38 11 it A HL £ Eire Vol. 38 No. 11
2015 4 11 A CHINESE JOURNAL OF COMPUTERS Nov. 2015

P 145 2 4 36 BF 3%
AW fEE 5 & EAE

D KRN AR E R E AR E e 210093)
2 GHm e [ S R 2 BB AR R R B 117417)
V(RS IR KR BB SHR B Biat 210016)

W OE BENUBLRIRS 36 S TS 35 0 (0 T A AR ) T T T IR A AT R e R e Pk s R, T &
FBIBENL A 0 X B E IR B 5 P R AT B B R R R AW ¥ S B SR OU.  20 228 90 FK E A FHLAR
RUR 35 51 T % 356 0 45 G 0 132 5C i HR IR T AR Mk J . i SCAE B T BE ML A A 50 ) W TR L R SR A T
AR A Y P K JL s M ) PCTL A1 LTL PCTL” F1 CSL 45 7 6 56 WA ML 22 45 10 2 vk HE 2R, SR 5 A 44 2a 4%
T REMLAS ALK 36 1 = BEAF T 7 ) SR R AT TR T RE ML ARG 36 i I TE i AR R AR S A I KA T
H A L 20 09 BE AL TR A 56 T L. JeJ5 A 28T BE AL TR 4G 36 1 g T SISO i 10 T HL A ke 1 R FH R K

KA BB E s S K AT G REAL IS AR 5 B LR BRG 55 s 2 B )
HEESES TP311 DOI S 10.11897/SP.J.1016. 2015. 02145

Survey for Stochastic Model Checking

LIU Yang”® LI Xuan-Dong” MA Yan” WANG Lin-Zhang"

Y (State Key Laboratory for Novel Software Technology. Nanjing University . Nanjing 210093)
Y (Department of Computer Science , School of Computing » National University of Singapore, Singapore 117417)

3 (College of Computer Science and Technology, Nanjing University of Aeronautics and Astronautics , Nanjing 210016)

Abstract  Stochastic model checking is extension and generalization of the theory of model
checking, which can verify and analyze system model quantitatively and qualitatively, and has
been applied in the areas of verification of randomized distributed algorithms, performance analysis of
communication protocols, and even the cross-disciplinary fields such as systems biology. Since
the late 1990s, stochastic model checking has received widespread concern in the formal verification
filed, and has made great progress. In this paper, we retrospect the origin of stochastic model
checking, and discuss the basic principle of stochastic model checking systematically including the
PCTL, LTL with probability bounds, PCTL* and CSL model checking algorithm. Then we
summarize the main research direction and progress of stochastic model checking in recent years,
analyze the verification process and advantages/disadvantages of stochastic model checking deeply,
classify and list tools for stochastic model checking. Finally, we introduce the application areas of

stochastic model checking and point out its future challenge.
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AR AKX WA /RiZ 5. PCTL Al iR ¢ F DTMC F1
MDP 3 ¥ 2 B B 3 G455 78 119 5 o 4 S B ] M Jo R0
). XTIt G AP B PCTL REAKX o 7]
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CSLARE AT @ Al E LK @ = truela| PN O| —D|
P,(¥) S, (&), Hi a€ AP, ¥ 12 AR,
~e (=<, <.Z=, >}, pe [0, 1 MR R 512
AR T ELR T =Xo|oU'd, i ¢ ERE
AT T & — SR ). oAy CSL A XAl B 1
SE SCHE . CSL B A8 20 2URl R ) = (4 J2 v B ht -

2.3 MENEBKIEE X
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T A B MLASE 70 A 36 B0 1k T T 4 Jmg i L R AR
2.3.1 PCTL #A&#5 DTMC

PCTL FAAG 5 DTMC 53k [ 3 AR i 7
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S\(Sat (®,) U Sat (d,)), S = Sat (p,), S’ =
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B Sat(ELo,US™ D AR5 S =Sar (P, [&1 U
@, 1) =S\Sat(P_,[&,Ud, D, B} S**=S\Saz(E[ &, U
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Wit Cabsorbing) R4 . 4K J5 K Ho Ak 187 Sy ] 35 1 4B 5
5] 1 5K . PCTL BB AG 45 MDP (1 I [8] &2 J% 14
AWM o &tk XFR, SHERB RN M|
2.3.3 LTL Ak DTMC

LTL #EA 5 DTMCH 35 & 3 B sh#l . X 5
MRS L B AE BRR  (D e A v ik
AR &2 Biichi [ Zh ML L 88 5 T8 L 5% B i 2
Rabin H##HlL DRAPY 4; (2) 3k DTMC M 5 DRA
M A3 (3) X FDTMC M)A, #% H H AT #5721
8 7 38 73 1 (Bottom Strongly Connected Component,
BSCC); (4) L E )y B4l T3 81 38 7 42 52 1) BSCC
BIMEZ prsce s (B) KT EE pusce B~ p BYAE - 3K H 35 B /)

&£ LTL fRE 56 DTMC Bk &, 45 115
#19 DRA {9 K/ LTL A3/ 27 5.4 3 3k
SR A I AR SRR RN E R 4
SRR T R LB [A) & 2 R O T AR R
/NB =R 5. B e LTL RS 5 DTMC (1) i ] &2
=S ALK A EOC R, SRR A K
ANIM 22 I 6 R SCHERL19-20 14 H A& = 4k
fENRT | W BRI O R & LTL £ 5
DTMC J& PSPACE 5% 4[] it .

2.3.4 LTL R I MDP

LTL BERA; 3 MDP 5 2. 3.3 7 LTL & 8 45
5 DTMC By EAE SR AR L, ot 2P B an - (1) 3
M AR P, [w]=P [l B LTL
A AR B R P, [ W], BISR e KR () 5
2.3. 3 A 1 —8 KA T HH i NBAPY i
# NBA #i, DRAYY A; (3) 3k MDP M 5 DRA
1 MR A; (4 %FF MDP MR A, 4% H 1] 5257 [l &
s 43 f (End Components, EC) 5 (5) FI 2k ¥ 9 %1l
BRKAA 2 EC BHER prcs (6) X EL pec F p HY
fH R P, [ IR,

T LTL BEAIAG 50 MDP Bkl #2202 153
) DRA R/ LTL A 30K/ 27 5%, 25 4 SR
Ui 43 e W 2 e M SRS RN LR M G &R BBt LTL
FEARVES 35 MDP (9B ) 52 24 1k 5 A X KN [
WL R GBI KN IMI 2R 5
LTL #8555 DTMC 53k A 6] 3% 506 i e [a) &2
=V B AT B RE B g, E ME LTL #2846 56 MDP J2
2EXPTIME [a] il .

2.3.5 PCTL" R % DTMC

PCTL" Bi#IK; 56 DTMC 1] DIFAE & PCTL Al
WE% ) LTL B A 46 3% DTMC B 4. & 1 & 22
J&Eh PSPACE 58 4 [n] #1, Hi ok #2265 B . (D48
PCTL REARX P, [VIH ¥l LTL A
v ()% LTL A= v DRA A; (3) 3k DTMC
M 5 DRA L M® A; (4) XFF DTMC MR A,
b AT 42 32 (9 98 3% 43 & (Bottom Strongly
Connected Component, BSCC); (5) 5 F| ik 0] 4
Z ) BSCC IIMER prsce s (6) XF H pusce A~ p HIMH
SRR RS
2.3.6 PCTL" # % # 5 MDP

Zl 2.3.5 47, PCTL " £ A K3 % MDP 1] DL &
fEJ& PCTL A4 LTL SR 5 MDP 1k 45 .
HAEE 48 8 2EXPTIME 5% 4 [n] .

2.3.7 CSL BRI CTMC
CSL # # ¥ 36 CTMC & 3t 4 9 iE B & ]
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PHAE . BEYLE R IR 0T 5 2151

FE M SCRk [25 )1 gy O R, ek
(26,32 XIS A8 T wett A HERR 5 2. 3.1 Y
SEVE I FE AL, L R) A2 2% B 5 R R RN i 22 0 X
KR HCSLAAXKNREHEXRRAE g tua MK
PE IR+ LA 5T (8] DX ) DY A9 e R AT 30796 h

X F CSL A i AR 320K 2808 J A7 o 2 %
R 5 2 MR R RS 55 A L.

MFEARK P, (X®),Sat(P_,[Xd]) ={s€ S|
Prob(s,X®)~p}, Prob(s,X®) i3 5 CTMC iy
SERFEFRIEAAEM R R A RE T —REW
MR, T LB 2. 3. 1 WXFF P, LWl iy (D J5
P:Xf CTMC B embedded DTMC #5 5 emb (M) 3
T3

XFRAHX P, (@ U'd,), T EHEH L HIX ],
Sat(P_,[& U'®, D={s€ S| Prob(s.& U'®,) ~p},
Prob(s, @ U'®,) =Prob(s,®, J" @), K el(D)
bt R 1 I AR B 5 5 D S L - TR =

(1) I=[0,00).

