %
O 1A DTMC MDP, PA, NPPN
B A CTMC PTA, CTMDP, IMC

EBEHL R G A 1 DTMC,CTMC F1 MDP & 35 A A B AL 2 ZE i 2, e AT 5 oAb BN R A B 1 ¢ R & 1
B, 3o X r

EX 1(DTMC). DTMC H] 5E Sk M=(S,P,s0,AP,L), F 1,

o SETHMAETIRESEA R RSN T A T e fC SR,
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X P 5 6 AER A 00 69 A R dh R 1855

o P:SxSo[01REIEB M M EL N TVseS, Y P(s,s') =1, R AR R GORE I 1M1
o soWIEIRES

o AP RTINS

o L:S—2 AR RREL T TR IR SR AR G I8 A A A

ﬂﬂj/lﬁz‘{‘ RJ J 4
S| ] /I ] fial /) 4
NPPN

ivic Nore EC P
A igh-leve R N
At E Tk FEafE vk AR E Pk

Fig.1 Relationship among stochastic system models

1 BEHLAR SR 5 R

E X 2(CTMC). CTMC 7] 5E Lk M=(S,R,s0,4P,L),H:H,

o S,50,AP,L TR X5 DTMC #H18L;

o R:SxS— H- J 3B 1 2 (exit rate) B 3, 9= 2 IE SR

E X 3(MDP). MDP ] & X & M=(S,Act,s0,AP,L), 7,

o S,s50,AP,L 5 DTMC & X I SCHA

o Act RNENMERIE A P:SxActxS—[0,1 /& M F i B X T VseS,1E acdct, Zyes P(s,a,s") €{0,1}.

H [, A7 5 30F 10 52 = I @ $84 PCTL(probabilistic computation tree logic, % 1 5L iZ 1) . LTL+
probability bounds(linear temporal logic with probability bounds, 7 13 i & FL i £ % i 32 %5 ). CSL(continuous
stochastic logic, 4L %), PCTL*. PTCTL(probabilistic timed computation tree logic, W% i 7] v1 5 b 2%
)R B s i B 40 ) Bl AR (A aCSLPP,asCSLIP 2] aPCTL! ™, asPCTLEN 2% H4) 24 WL3% 2.

Table 2 Quantitative temporal logic
*2 EENFEH

kLS AR5 A ) ]y B AL AR G R

PCTL @D DTMC, MDP
LTL+probability bounds Prob(s,¥) DTMC, MDP

CSL @D CTMC, CTMDP, IMC
PCTL* D DTMC, MDP
PTCTL D PTA

aCSL /] CTMC+action
asCSL /] CTMC+action
aPCTL @D NPPN
asPCTL D NPPN

58 H B J T8 4 PCTL,LTL,PCTLA* Al CSL 2 FEAC [ 5 1 N J 738 A, At 52 00 ) S A8 0 7T 64 2 e A1
- R s gr G, e SR

FENX 4(PCTL). X T 5 T BES AP I PCTL WA AR @1l & N

@::=truela| DAD|-D|P_,(¥),

HrpaedP, Y RBZE AN ~e (< <, = > pe[0,1 2R A RAY;

PCTL 2 wnle Lk

V=X Q| OUD| DU D,

Hop X(next)Flu(until) 5 CTL #4218 FL45451E XA [E, ™" (bounded until) & UM AR A, Bk n GER BN T 0 RGTE
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Wi 2 OtE S n R AR, o RS A =L
FE X 5(LTL). LTL A Pl & X H
Yi=truela| PAP - P IXP|PUY,
Hh,aedP AP 2R T ARG LTL 2 xip 262 — A A0 A 20, I 0 e 428 2 = my DA el e SCHE .
EX 6(PCTL*). KT i Farflish & AP (1 PCTLIRGE A X ol & Ly
@::=truela| PADP|-P|P_(¥),
HaedP, ViEBAL AR ~e {<,<,=,>},pe[0,1 ENEZ S IRAY;
PCTL* 45 0 3 W] & SN
Pi=@Q|PAY|-PIX Y| PUP|PUT Y,
Hrp, oS A n AR
EMX 7(CSL). KTFIR TS AP ) CSLARE A X ol 2 Xoh
@::=true|a| DAD|=D|P_,( F)IS_ (D),
Hh aedP, Y RBIEAR ~e {<,<,= >} ,pe[0,1 18 W TR,
e oy A PATE SN
V=X DO D,
Hrp, o IRE A AT — ALK ).

2 T (e FEAL A A A B 4 5R (6] 75 A

B LRSS 2R 56 e Tk 5 IRl [T B AL 2R e A 2 2 5 L2 s L 45 8 e e PR IO, B 3 NI TR IR
Ty ME@ o MBI SRR, 11 DTMC,MDP,CTMC %5; @ 2 JT] 5 2 I 732 453 70 1 58 I 4, 4 PCTL,
PCTL* LTLHHE 4 45 02 56 T S0 (13 2 OC R AW A8 T S W BE MU AR 30 OC T 48— I T S i BE ML
RS 56 B0 1T 2 WL SR 141) A2 F 70 T — Bl AL Y 4G 50 0 28 4 5 00 SE Al b 1047 (9 BE ALASE LAY 36, T R 7R Ky
M@ i MR R BN R SRR E R 3 T SE R 0 L X R, 0 I % (52 =M TN 24 e se %
PR AR & BB EEAh S A e B FUR A 5 i 5 5kt & S 8oe B4 TN 1 ah %, SCRR[27-3 113 0] & 1
SN AR IEAT WA S 5T 3 % M UL R T RE 2 3 BB A S SR A S (H G T M T A G
{3 A 5 A A,

THT 1] 5 1A 560 F) A5 280 552, o o 560 T B S L A ASE 20 /0 (g oy G A 20 o S8 T SR L AR 28 W S i M R @
AR ME G 2] ME QAR (E B0 B an & 2 iR,

SR AR M

LRI @

TG M=

BB AR 36 i R M=

@G> G
Ci >

Fig.2 Model abstraction for stochastic model checking

B2 i ) BEATLRSL G (R R 20 il 52

A
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X P 5 6 FAER A 00 9 A R dh K 1857

TG AR H BRI SR AE E / BRES A T A T AR R RIRUE RH R A 5 )
TR S 5 R T AR AR B 25 0k, AR R A5E 00 b 5 43 R 2905 2 DL 4%

(1) BB ML /N TR AR M,

2) MFO->MEOMED>MED.

DRt T v AL AR 56 P4 455 20 e 52 3 BT I DA i) 780, FRAT 1R He 5 MA4SMC(model abstraction for stochastic
model checking) ] 7 :

@© WA 3 B TR Bl SR

@ ] B LA 28 G 65 46 4 S AR 2 2

® AN USRI L E Bk T2

@ W] R hl GBI AIE ) S 45102
Horpoafar 812 MA4SMC i) (D A2 52T A T~ 52 0% BEAUASE B A 56 077 25 ) DG Bk, e K 58 1) 5 468 ) i @)~ ] /L D [
i P T VRN R

3 HEMKMRAERER

AFTEATHE I MAASMC i R QO K7 P 753508 B 1l G g R EAT 70 2 5 5, 20 il J BRAR U R BOR 554
(KR 2, I L T 32 22 (B 7k .
3.1 ETRUXFENHR

31,1 SRAEE H AR

SRR R ELAB AU B2 Bk Ol MR LB, S X LTS (labelled transition system,bi5 355 R 4%) L () i A3 fp1 13334
(5 B, B S A 2R E AR RIR A 0 LA A A £ SR 26 FUAERL T (9 S5 A0 SR A, AT A IR (R T R R

EX 8GRI R B, 4 M=(S,P,s0,AP,L)32— DTMC,7E M I st T A & 5 T S B2 < & R,
B AL (51,50) € R A2 DL 448

(1) L(s)=L(s2);

() M TRANTFENH CeSIRP(s1,C)=P(s2,C) I, P(5,,C) =Y P(s;,0).

WIH(51,50) €R,R & M _F I BEME SR FRERL PR 25 50 R 5y FR R A0 26 ELABEAU S, i ARAC A 51~1 82

f£ CTMC Iy 3 M 56 TERE R0 P, 5 B 4 1 (2) & 1R (51, C)=R(52,0), 21, R(s,,C) = > _ R(s,,0). 4
MDP |- ()5 R A e B0 T S 4 AN e s VIR BRI B AT Act, 1745 — D S EE AL 2L 2 4 1R Q2).

SR AE 3 B ABEUL T LA ik /> L AR AR (10 DR 2 2 )38 i 5 B 1, ) S AE 5 B AR UL T R R R i S A

EX IGEME BERE). 2 M=(S,P,s0,AP,L)/—> DTMC,M 58 M 2 T AR L 7 AT 52 SUA

M/~=(S',P' AP,so,L"),

Hr,§'=8/~={[s].|seS},[s]- KRR s BIRMER B IR P ([s]-,C)=P'(s,C);L ([s])=L(s).