Prob(s, @, U @) K nl A 2.3.1 % F
P[] (3)J7 X CTMC § embedded DTMC
BB emb (M) 47315, B Prob (s, @, U @,) =
Prob™™ (5,0, Ud,).

() I=[0,t],tER,.

48 =Sat(P,) 8™ =S\(Sat(®,)USat(d,)) ,
ST=S\(S** US™) .,

Prob(s, @, UM ®,) =

1, I sEeS™
0, 2 seS™

J ZPemb(M) (s,s/) E(s)se EW =,
05es

Prob(s" .o, UM @, dx, ZseS?

KTZR G 0 M SCHRL25 J42 3@ 4 Volterra
TR J5 4 1) 30 AL A DA SR figk » T SCRR (33 1 1% 52 3 %
W] — M ok 1332 7 15 L1 SR (34 b g s 7 — b
LU 38 8T 335 1 3 R SR A BRI HG Ak 187 Sy I B R S A
AT

) I=[t,t"], t.1' ERey.

G RIS O BRI R ¢ 45 B AR L D,
AR S AT DL 2 — @ 1 RS 78 R SO S )
B B ARE 23R 353 AT 455 @ A2 B[] X (] [0, ¢ — ¢ 1P 5]
IR D RS TR X ZHTPE B TR @ RS,
i (2) WA AT A5

(D I=[t,0), tERy.

[] C3) AR B, o AT 4 H o3 g W 88 20 3 5, HL 28 —
FR 3 AR TR 5 — 80 078 ) 1 Je A i DX [|) L AT D B

embedded DTMC 3R fi#.
MFANX S, [0l RE WL S, [o],

D (D~ ARG DL R AR 7 (5D
s'Eo

(1) # CTMC M 2 A 0] 24 fii #4038 3 5K fig A
T BATHE © - Q=0,H D> 7 ()=1.
seS

(2) 4 CTMC M J& A 2 15 (1, W] O AR 4% B 1 3
FEOL eI R B ok B M R A BSCC; @ &4~ BSCC
AR — AT 2R CTMC AR E ik (1D 353
HEa SRS 2 G ;O X FAE—4~ BSCC, it
M ARSI E HAE A Prob ™™ (s, BSCC) 5
@ A4 LA S5 3 OR A M AR S HE 50 70
(s =

Prob™™ (s,BSCC) « x5 ("), # '€ BSCC
0, HAth

3 MHIREREHARATEEELRE

S R U o AR B Bt ATLASE TS 0 i B L O T B AL AR
TR B (B 5% 0] 43 k. (1) 165 Bl L 2R 4 455 4 %) i
RE 7 o 507 Bt AL AR A 56 14 RT3 i i AL R 0 B L Y ]
PR 5 (2) 15 g 52 1 S5 AR 24 8 R BB 7 o A i AL A5 Y
o 56 AT 950 A B T SR 2R YT K (3) A R ]
AR AT BE ML RS 55 1 S TR 785 (4) AR 1]
BE L 78 G A6 A 1) AR 285 2 1] (o I ML ASE 280 A 30 1) &2
FEREAR s (5) T A 5004 A 0 B 10k sl U A7 i R T
5 fof Bl LSS YA 36 ) ROR B R e, (D)L (2) AN
(3) J& T FE LA AL 56 T B Al ) B 94 i 5 (4) F(5)
SEBE LB ARG 55 Th RGN ) b A4k . J2 22 fift e HL AR
UK S0 RS 2 R ME M B F B B AR
LS A A (0 DA s 21 58 4y b 07 % B AL ASS 78 A 35 v A
RS 3 [A] 3 A [B) R
3.1 FHHHENREER

SRR I N B e 1 = W T N (1 ] I S = R N
BT T2 M R 3 E BE HL AR S, BT R BE LR SE
BT 8 43 B 55 S i A H A Bl AT A 36 119 — > i 2
58 5 1. FRATTAE SCHik [ 36 145 ) — A a2 A5 i 1 o Pk
AL A R GE /Y high-level J7 2 JE 1 5 % Petri [
(Nondeterministic Probabilistic Petri Net, NPPN),
IF 45 0 HAR R i AR EGE N2 B S OE s Rk Ty
5 O DL3E T Ol e e A R IE A 0 o
P& B MERE B S HE 5] A B LML Petri B ALAY,

2 18] B 3 #L (Probabilistic Timed Automata,
PTA) AT LLF E J& MDP FIHE 3 A 3 Bl (Proba-
bilistic Automata,PA) F S B if 47 & , 50 2 i



2152 it "

Hl

AL
-

it 2015 4E

6] [ sh AL A R R, HLE SO T FRCHR 3 2 )
MDP. HEj PTA (45387 )7 A 5 T 505 i 8 (digital
clock) M I T X 3T (zone) (14 J7 745 « 7 Iy 12
A B B Ao {F 2 8 BT PTA B 46 A FIRR S MDP
X 37 (zone) J7 15 2 A A 22 {H B (difference-
bound matrices) £F 5 fk i 48 BB 80 (8 19 5 &, 42
NI Be AN 1 = 7. Al 0 /s . B X 4
AR 25 /R W] K #5672 (Continuous-Time MDP,
CTMDP) 1 g5 & CTMC Ry ] 2838 J5 5 fl MDP
(9 AE i 5 T e R R m L SCRRL45-47 143 1) B Hifk #n
By o) — B 55 J7 T AR DT H RT3k R RS R A 56 5E
3. A2 H R SR A 4 (Interactive Markov Chain,
IMC) M T 58 (1 21 45 1sf [1) 28 38 0 A i e P 2 A 1) 3k
Bl LAX Bl ML B G0 0E AT 4L A RS o B, SCik
(49145 i —Fh CSL G 56 IMC 5395, SCHk[50]
V4 BE AL ZE AR Ay A 9 2 A 0 1 MM T R G 1)
T B I H T T 4 i 2 G 0 ) R e

£ 1 BN RGME
X T+ BE
] DTMC MDP PA NPPN
% 5 i (] CTMC PTA CTMDP IMC

3.2 FWMEEMRMRAE

FE PR 3 RN 5% 2 Fvow  J el B 4 T A0 B2
B A E BT R BRSSO 2y T i
B e 2 H T BE AU RS 50 i — A T 5T 1] MR
I (8] 31 2 #2245 (Probabilistic Timed Computation
Tree Logic, PTCTL)"Y 454 PCTL 5 1 il
TCTL(Timed Computation Tree Logic)"* " i} ]
2y U 1 — Tl G T )R] FRE 23 7 a2 M O RN 24
IRy R el A% 58 Y IX K] (region-graph) 4 i
Jrikteor, PTCTL MK 56 PTA s & 2 vl J) 2
0 Bt Bk Y 2 X R O TR AR A5 5 5 BOIR 3 a8 )
K SCERES 145 T — B 2 T 455 1k i 485 70 A 35 55
. 2 H bR E i M JJ (quantitative multi-objective
properties) "R 25 A M F MY o 1F W A 3L T (A
e (reward) { B MY SCER(S4 145 TR T2
H AR P i B R A 30 Bk IR R TR AW
AR PCTL" .CSL.PTCTL f1Z H br & & M i
2y 2 P4y 2 TG ) AR 0 8 PR BRI 7k A g i o
Z\ ] B AL 2R G0 0 Bl AR SR AT 90 R AT — S 1 )R BR
P, aCSLI 235 F 8 4F Caction) ) CSL A2 {4, Sk
(56 45 H A 77 B AL a2 A A0 1) A B A 3, SCIRL 57
¥ aCSL Fl T ARG M ERE AL 5 aCSL 2Bl FA]
il 7 — R T Eh /R PCTL AR 1R (aPCTL) ™ K

FLOR SORUBE R 55 53325, P4 L FH F NPPN 95 it
IO TIE. {55 56 1 T B A 00 1] 2 28 0 i Bl A 1
B CR60-62 19 g LTL, $ 3% F sh/E Fidk F4R
0 B BRI K L 45 T —Fh asCSL(CSL with
action and state labels) 2 %5 , 0] F T 40 M 56 0 47
A IERR SR CTMC. 3% F 30 1 FUR S 1 i 7 32 48
AT L A 455 R 24 Bt AL 2R 0 A AR 174

x2 EEBUMRAY

Exis AEW e Fifi Bl 2R 4 A2 2l
PCTL [} DTMC MDP
LTL+ probability Prob(s,¥) DTMC MDP
CSL o} CTMC CTMDP IMC
PCTL~ [} DTMC MDP
PTCTL [} PTA
quantitative multi-objective property (2] MDP+ reward
aCSL [o3] CTMC+action
asCSL (3] CTMC+-action
aPCTL [} NPPN

3.3 BENERKEI R K F)

XoF TNt A2 1 BT 4 2 49 (counterexample)
eSS U A 95 AN (AT A3 UE 3R e i HL AT AR S il 1
ELAH an ol 4G 50 i 7 AR R0 3RO A9 2 Bl AT AR Y A
B — AT BT 5 ). 5 2 SRS AL A 55 AH
BE LA B AG 35 v 1) B A7) 0 R 3 A Z& e (1) AT LA
1 Bl AL AR B8 AL B O AT 20 AN Tl R P TR SR R
(explanation) ; (2) &H F & W15 B ReFCFRA W 2 —
e HEPE ST s (3) W LASAT B LR sy 3t B AL R G
RUR D% JF HLAT DU &L 70 B ik 6 445 SCHR([ 64
Wy B ATUASE B A 56 Y B 491 7 AR 3 i 1 B R BR 1 Ak
it + A2 B B G A LA 2R 4Gy 3 v s 481 7 A B F 5
AT TR DTMC i 5 2 . F SR
fiff e 49 Ay VL v B I8 A ) R ) AR AR SCHRL65 %
SCHRL64 IR RIFFE TAEM 1 3k — 2D 58 38, 45 i T 3R0R
S5 A5 ) T 3k T N 2R3k K i SCER 64 1y S il 7= AR
J5 0] LAY AR AG 56 MDP (1 545177 A0 s
R K CTMC [ 7= A7 5 R AT, 3¢
k[ 68-69 I A5 U K 5 MDP i )2 il 58 Xk — Y
DTMC. 3CHRL66,68-69 JHY 7 ik AN B 58 4 A 2 3=
ZRHERLRG B MDP 1 Sz 451, SCHR 70 ] 3 1M K Sz 491 58
SCR— iy MDP, 3 25 SR il fe /N 52 49 #9530 1. 3C
BRL7TT AR SRS R SF T k5 T PTCTL A
frge PTA B R 77 A J5 i o B JEAS BE £R JiE 7] 45 2]
UEE fc 20 18 B 4.

3.4 HUNRSEUHHZR

R (abstraction) J& B X A5 B A6 56 Hh R 285 48 4

7] 5Ly B AR T A 2 B R A 5 e 75 3]
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AR S 19 0 . it 5 3 G 6 15 98 Ak 1 B T O Y B AR
RGEAVRE S AR M R RE KRR ARG
RREAY X BENL R G AL Rl R e — DN B A
T, B S BEALAE BURS 36 i) — > B ZWF 5T 05 19 AEBE AL
RS 56 vh 5G4l 42 5 F 5 0 e B 7 A i) A 4 ]
F R Al QAR RN 0] # 3 fl RAERL.

(1) i AR ) e

P Bt AL A 30 v A AN [) Y B AL AR e L B
PAALAFAE A [ B 4if G 4 B 3 7 U5 % 4 F DTMC,
ARG T Sl G B R AT SRR Bl SR
A ) A I RS R — AR XA 3 3 2 B A 5 vk
A CTMC By A8 o CTMDP. DTMC #il
CTMC Ayl 52 B 380, /] D)5 5o ME 32 B 4L (probabi-
listic simulation) ™ & H A& i F 7. STk (75045
T —Ff DTMC 1 CTMC = {H il 42 655 19 %8 J7
5K T MDP, AR Hofl g 88 E L o —
MDP, s b A G R e SOk — N BEHLIZE

(2) R 1 3

iy 3 Al AR A S B AL AR G R L AOIRZS Y
R 53— U i SR B S A DR AIE AT LA TE A 23 A H
JORTE Y P 5 A [) I (5 75 BE AL 28 e A 2 ) RS
23 (8] R A /N, — bR T A AL T il AR T 1) O 35 2 il
2 K51k Cabstraction refinement) , H i #2 =2 8 — 4>
{7 B P HEL A 110 il G A B 5 SRS Al i — A A2 B R 1 1Y
R AR, SCHRL76 1565 1 U8 il 0K5 4 7 vk X
MDP A7l 4 s SCHR 69 Jia 198 1) 4l 4 L B 491 25 45
AL —Fh & T REHL R 1Y B 51 5 19 Hih 385 1k
(Counterexample-Guided Abstraction Refinement,
CEGAR) J5 i 5 SCHRL 70 J 35 48 3 S ) ) 5 S 4
—FP T MDP 4 J2 71 51 5 1 il GO0KG b 5 1 HE 48
HAMGRE A BT 7R I 45 SCHR(78-80 142 H —
it BE T BEAL IS8 09 28 2R 22 51 1€ = AR AL
RE4k A% MDP il PTA %L R G Bim, Hoh 4

MDPR AR A b
puaklsy LAY
% ﬂ
MDPEERLRZAR) [ 4 KR
P g MDP 14t G A5
Bl AT AS 7Y
R || me e
L e
K2 A1
1 [+
gk Lok
ATCTE R ] 45

B4 G RhR R

ikt i nl Rom K 5. i85 — e F Mg
TR 7 v, i AR 4 B 7Nk (bisimulation minimi-
zation) ™Y X FRIH 2 (symmetry reduction) ™ 5

¥ H % (partial-order reduction)*! %5,

MDP/PTARE M5 [ vpp/p TMMJ it

IR AR5 S GAR T
J
MDP/PTABALIRA | [
0 B B4 T R R R R
4hR
R [A] R

&5 kT RAHL IR Al R 1

3.5 AEHENERKE

eI a1 o | A 6 TR < 05 91503 1| DO I 5
AT BB AG U 5 o o7 X 55 2 4Gy 6y v ofR 285 4 [ AR AR
M EE Iz —. b E RGBS R RETE R
f BT SCER A rp A BBl R R BT 3k S B B T
%35 -5 91F Cassume-guarantee) I [ 44 B iE R .
FORG I 1 B2 M S DR ) R M, || My 2 75
2R P AR s (D AEARIE A BT R T L B
TR Y M. & i 2V Py BN CADY M, (P) 5 (2) B
Ko My g2 & LA AT o0 T B i R R AL
(true) M (A) . anaf 448 35 - PRk 204 & 30 1k £ AR
FH T BE LA RS 35 . B 2H 5 BEHLBS B A 55 . 02 H iRl
PURERUAG 35 1) — S E 5T Jr il B T O AR T
45301 MDP [ B8 SOk S5 14 17— R I
W RIER A G R AL R S8, 45 1 T AR -
PRAEHE LI b CAD s TG = e i FIA BR A 3h
PLER R 2 vE T, B R M L) e/l
PA R A I RGEBALE LU /NMER pG il R
T G A AR A 6 FroR. o8 T A RCH A 3k sE
ILLH A BE NS BIAS 56 » B i - PRIE 2 4 5 Bl LA B 4G
6 WY ARG A B ik 2 A BE LS A 56 [a] L G
TR A A 3 2 e PRk =X 20 G BE AL SE A 36
(OSSN NI D PO I 17 R I o N D A= W
A ] DLl g Lo A S Bk [ sh e AT Sk

M {true) M, <AD .,
CAY MG
true) M[|M, <G>,

M, Al M,

B 6 Bt - fRIE AL A BE LR Y K 30
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Hl

AL
-

it 2015 4E

[ 88 AR 1 7 1k 7™ A AR A - UE 4F B 1) {8, 0
HH TR S EH RGN A4 Rk
3.6 SitHENRTK I

552 T8 R Y BE ML AT ARG 56 5 0k R F e
(numerical) J5 ¥k » 3R 5 15 AT DLAS BI0KE B 09 )32 20
H2 25 PR Bl AL AR S0 45 780 5 1 o B0 249 5 =0 A [ i
FEGTR ORI S R T A
V] FLAE it 25 [0 o Gy ) BHOPR 285 4 ) R e ) R 7 — P
It A3 AT 0 IE B AL R S8 1 5 1 02 B 1 Cstatistical) J7
TEEON el 48 ik S B AL AR B A 5 L B 4
TEBE DU RS 55, 2 H AT BE LA RS 36 0F 5% 0 — 4
FEy ], HIE AT BB E 7 R, SCEk[92]
B ST A — g T B PR R 56 Oy i, B R S A
R 22 YK B 0L B ML &R 48 1 3B 7. OF IR R 50
(hypothesis testing) K HEWIAEA Z G 42 it T — 4Bl
IR VR Sl 15 A S M 2 e
(evidence) , H: P i 1K 415 & BE 2R Bl L R 45 W) #E AR i
AT AR 2R G878 SCIR 43 A 13 200 I8 46wk AT LA
R ATAN R G PAT B ME R B L B SOk C92] H AR
UER ] FR A PCTL M i, SCHR[93 145 T — F 2k
F Monte Carlo #4818 % A5 56 1) 56 UE JC A Until
PCTL 4 5 1) J5 ¥ » SCHRL94 4 45 H — Fl 36 UF JE 3
Until PCTL £ 5 (4 75 2  (H 2 53X WAy 75 7 2 i
B BEHL R e — 26 {5 2 i SCERL95 145 th —FhoA
T LR e 0 2% R A B IE G A Until PCTL 1 i A9
J5 . SCHRT96-97 1 St 11 Bl AL AR 7 Az 56 e 52 ok 119
WU A &L R G M) B R GRS, k98]
FEXT LU A ge T Bl ATLRSE 700 Ay 36 9 BE iy |, 32 K
“HES AR EA CER[99-100 )4 T K AT
Monte Carlo $ A {4 G 11 Bl LA YA 56 J5 7.