LESCRR[371RIFETE b SCRR[38 ]I 45 T H i DTMC.M (53R BRI My~I 032, R 4 - K 4k
ST B R

(1) AR T R B BARBEARDIRS AT HILA K 234 {S1,S5,...,8, 3 FeE S IRR 25 2 AH [R] 1R % 5 bR 2

(2) FHTEREDEHIES S,U0,3 5,5 eS, 5 T HEA S,LP(s,S)=P(s,Sp);

(3) RS S KI N T HEE LA THS T HPRERIE S, MR 2

4) FEELEQ). HEQE), BB RIS R EES NI

T T K1) - R A SRV T 1 380 B KR (¥ (coarsest) 5 A 26 ELASEHL 7, (HL LA T 470 4 i) 43, B ZE 0] 4 K 43 1 i
A NREES P LEREHA S B HLEN LR

WNFR 3 PR, FE T 5 2R TR S5 4 B0 5%, A MY~ ORI 20 FH 1043 R Ak S ok by 3 B 2 i 20 EL A
SRR FE PCTL*/CSL 5 Bt 2R M ot A B AR 5 1 R 45 1 (), B AU 36 My~13 51 1) &5 St 5 B A iy
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5 M 133 ) 4 Rt — B0 I s A AR RS 2 (R 3 O, LR il G 28 P BT ) A T R e A R A 56 A
TR (1R I 8] A b, SCHR[4015K F 20 G 1R 075 325, R R A RSERY 110 B ARE o4 ELABE UL 40 i Ay - H A1 1) TR NRE % A9, o R
T POTS(plain-old telephone system)H] 5E & 7 HT; CHk [41] 8 X F % T MTBDD(multi-terminal binary decision
diagrams) [ £ 5 H%SEHLA I DTMC (1) 1 B A, FLAE I A] R0 4 K BBOIR A48 28 ) B3R BLH T Bl I 94
SCHR[421F F EBE 48 3R fif 4% (satisfiability modulo theories, i #X SMT)M PRISM B4R T 75 B 42 1 itk SR 1) A
UL, G T 7 SR R AR IR 2 T T T AR R IR AS 2 R SCHR [43 ] LA 2R [ S0 B ATL R e A 20 7E 5 X T ik
1 2B HR R 43 S EREPL IR Al b2 T — ot (R S A 2 TN, 5 H AT 0 S % RS T L R A
PREF PCTL* 1 BT 42 1 45 21 d5c /) 14 A % EL B4 ps 1B 7.
Table 3 Abstraction based on strong probabilistic bisimulation equivalence

R3O TORMEAR LB A 5

DTMC CTMC MDP
G A DTMC M/~ CTMC M/~ MDP M/~
[APEWARFN Xl 53K A Sk Xl 43K Ak Sk Xl 53K A Sk

I JB] 52 % i O(|M|(log(IN))+|AP|log(IN])) O(|M|(log(IN)+|4P|log(IN])) O(IN|M|(log(IND))+log(IM]))

] 56 UE M R PCTL* CSL PCTL*

| MR RS HG N AL TTAS B0 |4 P A AL I 1 i 4

3.1.2  F9REA O

5 58 N 3 AU A L, 95 AR EL ARSI — bl A g KRS (R R PA 5C 2R, T LA B85 /S [ i A7

EX 10(BFHREE). 4 M=(S,P,s0,AP,L)&—" DTMC,7E M RIS MR TR RT S KSMm L5
R, H X TAE R (s1,52) R, i A LR 4614

(1) L(s1)=L(s2);

(2) W TEAZEANIE CeSIR,C£[s1r,[511r FARE 5 [ IFM R B ARUR A, s, 1] Bk s, ] LAMPR A A

B sy 1T 2IE [57]r AAMIPIRES, HF . P(s1,C)/(1=P(s1,[5110))=P(52, ) (1=P(55,[52]r)), W R P(s;,[s:]p)<1,
i=1,2.

WAH(s1,52)€R,R f& M LT IGHEAR TR PIRES 50 F1 5o )R 59 M5 HAHUSEMN, WIARIC A 510150

L5 5 M 3 AL AL, MDP - 14 55 M 5 EASE UL % 55 MR E AL 7 (1 sz S350 T AR I 1 46 4 i 453 2.

FIMER TR T R AR08 X(next)BR AR B4 PCTL* 15, B, 2 1 S35 2 AR %45 R 410 (2), 3L
AR T LLT BN (0 i SRR Ry Bt il S AR 5 S T B P A A L B B O e T DTMIC, SCHiR[44]4%
T RS SB35 B AR FE SIS T MDP,SCHR[46]45 H T A3 S G 70 (g Fig B g S0 005 EL 1) 2012 4E,
SCHR[47145 H T R I8 Bl G A Y 1) 22 T s v
3.1.3 MR BI

i Ak ABE AU 2SR DG A 2 iR A L0 i s R L B i AE R BE LR 25 19 43 A (distribution) 7 %2 U it
(match) HAEPBUIR 25 (K0 20 A3 40 A (1M 4 7] LA B 6 % (weight function) 815k %1 .

EX NAREE). 2 Dist(S)F R K TIREERSE S MRS, u,u' eDist(S),RSSxS,FeDist(S) & —(u,u')
FR AL BRI, 75 B L LN

(1)  F(s,s")—>(s,s")eR;

() w(s)=2 F(s,s;

(B)  wu(sh=) F(s.s).

W AFLE () FI R PIBCREL, FTRR I A gt

EX 12GEBHER ). 4 M=(S,P,50,AP,L) /& — DTMC,RCSxS & 3B HE Z A, WA T4 32 (51,52) €R, i A2 LA
4

(1) L(s1)=L(s2);

() P(s1,¥)SrP(s2,%), P(5;,%) = )" _ P(s;.9).
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X P 5 6 AER A 00 9 A R dh K 1859

W (s1,82) €R,R & M 1 PSR MR R AR WPRES 51 R 5o FR A SR AL AN, FTHRAE A 5130152

#E CTMC 1 s Mt e anl iz SV B30 2 1R 4 1 A2

(1) AN DTMC 6 2 3% 2 BT

(2) sy ZERATH s HARAIR HH .

7£ MDP I [y i kA0l sz SO Bt AN FE A 2 M PR I BN Ace 7746 — AN B A e B L0 2 41 2).

SR AU AR 2 P L My B R i G nT AR PCTL*Hp (5 B 22 A BUAELME T, B3 A2 P AR 5 14
R M & MF O;fH 5 58k 2 FAALAH LE, H A 21 (1 41l S ASE B PR ARZS 25 [A) /I AR it il G A 2 (1) B0k
W2 2 TR - Hi 40 AR T DTMC Rl CTMC,SCHR[5 1] 28 1IE B, it B 2R AL 46 A 5 i ik 26 00 — 30,
D] b ) 38 il AR (18 I [ 52 2% 32 8480 X T~ MIDP, I SME 4 ALALL s P A AR T S 30 L0 v, P A 1 BV R0 I
B2 Hds K Lk (parametric maximum flow algorithm)©*) SCHR[52, 5410 bl T — S8 ek A%

3.1.4  S5MEREAY

S5 M AR UL TSR 5 2R e e Ay KR AR UL G 2R, e ORI 7o A () 3o R 5 SR B 56 R AL 58
R 2 AR R P T 3 7 Bl R B 45 21 1 il S ABE B A0/ AT CRAF AN 7 X(next) B 4238 ST 1) PCTL* R € %2
A B PE ST B e 2Pk B A AR S B RS AE () M @ ME @ (B LI ) 52 2% B th i v B2 H L O
TBE T 59 MR AL Hl AT SRR
32 ETRFLEHNMR

A A 17 OS5 I 5 SR B A O BIA T 3 — AN 2 5028 2R 4 O ] 5 — Rl A 8 A A0 e ) LAY 2D 3R
SRR R (PR ZS FHAT A S0 LR A R0 3 575G R AR T 3 % e A 2 TRD R D 7 2 3R, 3 LA S (9 D7 8 kAl J 46
iy T 23T - )\ 5, A2 95 4 (ample set)™" V) g 54 187 7 VA A TF 4R FH 1 BEALASE R G 56 ob o B ik 2.

ST B A TR T VR IR AR AR X T MDP M AT —RES s, 2 H BB LN ample(s)cAct(s), 2R a5 H
ample(s) KA Act(s)FIHE i FFAL T ) MDP - M .M B 9 Ml 540 T O3 S8 0T 5 Ul M = (S, Act, P,sy, AP, L),
Hrp,

oSS, AFEWEIRA so FUREA {1|P(s,a,0)>0, s € S ,acample(s)};

o [:5-27,

. ﬁ(s,a,t)z{P(s’a’t)’ if a € ample(s)

S ER 5 SUPT AR AL B 45 A, Y T A TR IS 1 il G 2 T LR S e I Y TR SR [61] 26 S0 B A AR 1Y)
i Ak 1577 7 325 | N B BE LB R G 56, SL A MDP 5k, i 28 g (i 2 5 41 4 PED OO0 AT T 97 78, Bk AL g A2 0 0
WARLLT 5 AN

() JEZSEAE BN TAE— seS, @drample(s)cAct(s);

(2)  WE(stutter) 5 £F, B, W15 s € S 3 B ample(s)=Act(s), 54 i G EE acample(s)$d) J Wi S1E;

(B) ML IR T HAKR, o =s—9s —2 . — % 55 —T 5 seS I HAKBT ample(s) F1E

—Aiedl,...,n} 115 a;eample(s);

(4)  REHO AR M AR M IR 23 ) B (T A) P AFAE —ANRES se Tl AL ample(s)=Act(s);

(5) AR M A B IR EATE M P — B o =s— s — 2. — s, —L . H

t,seS ai,...a, yzample(s) ) Hy 2 HEZ (41,95 4 |ample(s)|=1.