BEHL R GeRisy
BT

BEA R AR

| BRI i |

[T 4T.ve IR L5
B 7 et BB B G 56 AR 5 AR

et REALEE TG B $R A3 1 — b B Uk B AL R S
B DTMC 1 CTMC W58 —J5 % » ik HEAL AR Ge e 7
A RLEA TG BRODR 25 25 () B 3O H A T R T Rk

S5t AH 2 IR A SE T AL B A 50 U i S BE T R
UEA A AR E 1R R BEHL R SRR
3.7 SHHENERKE

TE AR BEL 2R e i P B Bl o TR R G
0B B P o TR A A AR AR 25 () Y — 28 3T R A RS I
S S BT AS S B R ] % 5 2K B AL R G A
R R AT ASE YA 30 9691 o B2 B B AL B AG 0 L 2 H AT
BEHLE AL S ) — D EEM TR T . KT SHRSR
B A BIF 5T de W) 2 A A R S I R g, SOk
[102J45 ty— Tl Z: 5053 M S I 28 96 14 Ik [ 44 J5 1) 7
2, SCHRC103 142 Hh — o i) I 1) 19 Sl ALAR 20 2 B g
[8] X [8] § 3 #L (Parametric Time-Interval Automata,
PTIA) -4 i H S B RIS 3658 7. SCHR[104-105 ]
TR IR SRR G0 50 B 5 Bk, SCHk[104 ]
08 2 B A B AR 0 SRR I — A IE W 3R 5k L AR
J5 338 VA Ml B U 2R X 2 A A (R A R )
TE U 33K FR (A RS 2 A 0 2 0t ) G )
FIR MBS — A BB B 20— b T O Ui
= AT S HOR R 5 DTMC 5. SCik[105 143
B 2 B L AR G0 455 700 1) ] 3 Pk ) AL 2 oS f A G A2
P BT 2 (R VS Ry O vk SOk [ 106 ] 48 3
BRL 105 T Z 0 A) WR(BL B 4 i 2 S B L L O 4 s —
ol 3K itk 2 5 R A e /MEL Y D7 ¥ TR 107 J7E
SCHRC104 TR IE BE Al I 25ty — b 50 A 2000 2 8
BEL 2R e B B AT A PR T 07 2. SCmR[108 13 4 418
Z4 MDP /] R 1 AR 75 23 1] ) 43 188 T8 Chyper-
rectangles) . SR J5 1 J & A 1Y A E i 72 46 56 1 o 2
AR AL EGn, S T — R 56T 2 8 MDP
) PCTL & 05 2.

BR 1 LA b 32 A Bl AL R A 36 F 58 T 1) ik A
HE Ay — 8 2 A5 VR TR AR T T AT %Y Bl AL
RO R R 5 AE A BRI B PIL BT A A
BUI AT RS ARG 5 A

4 ETHEVERKSIE I
4.1 IIEEFE
53T 0 AR R ARG 5 ) 56 E A AR 2R L T
il ATLASE 70 A 56 14 36 i ok AR An 1l 8 PiraR L Bl 4k 3 A
Wy B @A B AT RS T

(1) B R IR TIE /Y 28 40 A

W LA TR G 5 4 119 B A 2 0 I 2R 5 114 A U
W RPE B T LR T A5 ) 0 B 5 UE 25 AR XS
FRGUAT R T SR T HEAT RS A FORG A 1 220
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T

L» BHLBC K50 2

ML) g
i D
I8 AT BBLBE K 5 0 0 i

B30 i 2ok A 1 R B B ST AR G R R I e A
BE DL B A 56 2 1 A5 B R TR 3 R R FR TR A &R
48, X H SR P 1 B0 IR AR G0 BRI R AT R AR B
o S ARG 30 A% T U Y R e AL B i R T 4R
e R TR O A 3 7 R R G 30 i T AR 0 AR A AT A
Y (simulation) $047 , AL 3L AT DL & B0 — 26 &) BR 45 IR,
HEBR ok 26 55 1R A A1) T 08 /0 AR B A 30 ok A 1 B[] AR
B M T 24 2 P e AL AR R A 5 i 10 1 B A AR 1 S
7 i SRAE T A [ 19 B AL AR R A, 56 g 1) P O adk
I WA A A,

(2) 32 A7 REALARE LA 15 A

A B AL 2R 0 A5 AR 288 J31) R I A P S 3 > iR
B AL A 0 4 114 R 6 2 5 3k 0, X ) 4 Ak
I s 17 LA R G 59 A%

(3) K 50 45 3 75t

Bl LB B AG 55 1 ok Bl 45 SR 3 e O R G Y
R s @ & Ge b5 A A I 2 P B, JF 25 R i
@ R G RLR A 25 18] KK L 35 47 B AL A R A 36 45 1Y
RGEWNAEA L. X T O, 7T LLAKSE 56 F H 4 5T, 5%
A PR C 58 uE W5 TE S B A R X T QL ]
RBAT 22 i A% B0 - A5 HR A 5 , RIVRE R0 AT IE 1 s R
GE BT AR 5 G B B I PR S 4T BE BILASE Y
o i s BOTHAE DR L Bk 0 AR 45 L 7 S R T AR
RFFHB G S Bk o A% 5 Ve B 2 i B PE B R Y
WA TR AR T K 7 28 v B 24 0F #E ks 1T
BE LA BUAS 56 5. X T Q) AT LUR F HAth — 26 52 F5 45
SACEGZ AT I 56 IE 1 BE AL T A 30 g, B N A Y
HEAT A1l 52 S5 b TR S R A A
4.2 RIS

BE T B LA AL A 6 1 S0 ik 32 2 B DL LA
(1) DA™ 4% 10 %2 B g Sl o Q22 8 L B8040 445 48 0
BOLHIRAE s (2) WL T2 W T A B i A S

BEHLR G

ARG A R G RRE R 5 S e (3) SR 1R
UE . A] DLSG S I fe o 2 1 PR BT (4) 4k s 3] L B2 I
R O A UA G RBC A M RGETT K. H
T A (1) BEALE RS 35 50 1E & 0] A 5 sk
Y0 ] AN e A 280 i T JCBRR 285 25 1] sl 4 Bl 26
B G AN n] ) g B0 ml A 32 48D 19 56 1E 5 20 5
(2) BAIE ) 2 RGBT AR R S8, B 19 45 AU &
GRSRIR R E ARG (3) 25 5 7 AR AS A TR
[R]85 (4) B ik 2ok A% vp A4 AT 2 — 5 1Yl Rl
4.3 IEZH

Bl LR AL A 50 T B S2 L HE B T BE HLAE ALK
B B iz N . H A — L R AL R A 5 T
He AN e 4 48 WA i Y BE BILASE B AG 5 4%
PRISM Hil MRMC, 4 Jii % H 4 T B 4% 5 UE 19 R 4t
150 2 R0 HL 73 28 IF Al ] A 2.

(1) PRISM

PRISMM 110 2 Kwiatkowska # #% i 1 4 J
Java/C(++)1HF LI Ch ) Iz 6 —Fh EE
AL BEALAR B 56 T B, nl 3217 F Windows, Linux
Mac OS X % #:4E & 4. PRISM 7] DL 5 GiF 1, 45
DTMC,CTMC ,MDP PA [PTA J H[a] 4f 4" J&& #5750
LRI B R G R, o BT 2y 45 T
PCTL.CSL %) LTL.PCTL" }& H: [0l {7 ¥ & 4
FE R TR F L e Y RE d O 5 4 Y BE AL Y A
I T H. PRISM f#i f§ #: F BDDs (Binary Decision
Diagrams) filMTBDDs(Multi-Terminal Biary Decision
Diagrams)""" " K5 B0 45 0 R BRI T —
A BN T 5, S T E R R RS A
R G255 3 B S kA AR X TR R A B AL &R
GER I R RCR R 8 R SR 2 H b
P JB it AL AR A 0 R 456 T i AL AR AR A