LS, SCHR[6 1] 1 4 A (4) 72 0T 28 3L SR A5 4R 45 A1 (4) 1) 59 40 70 22 BIL IR W5 4R 45 1 v 45 11 (4) I I 30 45 A1, BV 6F
T M PR s — Ay — 2 — s =5 JEAE AR 5 75 ample(s;)y=Act(s;). SCHR[61]E XL
BRSNS i )3 A 15T i PRl A 28 5 B A S 20 1) O R A MU 6 W 55 7 (probabiilistic stutter equivalence), AR FEAS
HOX ST HIMEE S LTL PEJ5CSCHR[621 0058 T SCHR[6 1157 14 1R 2 08 45 4 15 (5), 44 H0 A48 Ay 3 TAE — & s e S,

0, ifa ¢ ample(s)’
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ample(s)y=Act(s)EL#E ample(s) it F— U R S SCHR[62]E S AL 5 42 45 -l )7 A0 17 5 1 4l st 7 5 g L
PRI IR 5 R L 58 42 1) 1T HE % B 48 (complete forward simulation), 1] i 35 fg KM 28 1 2 1) 5 e M RIS X 65
TR L0 LTL PR 5,12 5 s L4 A8 T H LiQuort ™ 4 I 3% T 3h 298 B2 At S5 48 R 5110% on-the-fly 7= 2E fb R #
TS SCRR (6413 — 5 IR T SCHR[6 1 10T 889 (1 L W 42 45 1 (5), B JL A8 ot TAE R s € S, WL ample(s)=
Act(s)BF ample(sy={a} H. a ZAEMEZR SN L5, 1% 4 02 SCHR[S56] 4 SE L /> AR 28 28 S s Y i) 1) m] W0 E A%
PLE SR SCHR[64] 78 S AL 2 4% 1A Al 7 A 5 5 1) il B 80 5 i L AR B 7R ) O 3R 2 99 M L BEDL G 3R, 7T
REEAT A X BT PCTL*PE .

HARCHR[61,62,641 058 T R4 PF 1K S0 T BEALAT 2 Hh 52 S50 45 5 7R IR A RUT A2 09 b ] o 7
R 5 17 FH T A Bt RS 0 il 55— 10000 3o it 14 o B 2k T 5 8 P ek 1 SR At Sk 5 SR 10 A o B R 4
b F 3 ) B, SCHR[65] LA A i J 3> 4k 51700 JE Atk o VR i A4 167 5 B 245 40 BT B A 45 4 3 F 7 MDP B8 4k
7, 25t T — AN 1 i A i P A 15 00 B AL 2 et 5 M 24 o 7 s v N 81 2R 48 0 2 S VR, 3 P a4 4
CSOMME 23 975 T YL ] 00 SR S 3O %o V2 (1 o A, JFE P (R e I AN A 2 ) S 0% 1P 1 4 S ) 21

L5 R At B2 FH T B W LSS TR {0 1 S [+, SCRR[ 700 25 K [ AU 5E (stubborn set)' 7 725 FH 1 B ALABE 704 4k 7, 45
HT R T 55 A (1) MDP AR (1) f 744 16 7795, 9T T on-the-fly 6 i R AR ) Tarjan 54572178 PRISMI
ST T AL T L L AT DR R TE 4% A 2 S ks A R TR 1 R S 1) S5 AR 6 ] A o
33 ETMRLERAMSR

X B A BT TTUIE I T 2R G B 70 A 5 LA )R 245 5 R 2 R ot L AT A TR, U AR TS T B R G T
[ JB3 S R 5 6 R A 2 11 A B0 X PR AR AR 22 B LR Gt B o 404 B AR O, A BE AL 43 A S0 A DR M R

EX 13CREMER). 2 M 2> DTMC,A:5—S &7 e s 3047 AW 2 P(A(s),A(s"))=P(s,s"), W] s F1 5" 52 %of B
KA.

75 CTMC L FORAS I 58 A 34 P AR 0B R s % Ry 7E MDP IR B A 52 3, 77 ZExT AR 5T
PSR A I, SR L e S A

ot TR A AT A0 o £ S K R DR 20 B4 52 1, 4k R A 7 1)t 55 ) i S s i A 2.

EX 14 FRET). W T4 TRA S 23 06 B G FIAH Y 1 orbit ¢ & 6,4k 1 J5 i DTMC R B 78 1] 52
J3(S,P) L, S RAFTHA orbit K —AMEARE, P(.5) =2, (PG5, RHL rep: S — 5 kN
B AIRE s D N IACRIRA rep(s) € S,5,5 € S.

T CTMC I MDP [ FR E, AT AR 45 A R PR AR A5 6] B o A5 3.

TRk BT 10 dih 5 FH L 2 s il B S 2R i R 5 UL AR s o A R AR L O R S DR b L AT R
PCTL*8Y CSL 4 5, (A4 38 Xof K 15 22 L A) 28 Ak 2R EL 00 35 6 2R AR /N SCHR[ 7814 & 17 SCHR[79-8 111 /7 vk, 45
HH 0 T TR 1) AR 2 T 1) B ATL RS ZRY [ FR A B 5 vk, 3D FR AL TR Rl MTBDD [R5 5 R 45 A5 E — e, i X
T PRISM #4518 5 ¢ T DTMC 1 MDP # XI5 #% T4 SP(symmetric PRISM), 37T &% T T H GRIP®Y, |5 53
¥ SP B A, A4 (A58 SCRR[83 1R I 3 A B Ak fay 585y Dy vk st 77—l T [ ABS 78 J22 T ) A LA 25 )
FRAGTR 554 AT DTMC,CTMC Fil MDP Bl % 48 T 2T MTBDD i — i iy 28080 2 X K 7 A5 20 1) 4
IR LAE PRSIM. 1 HL v SEL. SCHR[86]IA D4y« Eh T G A% 18 5 11 B 1) 240 AR P A7 A1, LA SCHR[ 781k AR 1A T 1 15 5
25 THI 14D B BILASS 28 (0 060 R A 15 7 90 1R e D 1 52 2 B 280 ) 40 TRi R bk, SCRIR (8619 i T SCAR 7811 T4 3t 7 —F
K FE I W5 1) SPSL(symmetric probabilistic specification language) 5 5 W 1) 3 fi fih G AR Y [ 54 ¥ 45 9%, 9F
76 T H GRIP 7 S B, % ¥ J5 AR B 1T DA B 4% ) PRISM T B U6 SE. SRR [87 14 X R AL 187 it 52 05 i 5 TN 3] B 2R
A5 R BE AT RS 50, 58 H — Pl ey 52 28 09 2 S Bk FRT (R B ATLASS 2R 5 5 v X T T BB A 58K 1K PSS i S
(probabilistic symmetric system language), 8 i # B 25 H T B 3 &KL PSS XEFR 4544 (1) 77 V5, 18 B € 1L S92 01 Ry
SRR ELILL T A7 280K 5 PSS SRR AN S 7 vk, I S 1 P g 9k, vT DL BB DA PSS 4 3 Xt ik i A5 AL

s'eS|rep(s')=5"
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3.4 ETHERRMISISHEUMER

IR G AT B (1 e G AR L T T4 Ak B A SRR (bR A 2 ) 36 B sk, FLRE G BRAR S BE AL R Ge A
B SRR AN BRAR Ay i, R TR 2R S 5 ] R A R B (26 S A9 51 R Al SO A0 2 A 48 BB A e b
RS BRI W B CEGAR(counterexample-guided abstraction-refinement) ™84 A N F T~ BEHL 2 Gk 0 iy i 4, H:
SBT3 SRR s T R Jh BB AT E & T 77 45 41 % (existential abstraction)™ .41/ 3 FoR, 3
THEZE A5 51 2R AL A Gt — A B S Ak B, LA AR - S A 3t — AN A b REURES 1) B AL 2R S A8 2 1) il e e
R0, T B ATLASE 28 0 LA 56, P RS, 560 225 R 1 TE 200 S 4911 38 e K XA 2 1) il A 28, 1 1) 0 1 1k I AE S B 2R 1 1 A
B R T & A A AR .