(2) MRMC

MRMC (Markov Reward Model Checker)™'™,
J& Katoen Z IR C i85 SLH B N T2 i
FH ) — i A 47 BE DL B G 30 T H, W s A7 T
Windows, Linux 1 Mac OS X Z#:/E &2 4. MRMC
n] L)L 9F DTMC, CTMC, DMRM (Discrete Time
Markov Reward Model) ,CMRM(Continuous Time
Markov Reward ModeD) il CTMDP 4 B #l & G5 15
Y, HE T 29 045 PCTL ., CSL,PRCTL(Probabi-
listic Reward Computation Tree Lobic) fil CSRL
(Continuous Stochastic Reward Logic). MRMC 3%
FH L F 070 0 B %) 5004 25 4 R0 B, SRR R B
on-the-fly £ 2545 A F1 B A UL fie /> A6 55 30 TE 2R



2156 it "

Hl

AL
-

it 2015 4E

E 35 TIF 7 25 B[] B AL 2R Go s 7 ) R A v o i LA
— 2 L R TR /)N 11 Bl AL 3R 4 455 T8 4 i A%
R

(3) HAth TR

ODTMC,CTMC K 4 e A5 70 i 6 38 T 5.
PARAM"Y 2452 bl AL A 70 A6 560, o 56 3F 45
ZH0 DTMC Je 3L [l 4 47 e i) Bl B 3R S0 5 780 ) ]
TR s INFAMY N, S 45 J0 B R 25455 78 1 Bl AL A5
TR 35 o] 36 UE H A JE AR K CTMC KRN R 48
iRl @ MDP BB K 5 T LiQuor-""™ | 7R 75
BRI MDP /) LTL 5, % F RS R BE AL &
Sk, Hs 17 SR B 1 PRISM i 5 ProbDiVinE-
MCH*, S HEFEA7 o0 A AL ALK 55 . 7T 56 UE MDP
HFHHL R G A LTL M2 ;s PASS!H
SCREVE TR GRS Ak 1 Bl LA YRS 36, W] 56 E LA TG
FRARZS B MDP #1 DTMC KFEHL R G ; @ PTA
FERLK 56 T H, . Fortuna ™ W1 PTA 985 KT ik
R AR PTA [ [BHR AR s mepta™ ', L PRISM 24
Ffih ST B E & Modest (19 PTA 354F ; UPPAAL
PROM™Y JA] 18 PTA 14 5 K W2 7] 35 P iR

5 BENRERL RN AP

B 3 AL TR A 56 P A T LY i L B AL AR
K 56 L 28 A0 A7 S U AT 2 180 A8 B A0 B BL
A 35 1 1E A 4 2 R R A AT L 2 Al
i PR ISCA MR 55 4k 43 12010 L AR A 2 o R Y
B A3 B | ZR G M R R AT AR AT L BE AL AR
PR 5 R 0 e A B AR 5 R R 4 BT S IR
A A i BE LSS A 90 BT I LA R B

(1) BEALIE A AR A B 56 il

BEATLARE T S 56 H AT 55 Uk 19 BE AL AR S0 5 B I i (]
[ F £ RIVIR 25 3T B RIS Ji) 318 3 (49 47 0 Ak 57 T 2 R
PP i) o LR S AR AN J A A A 3 B A i ki
2R B i e ph T U P A AR Ry A T
1 0 I A 10 0k 5 R A R B A R O AR 4 L TR
FEAFBEPLBLR. O T 70 r ik X R B AL BL SR w2
LRIV NUIPS: I R VNP NS SUR P
AE B R AT A R A BE HL AR G0 i A S e, BB HILIR
JI R G TR 1) 56 ik e B AL ASE TR A 56 f) — > Bk A 3C
BRL132-133 I 77— 5 iy 223l TAE.

(2) JaPRAR 2525 18] (9 Bl BL 28 G0 4 7Y 56 ik

X1 W JC BRI 22 i IX Y 3 {5 W 45 R G s A
B IR I R A AR G R e AR AR A A A R

BRI s 43 BT 15 30 UE 3X 2 R 40 7 AN W] 0 5 f: v )
E 3B S L 2 B AL A A 55 1) — A PR

(3) A M ARG

Bl WSS TR 4G 55 F] DL 40 i 5 SR R e ik
T TR L T R S8 A B i B AR B 2 I B ASE 7Y
6 1) — SRR X B B A AR R A TR PRI S g
PEFTRATEZ T o A& R G2 2 BB 0 an i il s 2
FI R G F W S e 2 n) R R R A Y
W,

(4) 38 TH5 R SR 55 iE

3 AR R Y R R R — TR S
i TCRCA T8 MR 45 T 4 M 4 Bk P 4R 85 B 7 19
IR 55+ 3R T B AR UE AT IE M X A sl AR
TIE 1) 72 G0 G A% 5 30 IF S Bt BILASE PR A 560 1) — >k K.

6 ZEFRiF

AL A T8 ez 6 i R TR A 6 ) 75 32 i B Bt BIL
N A RGBT E B UE R 20 B B — PR T
BT 1) [ 3 A9 SR B HL AR G207 14 A SCNIRE
R HE A B 5T 0T 1) B BUIR G/ 5 # e TH
R AN Bk 5 S T i ok B ML ASE 7R A 56 5 9k AT
Br S ANE A, L, a9 PR BEALA B AS 56 1Y
AIF 5 75 1) 2 0o BT 9 1) A A AL L 1 B
S B8 Ik AR 0 SO R R R 8 MR AR 5 R LA TR A
F14 187 P B Ak G RS ) A ) A R () 5
TIE ZR GE T [l 97K 5 T B AL ASE 280 4G 38 49F 5 77 1) 1Y 32
A LA 00 %ok HE N A s A ke T LA R A 5
4 L FH Bk At fie B FLATE 5 5 1) Y R R RS H RTIE
MR G ia 7 BB R BE 1 3 RN R G B S 0%
Pk B 5 BEATUAS B A 36 1 O X% 28 R G e AT E i
VAR I AT RIDE D Rr R LR S I D DA R
K J =S ).

F\?HWEE&;

v

9 Rl AL AR AL A 5 i B L AR R D A G R

B OB R #2&E RWTH Aachen University
Joost-Pieter Katoen 3 4% ., o ¥ 4 T X A1/& %
K THEAAERASIEFF R GH B A B ELL, L



1144 X

FH A% . Bl BILAE 24 40 BT 50

2157

A H5t BRI KT LEMR S BR. AL AR
B R B R FBARL AL AL B A BT P S 6 58 |

(1]

(2]

(3]

(4]

(6]

(7]

[8]

(9]

[10]

[11]

[12]

[13]

[14]

2 % X #

Baier C, Katoen J P. Principles of Model Checking.
Cambridge Massachusetts: MIT Press, 2008

Clarke E M. The birth of model checking//Grumberg O,
Veith H eds. 25 Years of Model Checking: History,
Achievements, Perspectives. Berlin: Springer, 2008. 1-26
Turing A M. On computable numbers with an application to
the Entscheidungs problem//Proceedings of the London
Mathematical Society. London, UK, 1936; 230-265

Turing A M. Checking a large routine//Proceedings of the
Inaugural Conference of the EDSAC Computer. Cambridge,
UK, 1949 67-69

Floyd R W. Assigning meanings to programs//Proceedings
of the Symposium on Applied Mathematics ( Mathematical
Aspects of Computer Science). Providence, USA, 1967.
9-32

Hoare C A R. An axiomatic basis for computer programming.
Communications of the ACM, 1969, 12(10). 576-580
Pnueli A. The temporal logic of programs//Proceedings of
the 18th IEEE Symposium on Foundations of Computer
Science. Providence, USA, 1977. 46-67

Clarke E M, Emerson E A. Design and synthesis of synchro-
nization skeletons using branching time temporal logic//
Proceedings of the Workshop on Logic of Programs. New
York, USA, 1981: 52-71
Queille J P, Sifakis J. Specification and verification of
concurrent systems in CESAR//Proceedings of the 5th
Colloquium on International Symposium on Programming.
Turin, Italy, 1982 337-351

Lin Hui-Min, Zhang Wen-Hui. Model checking: Theories,
techniques and applications. Acta Electronica Sinica, 2002,
30(12A): 1907-1912(in Chinese)

OWRER, SRSOME. BEBSARGI . BLe 7 S . 724k,
2002, 30(12A): 1907-1912)

Clarke E M, Emerson E A, Sifakis J. Model checking:
Algorithmic verification and debugging. Communications of
the ACM, 2009, 52(11): 74-84

Kwiatkowska M, Norman G, Parker D. Stochastic model
checking//Proceedings of the 7th International Conference on
Formal Methods for Performance Evaluation. Bertinoro,
Ttaly, 2007 220-270

Hart S, Sharir M, Pnueli A. Termination of probabilistic
concurrent programs//Proceedings of the 9th ACM SIGPLLAN-
SIGACT Symposium on Principles of Programming LLanguages.
Albuquerque, Mexico, 1982: 1-6

Hart S, Sharir M, Pnueli A. Termination of probabilistic

concurrent program. ACM Transactions on Programming

Languages and Systems, 1983, 5(3): 356-380

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Sharir M, Pnueli A, Hart S. Verification of probabilistic
programs. SIAM Journal on Computing, 1984, 13(2): 292-
314