LB R B oy
s trmit s [Q e’
% ﬂ
A T H LB g P
A 10 7 R AR
%
o

i 7 4 ) B
N Hh B A AR
STt A /‘\':Kjﬁ T T ST

& % 451 ﬂ%

JEURAK B LA Y JEUR A B LAY
ANl 2 2 B i AL RE A U2

Fig.3 Probabilistic counterexample guided abstraction-refinement

CICI % VR IR S L IAGE E R N

SCHR[8OTS A 1 FL4ME 2, SCHR[90] LA PRISM 1 75 ML () MDP B KL R 4 B, i MDP 15 4 i 5 B8 A 7]
RAAERAL G ) DTMC AE b S 1] 380 2o 56 T 470 (81 0 18 ) 9 Bk 20 07 S i), 205 8 T 26— iR S 491 75| 3K A 1 il
GI7VE IS T AR TR PASSP AH L FURE (R B oK R ik s i . SCIR[921H 6 SCIR[90T CR4eF i v 1y
B, I 4 Hh I S R S e SO IR B AN 7R 40 G, SCRIR[92148 Y 1R 45 7 MDP 1424 J 48, 45 th T 22 T =X
IS T £ S A 26 SR 1) MDP AR D i GBS, Bt T — Bl al 56l PCTL 5 42 42 T 1 1R 0 O M4 Jse 491 5 |9
% 5.

3.5 ETIRESI SRR

W 4 s, AR TR ZE S R A R GR ZE 5 I SAS )W — Rl B 3 A SR L R AT B S
e TR A 5| 5 A I B A ARl Ak I B AR T VR L B SR AR MR 25 (B A S 5 22 ) 1k
h B AR TR (RS R RE, SR A 2 K, W) RS AL i B A

SCHR[93]0] LAG R & 4L 115 25 5 SRS I Il 5 07 vk i) 4 %, 3L MDP BEEL{E L& MDP B8 (1 ik G A5 28,
HUBE DR KR f KM 26 1 I8 8 8 o P 5T, RS A 25 10 11 4 AP AN S BB B 45 B8] 6) T 3 AR 23 3 A2 45 0 11 R 4L, OS2
TAHRN. TR RAPTURE.{H i F-1% 7 72 HUe 7= A il ik M =8 e /IME 09 St sl KA 1 b S b 5 vk, s /r 3L 3 0
4T DTMC B8 il 4.

£F %6 MDP 1 2l MDP Jili A 78 (1R 2 —— U 7 28 nT IA A 2 a5 /MBI Bl KB I B 3L, SCR[94] 8 K
2t BEHLGZEE 4 MDP (#4ih G A8 DL 5] S L AR R MDP (1 AT 2 1 R DR ik 52 7 18 10 39 (AN f 2 1
FL0T DL R i 15 30 A T8 M 26 g /M sl e K AE I BN S A SCRR[941 77 V4 10 H B AL RE BE R v, 75 2 T Bl b Rl 9 A5
RUIR A 23 10) 4 b, SCHR[96] 45 STHR[90,92-941 (I JE 7l 1 45 H T — P2 B A 3l 3E TR 2 5] SR L%
5, AT B A AR SCHR[90,921 H Al S AL HESE I SCRR[941h U G R 7= Tk SRR 91 A A J7 VA K
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PG AR R SCRR[961 1) J7 10 ok FH Ok Jie T H PASSY7L AT LA bl 75 31 45 /N ) Bl AR R A i SCRIR[96]11) 7
BT JR B BT, RE A6 TR ] TR, H i A AN BE T T PCTL S i 2 Ak B e

ML

A2 2
T s ——
SRS 109106 1 AR B AL

w

I s
wEmEEES | R

% H%ﬂfﬂ’fﬁm
a?

Ek
e

H} bio

Fig.4 Error guided abstraction-refinement

KB 4 RS PR R R S AE L
3.6 ETAHELERTISHELHER
1E3CHR[90,92,94,96 11114 G K £b J7 vk, SCRR[92] 72 ] AR 4 14 5 ¥ [l e K 1 7 v (B L B R FF PCTL &
A TR A T, B 4 S A 2 9 S P T, D) e L A 20 A i L A i S AN 9 A P T, R
PRI AR A T B AL S T T AN e 25 IR 51 S I S (3 (E SR ) B AR AT PR Bk A 2, 3 1
% 7 VLSO R S RS A HE LR, K iR AR & 5 FITR.

J5 FL AR BEALBEAY

RS 10426 5 R
e U
S5 T e B LR
&ﬁﬂgﬁ@ﬁ? 3 o b
— e
3 {iBiHL
Wi BRI
G EAE | | mhgsion s
GROKE [ RN

Lk

R hLRE [ LA BB
R A2 7 R A ,a L A

Fig.5 Indefinition guided abstraction-refinement

K5 ANHiE 4R 51 R B S AHE R

SCHR[100]d 5040 H BEHLBE ALY 3 (i Z R4k 735, L DTMC 18 b BEHL R G A 5 X U ONRRIT B
MEZE 45 H —Fh il % 5 7R 7 G BEAR 2 (abstract Markov chain, {6 FX AMC) I F LR 7Rl AR 28, R [A] F FmT F T3¢
7R §tiE 3T (under approximation), X [A] | 5 A] T35 [ FLiE T (over approximation)fis &, b H AR R B Hh 5
B[R SR SR RO R 45t T PCTL 19 3 {R 8 X S HREHUBI RAS 56 AMC 5092, LRI R FF PCTL i, 1Y,
U G A AR B AR A AR (2), (ELIRIE 45 SRAT T Rl AN 5

SCHER[102]44 SCHR[100] ¥ 77 VA R HT T CTMC il 5. 3CHK[103,1041% SCHR[100,102] 10 77 84T T BUEFI Y R,
B o A G R o R AR A 1 BT 9T T MTE AL DTMC F4E—4k CTMC 18 3 #1507, S BEH U (14 3 (3l %
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AT R IR B LA
4 BESRE

AR SC LA BE AT 2R A 260 v (A5 2 e S s AR A B S0 G 0 LEAT T ) R b T 3 S R S 1) A
& ARSI A S B R b A BB R S8 7 A RORT i AR IR N B AR (A A i S R AN S e AT )
[R5k EE R OC R R
(1) TR OC R 14 B R 5 BE AR (1 e G BA, LA G B A A 1] BLUH &5 00 JE R R 3R A0 .
(2) MEZTBRL, XRRAGTRT S )31 B TR a4 5, LA T 2 — S AR Bl OB, AT LR R P 42 Y
BB R A 2 3 40 A 3 i IR A 25 1) AT 0 2 L DR R R RN e 2 B R B F i lh &,
L) 2 1 b S SR 25 kg REL RS AL W] R 1 1k TS BRI 48 /)
(3) W TERA % il G B A AR B AR R Y S T [ 2R AR 2R S 6 ok R R SR A e A1) T ik
AT LA — A 1 B A LASE 2 e 6 B U 56 I R S A9 SR AR 6 T Bk B i R AR Y 7 MDP )R] B AT
— P01 I ATLASE A 6 V48 6 VI R 2 43 SR A 4t S A 2 2 AV 1R A 28 ) T ) e e R ) AR kAR S
TSR AR AR AR W B S B SR AP il AR R e AMC [ B2 3 (L Bl BLASE 2R A 56 77 V2 360 0 (E AR 86 S f51 A

SN
(4)  AEER I B EOA R BT B A BT AT O PP 37 1) il 52 BOAR R RE XL 28 A Ny A5 (1 BE AL 2R S B ZR E AT
EiliE

(5) AT GBI T, L MDP F1 AMC 15 2 il S8 2, L4076 A1 ) AR () il S8 BUR 2525 [A)H AMC A
A GAIY 23 AT T R A8 /b, HL I Al 5 R O vy, B AME 2% L B AP A 1 P B A
(6) FEIEAAINZEAR LR 3R N H AR IR BRI AT F AR 2 2 H1E L Z s, A5 R T A7 4l
G e X HARBI ) b FUE T, Bl AR B L B AR B RN BT 2 (AT s 3 AN T DR ek A
PR AT bR AR FUE T (H T35 25 XAH G 3 (SR I 3 (I 2 AR 1 SRS 2 A
IS 4] BE AL ABE A B .
AR H BT ) BEATLAS A 56 AR R G BOR CLEAS T — 58 I3k i (0 LT 4 W AR 45 2 i 9 R /N, BE 4
P 3 R 3 A 5 T 404k, B B A RE 45 H Al o MAASMC i) B30 (1) 375 72 25 22 TR T TIA kT UM B R JULAS 5 T Sk B
POl b7 5%
(1) G HEARM e &M i
TH1 ) BEATUASE B A 6 1) 1l 5 B AR () d At R 2 i R B R 5 A S8 A PE R Ak ik S8 & M 4 Rk
RS M i 2 PR3 @, MIAEAE — A/ DA BRURZS BB M B M R Hh %, H M@ YR o, A 8 2 45 5 %
HIY M52 1 5T @, W) B AR M3 2 PR . H I IR 4 S B AR TUAN D B B LA 801k R SCHR[105,106] 2 4T,
L E A KT 58 & MR AR5 TAE.
(2) MMGEHEARAE LR
1) TR ISR G 2R e SO LA 280 1) ) 3 S S 28 ) RV A A e A DR 2R ) b LA
F 5 B B LA TR 2% il A4 T 8 2 T A SRR (107 F il 5 e 1O 1000 1) o e R AR
N ZRASEAEL, by S50 S A R 2 A TDL R R 8 B AR A T — AN I8 A A IR T 45t T — ol i) s
PRI AR AR HUL ST 70 SCHR 43145 Y T —FlBi I8 55 T PLTS(probabilistic labeled transition system) ) fiff %
T RELRINE 2 A0l 5T S, AL AT DL ME B i Z1 i PCTL* 32 38 5547
2) DN/ 55 R 0 AR 2 A% A, TSRO A T R AR T B el A AR A 2 () K /N ] () S A
3) IR RS AL E AR P9 S A ik SE IR A i AR Je R AR el e e 3R SRR
HEEAR.
4) HEMBEAR NG UETT 2, WHE R - TRUEHEE S $ SO SR M 456 T8 U & X SR T7
V2,00 SCHR 0, 112 “EAE J 13— 5 1] IR R
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(3) MG H AN AL A UL K
% AR B TR B a5, T LU LB B s R DL b BB R A A T, DA A L A9 B S A R 5
g gt
1) HER B RS 55 4k 7 1k 10 5 B, 40 SCRR 10611 34 2 3+ 57 may/must 7 5K A 2h SE L SR 1k
V.
2) A5 0 RR TV RGO P A TRT 2 25 4 BB AL 2R G 28 ) B 0 A T X R A ) A 2 il L 2R A5
U TCARA, I K AT kil A 4 4 7 38 B mT B
(4) FBENB B R B AR
HIF TR Xof B AL 2R S0 A5% 284 (R0 10 il B 30 AR, e I o ks 110 0 8 7 ¥k, SC R [66, 113156 X T — Tl 1) 5% -1k
K HBIHLI confluence M4, HIE I 3L T confluence 1b 8] K141 5 nT AR 543 3 AL, 31 1T LA on-the-fly ¥ ;2% >
SRR 2 OB TRARG 56 (0 e 5 TR B T A O R, 9 BT R [ 1 ST 5T 2 35 1, 2 50 50325 Y 0 H)  B ALAE
RUPR AT AT Pk FRATTIN A, T2 o SRV (1 e G 0 B A LR 2 (¥ e 5 b N2 A A
(5) SHGBAR R T A 27 e R A A3 il 1) 7
1) BCBEARAIE FE 2 4 A Bt WA TR A 6 AR 38 O T o 2 2 B LA JR A, i 121 STy S e i 7 A 4
S b G B AT A 2
2) PR LB AR IR G 56 PR S B A LRSI G 56 12030V T 3ok 1 2 A B A K B A LS Y ) 2 497, 73 B 50 45 SR 1)
J5 3. HET A G- R A T AR F T — M P B ATLASE A 56, 2 0 T T PR S B AT LA B R 56 N % 4
A5f B2 S I AV ASS G 560 5 P, 5 A W AT IR R B A LSS 2R A 560 = AR A0 5 R IR A OG5 .
(6) MG HAN HH MY
AT, T Jia) B ATLASE 25 500 1 o 5 AR U L TR I B AL R G i 28, 10 DTMC,CTMC A1 MDP, & JF 45 )3
T MRS 8 S A T — 2553 24 88 high-level FRIBEHL R oM R I8 A7 15 39E— 25 AT 5 ] o5 4y
G AR N FH T 2K B ATLARSE TR (3 50 1F, i 4 B ) R T R e S RSO0, A A R AT RO LR L R 4
RIS SRR SE HER Petri PIUSUAIBENL 22 A [ 2545 Ay (19028

Bogt ARSI AR BIVE IR BAF B BOR 5 7 Ak bl 7] 3T O 1R 5 B, £ L e Sl

References:

[1] Liu K, Shan ZG, Wang J, He JF, Zhang ZT, Qin YW. Overview on major research plan of trustworthy software. Bulletin of
National Natural Science Foundation of China, 2008,22(3):145-151 (in Chinese with English abstract).

[2] Baier C, Katoen JP. Principles of Model Checking. London: The MIT Press, 2008. 745-790.

[3] Clarke EM, Emerson EA. Design and synthesis of synchronization skeletons using branching time temporal logic. In: Proc. of the
Workshop on Logic of Programs. Berlin, Heidelberg: Springer-Verlag, 1981. 52—71. [doi: 10.1007/BFb0025774]

[4] Queille JP, Sifakis J. Specification and verification of concurrent systems in CESAR. In: Proc. of the 5th Colloquium on Int’l
Symp. on Programming. Berlin, Heidelberg: Springer-Verlag, 1982. 337-351. [doi: 10.1007/3-540-11494-7 22]

[5] Lin HM, Zhang WH. Model checking: Theories, techniques and applications. Acta Electronica Sinica, 2002,30(12A):1907-1912
(in Chinese with English abstract).

[6] Clarke EM, Emerson EA, Sifakis J. Model checking: Algorithmic verification and debugging. Communications of the ACM, 2009,
52(11):74-84. [doi: 10.1145/1592761.1592781]

[7] Kwiatkowska M, Norman G, Parker D. Stochastic model checking. In: Proc. of the 7th Int’l Conf. on Formal Methods for
Performance Evaluation. Berlin, Heidelberg: Springer-Verlag, 2007. 220-270. [doi: 10.1007/978-3-540-72522-0 6]

[8] Ndukwu U, Mclver A. An expectation transformer approach to predicate abstraction and data independence for probabilistic
programs. Electronic Proceedings in Theoretical Computer Science, 2010,28:129—-143. [doi: 10.4204/EPTCS.28.9]

[91 Baier C, Haverkort BR, Hermanns H, Katoen JP. Performance evaluation and model checking join forces. Communication of the

ACM, 2010,53(9):74-85. [doi: 10.1145/1810891.1810912]

© PERREERSMROT  httpy/ www. jos. org. cn



X P 5 6 AR A 00 69 A R dh K 1865

[10] Duflot M, Kwiatkowska M, Norman G, Parker D, Peyronnet S, Picaronny C, Sproston J. Practical applications of probabilistic
model checking to communication protocols. In: Gnesi S, Margaria T, eds. Proc. of the Formal Methods for Industrial Critical
Systems: A Survey of Applications. Washington: IEEE Computer Society Press, 2012. 133—150. [doi: 10.1002/9781118459898.
ch7]

[11] Calinescu R, Grunske L, Kwiatkowska M, Mirandola R, Tamburrelli G. Dynamic QoS management and optimisation in
service-based systems. IEEE Trans. on Software Engineering, 2011,37(3):387-409. [doi: 10.1109/TSE.2010.92]

[12] Kwiatkowska M, Norman G, Parker D. Probabilistic model checking for systems biology. In: Iyengar MS, ed. Proc. of the
Symbolic Systems Biology. Sudbury: Jones and Bartlett Publishers, 2010. 31-59.

[13] Clarke EM, Grumberg O, Long DE. Model checking and abstraction. In: Proc. of the 19th ACM SIGPLAN-SIGACT Symp. on
Principles of Programming Languages. New York: ACM Press, 1992. 343-354.

[14] Huth M. An abstraction framework for mixed non-deterministic and probabilistic systems. In: Baier C, Haverkort B, Hermanns H,
Katoen J P, Siegle M, eds. Proc. of the Validation of Stochastic Systems. Berlin, Heidelberg: Springer-Verlag, 2004. 419—
444. [doi: 10.1007/978-3-540-24611-4_12]

[15] Liu Y, Miao HK, Zeng HW, Ma Y, Liu P. Nondeterministic probabilistic Petri net: A new method to study qualitative and
quantitative behaviors of system. Journal of Computer Science and Technology, 2013,28(1):203-216. [doi: 10.1007/s11390-013-
1323-7]

[16] Beauquier D. On probabilistic timed automata. Theoretical Computer Science, 2003,292(1):65-84. [doi: 10.1016/S0304-3975(01)
00215-8]

[17] Kwiatkowska M, Norman G, Segala R, Sproston J. Automatic verification of real-time systems with discrete probability

distributions. Theoretical Computer Science, 2002,282(1):101-150. [doi: 10.1016/S0304-3975(01)00046-9]

[18] Howard RA. Dynamic Programming and Markov Processes. Hoboken: John Wiley and Sons, 1960.

[19] Bertsekas DP. Dynamic Programming and Optimal Control. 3rd ed., Cambridge: MIT Press, 2011.

[20] Hermanns H. Interactive Markov Chains and the Quest for Quantified Quality. Berlin, Heidelberg: Springer-Verlag, 2002.

[21] Kwiatkowska M, Norman G, Sproston J, Wang F. Symbolic model checking for probabilistic timed automata. Information and

Computation, 2007,205(7):1027-1077. [doi: 10.1016/j.ic.2007.01.004]

[22] de Alfaro L. Formal verification of probabilistic systems [Ph.D. Thesis]. Stanford: Stanford University, 1997.