Vardi M Y. Automatic verification of probabilistic concurrent
finite state programs//Proceedings of the 26th Annual
Symposium on Foundations of Computer Science. Portland,
USA, 1985: 327-338

Vardi M Y, Wolper P. An automata-theoretic approach to
automatic program verification//Proceedings of the 1st
Symposium on Logic in Computer Science. Cambridge, UK,
1986 322-331

Pnueli A, Zuck L. Probabilistic verification. Information and
Computation, 1993, 103(1). 1-29

Courcoubetis C, Yannakakis M. Verifying temporal properties
of finite state probabilistic programs//Proceedings of the
29th Annual Symposium on Foundations

Science. New York, USA, 1988. 338-345

of Computer

Courcoubetis C, Yannakakis M. The complexity of probabi-
listic verification. Journal of the ACM, 1995, 42(4). 857-
907

Hansson H, Jonsson B. A logic for reasoning about time and
reliability. Formal Aspects of Computing, 1994, 6(5).
512-535

Bianco A, de Alfaro L. Model checking of probabilistic and
nondeterministic systems//Proceedings of the Foundations of
Software Technology and Theoretical Computer Science.
Bangalore, India, 1995: 499-513

Aziz A, Sanwal K, Singhal V, Brayton R. Verifying continuous
time Markov chains//Proceedings of the 8th International
Conference on Computer Aided Verification. New Jersey,
USA, 1996. 269-276

Aziz A, Sanwal K, Singhal V, Brayton R. Model-checking
continuous time Markov chains. ACM Transactions on
Computational Logic, 2000, 1(1): 162-170

Baier C, Katoen J P, Hermanns H. Approximate symbolic
model checking of continuous-time Markov chains//Proceedings
of the 10th International Conference on Concurrency Theory.
Eindhoven, Netherlands, 1999, 146-161

Baier C, Haverkort B, Hermanns H, Katoen ] P. Model-
checking algorithms for continuous-time Markov chains.
IEEE Transactions on Software Engineering, 2003, 29(6):
524-541

Ash R B, Doleans-Dade C A. Probability and Measure Theory.
Waltham, Massachusetts, USA: Academic Press. 1999
Kemeny J, Snell J, Knapp A. Denumerable Markov Chains.
2nd Edition. Berlin: Springer, 1976

Aziz A, Singhal V, Balarin F, et al. It usually works: The
temporal logic of stochastic systems//Proceedings of the 7th
International Conference on Computer Aided Verification.
Liege, Belgium, 1995 155-165

Vardi M, Wolper P. Reasoning about infinite computations.

Information and Computation, 1994, 115(1): 1-37



2158 it

)

it 2015 4E

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Safra S. On the complexity of omega-automata//Proceedings
of the 29th TEEE Symposium on Foundations of Computer
Science. Los Alamitos, USA, 1988: 319-327

Katoen J P, Kwiatkowska M, Norman G, Parker D. Faster
and symbolic CTMC model checking//Proceedings of the 1st
Joint International Workshop on Process Algebra and Proba-
bilistic Methods, Performance Modeling and Verification.
Aachen, Germany, 2001: 23-38

Hermanns H, Katoen ] P, Meyer-Kayser J, Siegle M. A
Markov chain model checker//Proceedings of the 6th
International Conference on Tools and Algorithms for the
Construction and Analysis of Systems. Berlin, Germany,
2000 347-362

Baier C, Haverkort B, Hermanns H., Katoen ] P. Model
checking continuous-time Markov chains by transient analysis//
Proceedings of the 12th International Conference on Computer
Aided Verification. Chicago, USA, 2000: 358-372
Kwiatkowska M, Norman G, Parker D. Advances and
challenges of probabilistic model checking//Proceedings of
the 48th Annual Allerton Conference on Communication,
Control and Computing. Allerton, USA, 2010: 1691-1698
Liu Y, Miao H K, Zeng H W, et al. 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

Petri C A. Introduction to general net theory//Brauer W.
Lecture Notes in Computer Science 84. Berlin: Springer,
1980. 1-19

Beauquier D. On probabilistic timed automata. Theoretical
Computer Science, 2003, 292(1): 65-84

Kwiatkowska M, Norman G, Segala R, Sproston J. Auto-
matic verification of real-time systems with discrete probability
distributions. Theoretical Computer Science, 2002, 282(1)
101-150

Alur R, Dill D L. A theory of timed automata. Theoretical
Computer Science, 1994, 126(2) . 183-235

Kwiatkowska M. Norman G. Parker D, Norman G.
Performance analysis of probabilistic timed automata using
digital clocks. Formal Methods in System Design, 2006,
29(1) . 33-78

Kwiatkowska M, Norman G, Sproston J. Symbolic model
checking of probabilistic timed automata using backwards
reachability. School of Computer Science, University of
Birmingham, Birmingham, United Kingdom: Technical Report
CSR-00-1, 2000

Howard R A. Dynamic Programming and Markov Processes.
New Jersey, USA: John Wiley and Sons, 1960

Bertsekas D P. Dynamic Programming and Optimal Control.
3rd Edition. Cambridge Massachusetts: MIT Press, 2011
NeuhduBer M R, Zhang L. Time-bounded reachability proba-
bilities in continuous-time Markov decision processes//
Proceedings of the 7th International Conference on the
Quantitative Evaluation of Systems. Williamsburg, USA,

2010: 209-218

[47]

[48]

[49]

[50]

[51]

[53]

[54]

[56]

[57]

[58]

[59]

[60]

Buchholz P, Hahn E M, Hermanns H, Zhang L. Model
checking algorithms for CTMDPs//Proceedings of the 23rd
International Conference on Computer Aided Verification.
Snowbird, USA, 2011. 225-242

Baier C, Hermanns H, Katoen J P, Haverkort B R. Efficient
computation of time-bounded reachability probabilities in
Markov processes.
Theoretical Computer Science, 2005, 345(1) . 2-26

Hermanns H. Interactive Markov Chains and the Quest for

uniform  continuous-time decision

Quantified Quality. Berlin: Springer, 2002

Zhang L, NeuhduBer M R. Model checking interactive Markov
chains//Proceedings of the 16th International Conference on
Tools and Algorithms for the Construction and Analysis of
Systems. Paphos. Cyprus, 2010 53-68

Chen T, Forejt V, Kwiatkowska M, et al. Playing stochastic
games precisely//Proceedings of the 23rd International
Conference on Concurrency Theory. Newcastle upon Tyne,
UK, 2012. 348-363

Kwiatkowska M, Norman G, Sproston J, Wang F. Symbolic
model checking for probabilistic timed automata. Information
and Computation, 2007, 205(7): 1027-1077

Alur R, Courcoubetis C, Dill D. Model checking in dense

real time. Information and Computation, 1993, 104(1);
2-34
Henzinger T, Nicollin X, Sifakis J, Yovine S. Symbolic

model checking for real-time Information and

Computation, 1994, 111(2): 193-244
Forejt V, Kwiatkowska M, Norman G, et al. Quantitative

systems.

multi-objective  verification for probabilistic systems//
Proceedings of the 17th International Conference on Tools
and Algorithms the
Systems. Sarbriicken, Germany, 2011 112-127

de Alfaro L. Formal Verification of Probabilistic Systems
[Ph. D. dissertation].
USA, 1997

Hermanns H, Katoen J P, Meyer-Kayser J,

for Construction and Analysis of

Stanford  University, California,

Siegle M.
algebra//
Proceedings of the 2nd International Conference on Integrated

Formal Methods. Dagstuhl Castle, Germany, 2000 420-439
Siegle M.

Towards model checking stochastic process

Hermanns H, Katoen ] P, Meyer-Kayser J,
Implementing a model checker for performability behaviour//
Proceedings of the 5th International Workshop on Performability
Modeling of Computer and Communication Systems. Erlangen,
Germany, 2001: 110-115

Obal W, Sanders W. State-space support for path-based
reward variables. Performance Evaluation, 1999, 35(3/4).
233-251

Fischer M, Ladner R. Propositional dynamic logic of regular
programs. Journal of Computer and System Sciences, 1979,
8(2): 194-211
Baier C, Cloth L, Haverkort B, et al. Model checking
pathCSL//Proceedings of the 6th International Workshop
Performability Modeling of Computer and Communication

Systems. Illinois, USA, 2003; 19-22



11

] X1

FH A% . Bl BILAE 24 40 BT 50

2159

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

Kuntz M, Siegle M. A stochastic extension of the logic
PDL//Proceedings of the 6th International Workshop
Performability Modeling of Computer and Communication
Systems. Illinois, USA, 2003; 58-61
Baier C, Cloth L, Haverkort B R, et al. Model checking
Markov chains with actions and state labels. IEEE Transactions
on Software Engineering, 2007, 33(4); 209-224

Clarke E M, Jha S, Lu Y, Veith H. Tree-like counterexamples
in model checking//Proceedings of the 17th Annual IEEE

Symposium on Logic in Computer Science.