[23] Cloth L, Haverkort B, Hermanns H, Katoen JP, Baier C. Model checking pathCSL. In: Proc. of the 6th Int’l Workshop
Performability Modeling of Computer and Communication Systems. 2003. 19-22.

[24] Kuntz M, Siegle M. A stochastic extension of the logic PDL. In: Proc. of the 6th Int’l Workshop Performability Modeling of
Computer and Communication Systems. 2003. 58—-61.

[25] Baier C, Cloth L, Haverkort BR, Kuntz M, Siegle M. Model checking Markov chains with actions and state labels. IEEE Trans.
on Software Engineering, 2007,33(4):209-224. [doi: 10.1109/TSE.2007.36]

[26] Liu Y. Quantitative verification of trustworthy service flow by stochastic model checking. Journal of Software Engineering, 2014,
8(3):152-168. [doi: 10.3923/jse.2014.152.168]

[27] de Alfaro L, Roy P. Magnifying-Lens abstraction for Markov decision processes. In: Proc. of the 19th Int’l Conf. on Computer
Aided Verification. Berlin, Heidelberg: Springer-Verlag, 2007. 325-338. [doi: 10.1007/978-3-540-73368-3_38]

[28] Didier F, Henzinger T, Mateescu M, Wolf V. Sabre: A tool for stochastic analysis of biochemical reaction networks. In: Proc. of
the 7th Int’l Conf. on Quantitative Evaluation of Systems. Washington: IEEE Computer Society Press, 2010. 193-194. [doi: 10.
1109/QEST.2010.33]

[29] Della PG, Intrigila B, Melatti I, Tronci E, Venturini ZM. Bounded probabilistic model checking with the murphi verifier. In: Proc.
of the 5th Int’l Conf. on Formal Methods in Computer-Aided Design. Berlin, Heidelberg: Springer-Verlag, 2004. 214-229. [doi:
10.1007/978-3-540-30494-4_16]

[30] Zhou CH, Liu ZF, Wang CD. Bounded model checking for probabilistic computation tree logic. Ruan Jian Xue Bao/Journal of
Software, 2012,23(7):1656—1668 (in Chinese with English abstract). http://www.jos.org.cn/1000-9825/4089.htm [doi: 10.3724/SP.
J.1001.2012.04089]

© PERREERSMROT  httpy/ www. jos. org. cn



1866 Journal of Sofiware ¥ A% 3k Vol.26, No.8, August 2015

[31] Filieri A, Ghezzi C, Tamburrelli G. Run-Time efficient probabilistic model checking. In: Proc. of the 33rd ACM/IEEE Int’1 Conf.
on Software Engineering. Washington: IEEE Computer Society Press, 2011. 341-350. [doi: 10.1145/1985793.1985840]

[32] Larsen K, Skou A. Bisimulation through probabilistic testing. Information and Computation, 1991,94(1):1-28. [doi: 10.1016/
0890-5401(91)90030-6]

[33] Milner R. A Calculus of Communicating Systems. Berlin, Heidelberg: Springer-Verlag, 1980.

[34] Park D. Concurrency and automata on infinite sequences. In: Proc. of the 5th GI- Conf. on Theoretical Computer Science. Berlin,
Heidelberg: Springer-Verlag, 1981. 167-183. [doi: 10.1007/BFb0017309]

[35] Buchholz P. Exact and ordinary lumpability infinite Markov chains. Journal of Applied Probability, 1994,31(1):59-75. [doi: 10.
2307/3215235]

[36] Segala R, Lynch N. Probabilistic simulations for probabilistic processes. Nordic Journal of Computing, 1995,2(2):250-273.

[37] Paige R, Tarjan R. Three partition refinement algorithms. SIAM Journal of Computation, 1987,16(6):973-989. [doi: 10.1137/
0216062]

[38] Huynh T, Tian L. On some equivalence relations for probabilistic processes. Fundamenta Informaticae, 1992,17(3):211-234.

[39] Aziz A, Singhal V, Balarin F, Brayton RK, Sangiovanni-Vincentelli AL. It usually works: The temporal logic of stochastic
systems. In: Proc. of the 7th Int’l Conf. on Computer Aided Verification. Berlin, Heidelberg: Springer-Verlag, 1995. 155—
165. [doi: 10.1007/3-540-60045-0_48]

[40] Hermanns H, Katoen J. Automated compositional Markov chain generation for a plain-old telephone system. Science of Computer
Programming, 2000,36(1):97—127. [doi: 10.1016/S0167-6423(99)00019-2]

[41] Derisavi S. A symbolic algorithm for optimal Markov chain lumping. In: Proc. of the 13th Int’l Conf. on Tools and Algorithms
for the Construction and Analysis of Systems. Berlin, Heidelberg: Springer-Verlag, 2007. 139-154. [doi: 10.1007/978-3-540-
71209-1_13]

[42] Christian D, Katoen JP, Parker D. SMT-Based bisimulation minimization of markov models. In: Proc. of the 14th Int’l Conf. on
Verification, Model Checking and Abstract Interpretation. Berlin, Heidelberg: Springer-Verlag, 2013. 28—47. [doi: 10.1007/978-
3-642-35873-9 5]

[43] Song L, Zhang LJ, Godskesen JC, Nielson F. Bisimulations meet PCTL equivalences for probabilistic automata. Logical Methods
in Computer Science, 2013,9(2):1-34.

[44] Baier C, Hermanns H. Weak bisimulation for fully probabilistic processes. In: Proc. of the 9th Int’l Conf. on Computer Aided
Verification. Berlin, Heidelberg: Springer-Verlag, 1997. 119-130. [doi: 10.1007/3-540-63166-6_14]

[45] Philippou A, Lee I, Sokolsky O. Weak bisimulation for probabilistic systems. In: Proc. of the 11th Int’l Conf. on Concurrency
Theory. Berlin, Heidelberg: Springer-Verlag, 2000. 334-349. [doi: 10.1007/3-540-44618-4_25]

[46] Cattani S, Segala R. Decision algorithms for probabilistic bisimulation. In: Proc. of the 13th Int’l Conf. on Concurrency Theory.
Berlin, Heidelberg: Springer-Verlag, 2002. 371-385. [doi: 10.1007/3-540-45694-5_25]

[47] Hermanns H, Turrini A. Deciding probabilistic automata weak bisimulation in polynomial time. In: Proc. of the 32nd Int’l Conf.
on Foundations of Software Technology and Theoretical Computer Science. Saarbriicken/Wadern: Dagstuhl Publishing, 2012.
435-447.

[48] Jonsson B, Larsen KG. Specification and refinement of probabilistic processes. In: Proc. of the 6th Annual IEEE Symp. on Logic
in Computer Science. Washington: IEEE Computer Society Press, 1991. 266—277. [doi: 10.1109/LICS.1991.151651]

[49] Milner R. An algebraic definition of simulation between programs. In: Proc. of the 2nd Int’1 Joint Conf. on Artificial Intelligence.
London: William Kaufmann Inc., 1971. 481—489.

[50] Clarke EM, Grumberg O, Long DE. Model checking and abstraction. ACM Trans. on Programming Languages and Systems, 1994,
16(5):1512-1542. [doi: 10.1145/186025.186051]

[51] Baier C, Katoen JP, Hermanns H, Wolf V. Comparative branching-time semantics for Markov chains. Information and
Computation, 2005,200(2):149-214. [doi: 10.1016/j.ic.2005.03.001]

[52] Zhang LJ. Decision algorithms for probabilistic simulations [Ph.D. Thesis]. Saarbriicken: Saarland University, 2008.

[53] Gallo G, Grigoriadis MD, Tarjan RE. A fast parametric maximum flow algorithm and applications. SIAM Journal on Computing,
1989,18(1):30-55. [doi: 10.1137/0218003]

© PERREERSMROT  httpy/ www. jos. org. cn



X P 5 6 AR A 00 69 A R dh K 1867

[54] Zhang LJ, Hermanns H, Eisenbrand F, Jansen DN. Flow faster: Efficient decision algorithms for probabilistic simulations.
Logical Methods in Computer Science, 2008,4(4:6):1-23. [doi: 10.2168/LMCS-4(4:6)2008]

[55] Baier C, Katoen JP, Hermanns H, Haverkort B. Simulation for continuous time Markov chains. In: Proc. of the 13th Int’l Conf. on
Concurrency Theory. Berlin, Heidelberg: Springer-Verlag, 2002. 338-354. [doi: 10.1007/3-540-45694-5 23]

[56] Gerth R, Kuiper R, Peled D, Penczek W. A partial order approach to branching time logic model checking. In: Proc. of the 3rd
Israel Symp. on the Theory of Computing Systems. Washington: IEEE Computer Society Press, 1995. 130-139. [doi: 10.1109/
ISTCS.1995.377038]

[57] Peled D. All from one, one for all: On model checking using representatives. In: Proc. of the 5th Int’l Conf. on Computer Aided
Verification. Berlin, Heidelberg: Springer-Verlag, 1993. 409-423. [doi: 10.1007/3-540-56922-7 34]

[58] Peled D, Pratt V, Holzmann G. Partial order methods in verification. In: DIMACS Series in Discrete Mathematics and Theoretical
Computer Science. 1997.

[59] Valmari A. A stubborn attack on state explosion. Formal Methods in System Design, 1992,1(4):297-322. [doi: 10.1007/BF0070
9154]

[60] Peled D. Partial order reduction: Linear and branching temporal logics and process algebras. In: Proc. of the DIMACS Workshop
on Partial Order Methods in Verification. New York: AMS Press, 1996. 79-88.

[61] Baier C, Groser M, Ciesinski F. Partial order reduction for probabilistic systems. In: Proc. of the 1st Int’l Conf. on Quantitative
Evaluation of Systems. Washington: IEEE Computer Society Press, 2004. 230-239. [doi: 10.1109/QEST.2004.1348037]

[62] D’Argenio PR, Niebert P. Partial order reduction on concurrent probabilistic programs. In: Proc. of the Ist Int’l Conf. on
Quantitative Evaluation of Systems. Washington: IEEE Computer Society Press, 2004. 240-249. [doi: 10.1109/QEST.2004.13480
38]

[63] Ciesinski F. High-Level modelling and efficient analysis of randomized protocols [Ph.D. Thesis]. Dresden: Dresden University of
Technology, 2011.

[64] Baier C, D’Argenio P, Groesser M. Partial order reduction for probabilistic branching time. Electronic Notes in Theoretical
Computer Science, 2005,153(2):97-116. [doi: 10.1016/j.entcs.2005.10.034]

[65] Groesser M, Baier C. Partial order reduction for markov decision processes: A survey. In: Proc. of the 4th Int’l Conf. on Formal
Methods for Components and Objects. Berlin, Heidelberg: Springer-Verlag, 2005. 408—427. [doi: 10.1007/11804192_19]

[66] Hansen H, Timmer M. A comparison of confluence and ample sets in probabilistic and non-probabilistic branching time.
Theoretical Computer Science, 2014,538:103-123. [doi: 10.1016/j.tcs.2013.07.014]

[67] Fernandez-Diaz A, Baier C, Benac-Earle C, Fredlund LA. Static partial order reduction for probabilistic concurrent systems. In:
Proc. of the 9th Int’l Conf. on Quantitative Evaluation of Systems. Washington: IEEE Computer Science Press, 2012. 104—
113. [doi: 10.1109/QEST.2012.22]

[68] Kurshan R, Levin V, Minea M, Peled D, Yenigiin H. Static partial order reduction. In: Proc. of the 4th Int’l Conf. on Tools and
Algorithms for Construction and Analysis of Systems. Berlin, Heidelberg: Springer-Verlag, 1998. 345-357. [doi: 10.1007/BFb00
54182]

[69] Kurshan RP, Levin V, Minea M, Peled D, Yenigiin H. Combining software and hardware verification techniques. Formal Methods
in System Design, 2002,21(3):251-280. [doi: 10.1023/A:1020383505582]

[70] Hansen H, Kwiatkowska M, Qu H. Partial order reduction for model checking Markov decision processes under unconditional
fairness. In: Proc. of the 8th Int’l Conf. on Quantitative Evaluation of SysTems. Washington: IEEE Computer Science Press, 2011.
203-212. [doi: 10.1109/QEST.2011.35]

[71] Hansen H, Wang X. Compositional analysis for weak stubborn sets. In: Proc. of the Int’l Conf. on Application of Concurrency to
System Design. Washington: IEEE Computer Science Press, 2011. 36—43. [doi: 10.1109/ACSD.2011.25]

[72] Nuutila E, Soisalon-soininen E. On finding the strongly connected components in a directed graph. Information Processing Letters,
1994,49(1):9—-14. [doi: 10.1016/0020-0190(94)90047-7]

[73] Kwiatkowska M, Norman G, Parker D. PRISM 4.0: Verification of probabilistic real-time systems. In: Proc. of the 23rd Int’l Conf.
on Computer Aided Verification. Berlin, Heidelberg: Springer-Verlag, 2011. 585-591. [doi: 10.1007/978-3-642-22110-1_47]

© PERREERSMROT  httpy/ www. jos. org. cn



1868 Journal of Sofiware ¥ A% 3k Vol.26, No.8, August 2015

[74] Clarke EM, Jha S, Enders R, Filkorn T. Exploiting symmetry in temporal logic model checking. Formal Methods in System
Design, 1996,9(1-2):77-104. [doi: 10.1007/BF00625969]

[75] Emerson EA, Sistla A. Symmetry and model checking. Formal Methods in System Design, 1996,9(1-2):105-131. [doi: 10.1007/
BF00625970]

[76] 1Ip CN, Dill D. Better verification through symmetry. Formal Methods in System Design, 1996,9(1-2):41-75. [doi: 10.1007/BF006
25968]

[77] Miller A, Donaldson A, Calder M. Symmetry in temporal logic model checking. ACM Computing Surveys, 2006,38(3:8):1-
40. [doi: 10.1145/1132960.1132962]

[78] Donaldson A, Miller A. Symmetry reduction for probabilistic model checking using generic representatives. In: Proc. of the 4th
Int’l Conf. on Automated Technology for Verification and Analysis. Berlin, Heidelberg: Springer-Verlag, 2006. 9-23. [doi: 10.
1007/11901914_4]

[79] Emerson EA, Trefler R. From asymmetry to full symmetry: New techniques for symmetry reduction in model checking. In: Proc.
of the 8th IFIP WG Advanced Research Working Conf. on Correct Hardware Design and Verification Methods. Berlin,
Heidelberg: Springer-Verlag, 1999. 142-156. [doi: 10.1007/3-540-48153-2_12]

[80] Emerson EA, Wahl T. On combining symmetry reduction and symbolic representation for efficient model checking. In: Proc. of
the 12th IFIP WG Advanced Research Working Conf. on Correct Hardware Design and Verification Methods. Berlin, Heidelberg:
Springer-Verlag, 2003. 216-230. [doi: 10.1007/978-3-540-39724-3 20]

[81] Emerson EA, Wahl T. Efficient reduction techniques for systems with many components. Electronic Notes in Theoretical
Computer Science, 2005,130:379-399. [doi: 10.1016/j.entcs.2005.03.019]

[82] Donaldson A, Miller A, Parker D. GRIP: Generic representatives in PRISM. In: Proc. of the 4th Int’l Conf. on the Quantitative
Evaluation of Systems. Washington: IEEE Computer Science Press, 2007. 115-116. [doi: 10.1109/QEST.2007.30]

[83] Kwiatkowska M, Norman G, Parker D. Symmetry reduction for probabilistic model checking. In: Proc. of the 18th Int’l Conf. on
Computer Aided Verification. Berlin, Heidelberg: Springer-Verlag, 2006. 234-248. [doi: 10.1007/11817963 23]

[84] Emerson EA, Wahl T. Dynamic symmetry reduction. In: Proc. of the 11th Int’l Conf. on Tools and Algorithms for the
Construction and Analysis of Systems. Berlin, Heidelberg: Springer-Verlag, 2005. 382-396. [doi: 10.1007/978-3-540-31980-
1_25]

[85] Wahl T, Blanc N, Emerson EA. SVISS: Symbolic verification of symmetric systems. In: Proc. of the 14th Int’l Conf. on Tools
and Algorithms for the Construction and Analysis of Systems. Berlin, Heidelberg: Springer-Verlag, 2008. 459-462. [doi: 10.
1007/978-3-540-78800-3_34]

[86] Donaldson A, Miller A, Parker D. Language-Level symmetry reduction for probabilistic model checking. In: Proc. of the 6th Int’1
Conf. on Quantitative Evaluation of Systems. Washington: IEEE Computer Science Press, 2009. 289-298. [doi: 10.1109/QEST.
2009.21]

[87] Christopher P. Probabilistic symmetry reduction [Ph.D. Thesis]. University of Glasgow, 2012.