Denmark, 2002, 19-29

Copenhagen,

Han T, Katoen ] P. Counterexamples in probabilistic model
checking//Proceedings of the 13th International Conference
on Tools and Algorithms for the Construction and Analysis of
Systems. Braga, Portugal, 2007 72-86

Han T, Katoen J P, Damman B. Counterexample generation
in probabilistic model checking. IEEE Transactions on Soft-
ware Engineering. 2009, 35(2). 241-257

Aljazzar H, Leue S. Counterexamples for model checking of
Markov decision processes. University of Konstanz, Baden-

Wiirttemberg, Germany: Technical Report Soft-08-01, 2007

Han T, Katoen ] P. Providing evidence of likely being on
time-Counterexample generation for CTMC model checking
//Proceedings of the 5th International Symposium on
Automated Technology for Verification and Analysis. Tokyo,
Japan, 2007 331-346

Chatterjee K, Henzinger T, Jhala R, Majumdar R. Counter-
example guided planning//Proceedings of the 21st Interna-
tional Conference on Uncertainty in Artificial Intelligence.
Edinburgh, Scotland, 2005 104-111

Hermanns H, Wachter B, Zhang L. Probabilistic CEGAR//
Proceedings of the 20th International Conference on Computer
Aided Verification. Princeton, USA, 2008. 162-175
Chadha R, Viswanathan M. A counterexample guided

abstraction-refinement framework for Markov decision

processes. ACM Transactions on Computational

2010, 12(1): 1-45

Logic,

Zhang Jun-Hua, Huang Zhi-Qiu, Cao Zi-Ning. Counterexample
generation for probabilistic timed automata model checking.
Journal of Computer Research and Development, 2008,
45(10) ; 1638-1645(in Chinese)

CGRF AR, R, W77, BRI A T R | 3 sl
R AT LTS 5 K g, 2008, 45(10): 1638-
1645)

Clarke E M, Grumberg O, Jha S, et al. Counterexample-

guided abstraction refinement//Proceedings of the 12th
International Conference on Computer Aided Verification.
Chicago, USA, 2000 154-169

Fecher H, Leucker M, Wolf V. Don’t know in probabilistic
systems//Proceedings of the 13th International Conference

on Model Checking Software. Vienna, Austria, 2006 71-88

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

Jonsson B, Larsen K. Specification and refinement of proba-
bilistic processes//Proceedings of the 6th Annual TEEE
Symposium on Logic in Computer Science. Amsterdam,
Netherlands, 1991: 266-277

Katoen J P, Klink D, Leucker M, Wolf V. Three-valued
abstraction for probabilistic systems. Journal on Logic and
Algebraic Programming, 2012, 81(4): 356-389

D’ Argenio P, Jeannet B, Jensen H, Larsen K. Reachability
analysis of probabilistic systems by successive refinements//
Proceedings of the Joint International Workshop on Process
Algebra and Probabilistic Methods, Performance Modeling
and Verification. Aachen, Germany, 2001: 39-56
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

Kattenbelt M, Kwiatkowska M, Norman G, Parker D.
Abstraction refinement for probabilistic software//Proceedings
of the 10th International Conference on Verification, Model
Checking, and Abstract Interpretation. Savannah, USA,
2009. 182-197

Kwiatkowska M, Norman G, Parker D. Stochastic games for
verification of probabilistic timed automata//Proceedings of
the 7th International Conference on Formal Modeling and
2009

Analysis of Timed Systems. Budapest,

212-227

Hungary,

Kattenbelt M, Kwiatkowska M, Norman G, Parker D. A
game-based abstraction-refinement framework for Markov
decision processes. Oxford University Computing Laboratory,
Oxford, UK. Technical Report RR-08-06, 2008

Katoen J P, Kemna T, Zapreev I S, Jansen D N. Bisimulation
minimisation mostly speeds up probabilistic model checking//
Proceedings of the 13th International Conference on Tools
and Algorithms for the Construction and Analysis of
Systems. Braga, Portugal, 2007 87-101

Kwiatkowska M, Norman G, Parker D. Symmetry reduction
for probabilistic model checking//Proceedings of the 18th
International Conference on Computer Aided Verification.
Seattle, USA, 2006 234-248

Baier C, GroBer M, Ciesinski F. Partial order reduction for
probabilistic systems//Proceedings of the lst International
Evaluation  of

Conference on Quantitative

Enschede, Netherlands, 2004, 230-239

Systems.

Segala R. Modeling and Verification of Randomized Distributed
Real-Time Systems [ Ph. D. dissertation]. Department of
Electrical Engineering and Computer Science, MIT, USA,
1995

Kwiatkowska M, Norman G, Parker D, Qu H. Assume
guarantee verification for probabilistic systems//Proceedings
of the 16th International Conference on Tools and Algorithms
Paphos.,

for the Construction and Analysis of Systems.

Cyprus, 2010, 23-37



2160 02 M S VI R - ¢ 2015 4f
[86] Cobleigh J] M, Giannakopoulou D, Pasireanu C S. Learning and Algorithms for the Construction and Analysis of

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

assumptions for compositional verification//Proceedings of
the 9th International Conference on Tools and Algorithms for
the Construction and Analysis of Systems. Warsaw, Poland,
2003: 331-346

Feng L, Kwiatkowska M, Parker D. Compositional verification
of probabilistic systems using learning//Proceedings of the
7th International Conference on Quantitative Evaluation of
Systems. Williamsburg, USA, 2010 133-142

Komuravelli A, Pasareanu C S, Clarke E M. Assume-
guarantee abstraction refinement for probabilistic systems//
Proceedings of the 24th International Conference on Computer
Aided Verification. Berkeley, USA, 2012 310-326
Buchholz P. A new approach combining simulation and
randomization for the analysis of large continuous time

Markov chains. ACM Transactions

Computer Simulation, 1998, 8(2). 194-222

on Modeling and
Tiechroew D, Lubin J F. Computer simulation — discussion
of the techniques and comparison of languages. Communications
of the ACM, 1966, 9(10). 723-741

Legay A, Delahaye B, Bensalem S. Statistical model checking:
An overview/ /Proceedings of the 1st International Conference on
Runtime Verification. St. Julians. Malta, 2010. 122-135
Younes H L S, Simmons R G. Probabilistic verification of
discrete event systems using acceptance sampling//Proceedings
of the 14th International Conference on Computer Aided
Verification. Copenhagen, Denmark, 2002. 223-235

Sen K, Viswanathan M, Agha G. On statistical model checking
of stochastic systems//Proceedings of the 14th International
Conference on Computer Aided Verification. Edinburgh,
UK, 2005: 266-280

Zapreev I S. Model Checking Markov Chains: Techniques
and Tools [ Ph. D. dissertation]. University of Twente,
Netherlands. 2008

Basu S, Ghosh A P, He R. Approximate model checking of
PCTL involving unbounded path properties//Proceedings of
the 11th International Conference on Formal Engineering
Methods: Formal Methods and Software Engineering. Rio de
Janeiro, Brazil, 2009: 326-346

Sen K, Viswanathan M, Agha G. Statistical model checking
of black-box probabilistic systems//Proceedings of the 16th
conference on Computer Aided Verification. Boston, USA,
2004 . 202-215
Younes H L S. Probabilistic verification for *“ black-box ”
systems//Proceedings of the 17th Conference on Computer
Aided Verification. Edinburgh, UK, 2005: 253-265

Younes H L S, Kwiatkowska M, Norman G, Parker D.
Numerical vs. statistical probabilistic model checking: An
empirical study. International Journal on Software Tools for
Technology Transfer, 2006, 8(3): 216-228

Grosu R, Smolka S A. Monte Carlo model checking//

Proceedings of the 11th International Conference on Tools

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

Systems. Edinburgh, UK, 2005; 271-286
Laplante S, Lassaigne R, Magniez F, et al. Probabilistic
abstraction for model checking: An approach based on property
testing. ACM Transactions on Computational Logic, 2007,
8(4): Article No. 20

Hahn E M, Hermanns H, Wachter B, Zhang L.. PARAM;
A model checker for parametric Markov models//Proceedings
of the 22th International Conference on Computer Aided
Verification. Edinburgh, UK, 2010; 660-664

Alur R, Henzinger T A, Vardi M Y. Parametric real-time
reasoning//Proceedings of the 25th Annual Symposium on
Theory of Computing. San Diego, USA, 1993: 592-601
Tanimoto T, Nakata A, Hashimoto H, Higashino T. Double
depth first search based parametric analysis for parametric
time-interval automata. TEICE Transaction on Fundamentals,
2005, E88-A(11): 3007-3021

Daws C. Symbolic and parametric model checking of discrete-
time Markov Chains//Proceedings of the 1st International
Colloquium on Theoretical Aspects of Computing. Guiyang.,
China, 2004 280-294

Lanotte R, Maggiolo-Schettini A, Troina A. Decidability
results for parametric probabilistic transition systems with an
application to security//Proceedings of the 2nd International
Conference on Software Engineering and Formal Methods.
Beijing, China, 2004 114-121

Lanotte R, Maggiolo-Schettini A, Troina A. Parametric
probabilistic transition systems for system design and analysis.
Formal Aspects of Computing, 2007, 19(1): 93-109

Hahn E M, Hermanns H, Zhang L. Probabilistic reachability
for parametric Markov models. International Journal on
Software Tools for Technology Transfer, 2011, 13(1): 3-19
Hahn E M, Han T, Mereacre A, Zhang L. Synthesis for
PCTL in parametric Markov decision processes//Proceedings
of the 3rd International Conference on NASA Formal Methods.
Pasadena, USA, 2011 146-161

Miner A, Parker D. Symbolic representations and analysis of
large probabilistic systems//Miner A, Parker D eds. Validation
of Stochastic Systems: A Guide
Berlin: Springer, 2004 296-338
Della Penna G, Intrigila B, Melatti I, et al. Bounded proba-

To Current Research.

bilistic model checking with the murphi verifier//Proceedings
of the 5th International Conference on Formal Methods in
Computer-Aided Design. Austin, USA, 2004. 15-17

Zhou Cong-Hua, Liu Zhi-Feng, Wang Chang-Da. Bounded
model checking for probabilistic computation tree logic.
Journal of Software, 2012, 23(7): 1656-1668(in Chinese)
RS, R, T EIK. B TH R 2 8 0 BRSO R R kS
W, A, 2012, 23(7): 1656-1668)

Filieri A, Ghezzi C, Tamburrelli G. Run-time efficient proba-
bilistic model checking//Proceedings of the 33rd ACM/IEEE
International Conference on Software Engineering. Honolulu,

USA, 2011 341-350



11

] X1

FH A% . Bl BILAE 24 40 BT 50

2161

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

WE B ;{

Hinton A, Kwiatkowska M, Norman G, Parker D.
PRISM: A tool for automatic verification of probabilistic
systems//Proceedings of the 12th International Conference
on Tools and Algorithms for the Construction and Analysis
of Systems. Vienna, Austria, 2006, 441-444

Kwiatkowska M, Norman G, Parker D. PRISM 4.0.
Verification of probabilistic real-time systems//Proceedings
of the 23rd International Conference on Computer Aided
Verification. Snowbird, USA, 2011. 585-591

M, Norman G, Parker D. Probabilistic

symbolic model checking with PRISM: A hybrid approach.

Kwiatkowska

International Journal on Software Tools for Technology
Transfer, 2004, 6(2) . 128-142

Parker D. Implementation of Symbolic Model Checking for
Probabilistic Systems [ Ph. D. dissertatopm]. University of
Birmingham, Birmingham, UK, 2002

Katoen J] P, Hahn E, Hermanns H, et al. The ins and outs
of the probabilistic model checker MRMC//Proceedings of
the 6th International Conference on Quantitative Evaluation
of Systems. Budapest, Hungary, 2009: 167-176

Hahn E M, Hermanns H, Wachter B, Zhang [.. INFAMY: An
infinite-state Markov model checker//Proceedings of the
21st Aided
Verification. Grenoble, France, 2009 641-647

Ciesinski F. Baier C.

International ~ Conference on Computer
LiQuor: A tool for qualitative and

quantitative linear time analysis of reactive systems//
Proceedings of the 3rd International Conference on Quantita-
tive Evaluation of Systems. Riverside, USA, 2006 131-132
Barnat J, Brim L, Cerna I, et al. ProbDiVinE-MC: Multi-core
LTL model checker for probabilistic systems//Proceedings
of the 5th
Evaluation of Systems. St Malo, France, 2008, 77-78

Hahn E M, Hermanns H, Wachter B, Zhang L. PASS:.

International Conference on Quantitative

Abstraction refinement for infinite probabilistic models//
Proceedings of the 16th International Conference on Tools
and Algorithms for the Construction and Analysis of
Systems. Paphos, Cyprus, 2010: 353-357

Berendsen J, Jansen D, Vaandrager F. Fortuna: Model
checking priced probabilistic timed automata//Proceedings of
the 7th International Conference on Quantitative Evaluation
of Systems. Williamsburg, USA, 2010. 273-281

Hartmanns A, Hermanns H. A modest approach to checking

probabilistic timed automata//Proceedings of the 6th Inter-

LIU Yang, born in 1981, Ph. D.
His research interests include software

engineering, and formal verification.

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

national Conference on Quantitative Evaluation of Systems.
Budapest, Hungary, 2009 187-196

Gerd B, Alexandre D, Kim G L, et al. Developing UPPAAL
over 15 years. Software-Practice and Experience, 2011,41(2) ;
133-142

Ndukwu U, Mclver A. An expectation transformer
approach to predicate abstraction and data independence for
probabilistic programs//Proceedings of the 8th Workshop on
Quantitative Aspects of Programming Languages. Paphos,
Cyprus, 2010; 129-143

Kwiatkowska M, Norman G, Parker D. Analysis of a Gossip
protocol in PRISM. ACM SIGMETRICS Performance
Evaluation Review, 2008, 36(3): 17-22

Duflot M. Kwiatkowska M, Norman G, et al. Practical
Applications of probabilistic model checking to communica-
tion protocols//Gnesi S, Margaria T eds. Formal Methods
for Industrial Critical Systems: A Survey of Applications.
Los Alamitos, CA, USA: IEEE Computer Society, 2013
133-150

Heath J. Kwiatkowska M, Norman G. et al. Probabilistic
model checking of complex biological pathways. Theoretical
Computer Science, 2008, 391(3): 239-257

Kwiatkowska M, Norman G, Parker D. Controller
dependability analysis by probabilistic model checking. Control
Engineering Practice, 2007, 15(11). 1427-1434

Katoen ] P. Model checking: One can do much more than
you think!//Proceedings of the 4th International Conference
on Fundamentals of Software Engineering. Tehran, Iran,
2011 1-14

Katoen ] P. Perspectives in probabilistic verification//
Proceedings of the 2nd IFIP/IEEE International Symposium
on Theoretical Aspects of Software Engineering. Nanjing,
China, 2008; 3-10

Han T, Katoen J P, Mereacre A. Compositional modeling
and minimization of time-inhomogeneous Markov chains//
Proceedings of the 11th International Workshop on Hybrid
Systems: Computation and Control. St. Louis, USA, 2008
244-258

Chen T, Han T, Katoen J P, Mereacre A. LTL model checking
of time-inhomogeneous Markov chains//Proceedings of the
7th International Symposium on Automated Technology
Macao SAR. China. 2009.

for Verification and Analysis.

104-119

LI Xuan-Dong, born in 1963, Ph. D. . professor. His

research interests include software modeling and analysis,

and software testing and verification.

MA Yan, born in 1981, lecturer. His research interests

include software engineering, and hybrid system verification.

WANG Lin-Zhang,

born in 1973, Ph.D., associate

professor. His research interests include software engineering.

and software testing.



2162 it "

Hl

5

it 2015 4E

Background

In the recent decade, stochastic model checking caused
widespread concern in the formal verification area, and has
achieved great development. Around this topic there are
some well-known research groups, such as the quantitative
analysis and verification research group at the University of
Oxford, reliability systems and software research group at the
University of Saarland in Germany, and Software Modeling
and Verification research group at RWTH Aachen University
in Germany. Stochastic model checking is a recent extension
and generalization of the classical model checking, which can
verify and analyze system model qualitatively and quantitatively,
and has been applied to the random distributed algorithm
verification, communication protocol performance analysis
and even interdisciplinary areas such as systems biology. In
this paper, we summarize the main research direction and
progress of stochastic model checking, analyze the advantages/

disadvantages of stochastic model checking deeply, classify

and list tools for stochastic model checking, and point out its
future challenge. This work was supported by the National
Natural of China
Nos. 61303022 and 91318301, the China Postdoctoral Science
Foundation under Grant No.2013M531328, the

Science  Foundation under Grant
Natural
Science Foundation of Shandong Province of China under
Grant No. ZR2012FQ013, the Project of Shandong Province
Higher Educational Science and Technology Program under
Grant No. J13LN10, and the Science and Technology Program
of Taian under Grant No. 201330629. The above projects study
the complex software modeling, analysis and verification.
Stochastic model checking can verify complex software
quantitatively, such as reliability or resource utilization. In
this direction, we have presented a high-level method to
model and verify complex software with nondeterminism and

probability, which is called the NPPN; and we also proposed

a kind of method for verifying trustworthy service flow.