[88] Clarke EM, Grumberg O, Jha S, Lu Y, Veith H. Counterexample-Guided abstraction refinement. In: Proc. of the 12th Int’l Conf.
on Computer Aided Verification. Berlin, Heidelberg: Springer-Verlag, 2000. 154—-169. [doi: 10.1007/10722167_15]

[89] Wachter B, Zhang LJ, Hermanns H. Probabilistic model checking modulo theories. In: Proc. of the 4th Int’l Conf. on Quantitative
Evaluation of Systems. Washington: IEEE Computer Science Press, 2007. 129—-138. [doi: 10.1109/QEST.2007.10]

[90] Hermanns, H, Wachter, B, Zhang L. Probabilistic CEGAR. In: Proc. of 2008 the 20th Int’l Conf. on Computer Aided Verification.
Berlin, Heidelberg: Springer-Verlag, 2007. 162—175. [doi: 10.1007/978-3-540-70545-1_16]

[91] Hahn EM, Hermanns H, Wachter B, Zhang L. PASS: Abstraction refinement for infinite probabilistic models. In: Proc. of the
16th Int’l Conf. on Tools and Algorithms for the Construction and Analysis of Systems. Berlin, Heidelberg: Springer-Verlag,
2010. 353-357. [doi: 10.1007/978-3-642-12002-2_30]

[92] Chadha R, Viswanathan M. A counterexample guided abstraction-refinement framework for Markov decision processes. ACM

Trans. on Computational Logic, 2010,12(1):1-49. [doi: 10.1145/1838552.1838553]

© PERREERSMROT  httpy/ www. jos. org. cn



X P 5 6 AR A 00 69 A R dh K 1869

[93] D’Argenio P, Jeannet B, Jensen H, Larsen K. Reachability analysis of probabilistic systems by successive refinements. In: Proc.
of the Joint Int’l Workshop on Process Algebra and Probabilistic Methods, Performance Modeling and Verification. Berlin,
Heidelberg: Springer-Verlag, 2001. 39-56. [doi: 10.1007/3-540-44804-7 3]

[94] Kwiatkowska M, Norman G, Parker D. Game-Based abstraction for Markov decision processes. In: Proc. of the 3rd Int’l Conf. on
Quantitative Evaluation of Systems. Washington: IEEE Computer Science Press, 2006. 157—166. [doi: 10.1109/QEST.2006.19]

[95] Condon A. The complexity of stochastic games. Information and Computation, 1992,96(2):203-224. [doi: 10.1016/0890-5401(92)
90048-K]

[96] Kattenbelt M, Kwiatkowska M, Norman G, Parker D. A game-based abstraction refinement framework for Markov decision
processes. Formal Methods in System Design, 2010,36(3):246—280. [doi: 10.1007/s10703-010-0097-6]

[97] Wachter B, Zhang LJ. Best probabilistic transformers. In: Proc. of the 11th Int’l Conf. on Verification, Model Checking, and
Abstract Interpretation. Berlin, Heidelberg: Springer-Verlag, 2010. 362—-379. [doi: 10.1007/978-3-642-11319-2 26]

[98] Huth M, Jagadeesan R, Schmidt D. Modal transition systems: A foundation for three-valued program analysis. In: Proc. of the
10th European Symp. on Programming Languages and Systems. Berlin, Heidelberg: Springer-Verlag, 2001. 155-169. [doi: 10.
1007/3-540-45309-1_11]

[99] Godefroid P, Jagadeesan R. On the expressiveness of 3-valued models. In: Proc. of the 4th Int’l Conf. on Verification, Model
Checking, and Abstract Interpretation. Berlin, Heidelberg: Springer-Verlag, 2003. 206—222. [doi: 10.1007/3-540-36384-X 18]

[100] Fecher H, Leucker, M, Wolf, V. Don’t know in probabilistic systems. In: Proc. of the 13th Int’l Conf. on Model Checking
Software. Berlin, Heidelberg: Springer-Verlag, 2006. 71-88. [doi: 10.1007/11691617_5]

[101] Wang Y. Reasoning about uncertain information compositionally. In: Proc. of the 3rd Int’l School and Symp. on Real-Time and
Fault-Tolerant Systems. Berlin, Heidelberg: Springer-Verlag, 1994. 680-693.

[102] Katoen JP, Klink D, Leucker M, Wolf V. Three-Valued abstraction for continuous-time Markov chains. In: Proc. 19th Int’l Conf.
on Computer Aided Verification. Berlin, Heidelberg: Springer-Verlag, 2007. 316-329. [doi: 10.1007/978-3-540-73368-3 37]

[103] Katoen JP, Klink D, Leucker M, Wolf V. Three-Valued abstraction for probabilistic systems. Journal on Logic and Algebraic
Programming, 2012,81(4):356-389. [doi: 10.1016/j.jlap.2012.03.007]

[104] Klink D. Three-Valued abstraction for stochastic systems [Ph.D. Thesis]. Aachen: RWTH Aachen University, 2010.

[105] Huth M, Piterman N, Wagner D. p-Automata: New foundations for discrete-time probabilistic verification. Performance
Evaluation, 2012,69(7-8):356-378. [doi: 10.1016/j.peva.2012.05.005]

[106] Song L, Zhang LJ, Hermanns H, Godskesen JC. Incremental bisimulation abstraction refinement. In: Proc. of the 13th Int’l Conf.
on Application of Concurrency to System Design. Washington: IEEE Computer Science Press, 2013. 98—107. [doi: 10.1109/
ACSD.2013.5]

[107] Crafa S, Ranzato F. Bisimulation and simulation algorithms on probabilistic transition systems by abstract interpretation. Formal
Methods in System Design, 2012,40(3):356-376. [doi: 10.1007/s10703-012-0147-3]

[108] Cousot P, Cousot R. Abstract interpretation: A unified lattice model for static analysis of programs by construction or
approximation of fixpoints. In: Proc. of the 4th ACM SIGACT-SIGPLAN Symp. on Principles of programming languages. New
York: ACM Press, 1977. 238-252. [doi: 10.1145/512950.512973]

[109] Cousot P, Cousot R. Systematic design of program analysis frameworks. In: Proc. of the 6th ACM SIGACT-SIGPLAN Symp. on
Principles of programming languages. New York: ACM Press, 1979. 269-282. [doi: 10.1145/567752.567778]

[110] Draeger K, Kwiatkowska M, Parker D, Qu HY. Local abstraction refinement for probabilistic timed programs. Theoretical
Computer Science, 2014,538:37-53. [doi: 10.1016/j.tcs.2013.07.013]

[111] Sher F, Katoen JP. Compositional abstraction techniques for probabilistic automata. In: Proc. of the 7th IFIP Int’l Conf. on
Theoretical Computer Science. Berlin, Heidelberg: Springer-Verlag, 2012. 325-341. [doi: 10.1007/978-3-642-33475-7 23]

[112] Komuravelli A, Pasareanu CS, Clarke EM. Assume-Guarantee abstraction refinement for probabilistic systems. In: Proc. of the
24th Int’l Conf. on Computer Aided Verification. Berlin, Heidelberg: Springer-Verlag, 2012. 310-326. [doi: 10.1007/978-3-642-
31424-7_25]

© PERREERSMROT  httpy/ www. jos. org. cn



1870 Journal of Sofiware ¥ A% 3k Vol.26, No.8, August 2015

[113] Timmer M, Stoelinga M, van de Pol J. Confluence reduction for probabilistic systems. In: Proc. of the 17th Int’l Conf. on Tools
and Algorithms for the Construction and Analysis of Systems. Berlin, Heidelberg: Springer-Verlag, 2011. 311-325. [doi: 10.
1007/978-3-642-19835-9_29]

[114] Mitchell TM. Machine Learning. New York: McGraw-Hill Science/Engineering/Math, 1997.

[115] Mao H, Chen Y, Jaeger M, Nielsen TD, Larsen KG, Nielsen B. Learning Markov decision processes for model checking.
Electronic Proc. in Theoretical Computer Science, 2012,103:49-63. [doi: 10.4204/EPTCS.103.6]

[116] Kwiatkowska M, Norman G, Parker D, Qu H. Assume-Guarantee verification for probabilistic systems. In: Proc. of the 16th Int’l
Conf. on Tools and Algorithms for the Construction and Analysis of Systems. Berlin, Heidelberg: Springer-Verlag, 2010.
23-37. [doi: 10.1007/978-3-642-12002-2_3]

[117] Fioriti LMF, Hermanns H. Heuristics for probabilistic timed automata with abstraction refinement. In: Proc. of the 16th Int’l
GI/ITG Conf. on Measurement, Modelling, and Evaluation of Computing Systems and Dependability and Fault Tolerance. Berlin,
Heidelberg: Springer-Verlag, 2012. 151-165. [doi: 10.1007/978-3-642-28540-0_11]

[118] Hahn EM. Model checking stochastic hybrid systems [Ph.D. Thesis]. Saarbriicken: Saarland University, 2013.

[119] Simaitis A. Automatic verification of competitive stochastic systems [Ph.D. Thesis]. Oxford: University of Oxford, 2014.

Bt o 325 ik
(11w, B Rk, F 8k, Al A ik JK L 28 6 S RIE FRAFIERETE 50 T R WF 0 RI 23k b R4 36 42,2008,22(3):145-151.
[5] PRETR, IR SO BRI B8 . T 5 N B T 24 91,2002,30(12A):1907-1912.
[30] JE N0 35 B, T Bk M 3R T S I B (1 B S ASE IRR AK 2% 41k ,2012,23(7):1656—-1668.  http://www.jos.org.cn/1000-9825/
4089.htm [doi: 10.3724/SP.J.1001.2012.04089]

XIBA(1981 —), I3, 1l A= s N N e, 32
WF 9 AT A B TR, B AL B8

(1981 —), %, 1l A, = TR H
BAE TR AR

FEER1963—), 5, 1 1, B b L
Jii,CCF £k, 3 S50 5080 e g 5
I3 BB B 5 B

© PERREERSMROT  httpy/ www. jos. org. cn




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 350
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [3600 3600]
  /PageSize [612.000 792.000]
>> setpagedevice


