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Abstract: Cyber-Physical systems (CPSs) are advanced embedded systems engaging more interaction between computer and physical
environment. CPSs are widely used in the field of healthcare equipment, avionics, and smart building. Meanwhile, the correctness and
reliability analysis of CPSs has attracted more and more attentions. Statistical model checking (SMC) is an effective technology for
verifying CPSs, which facilitates the quantitative evaluation for system performance. However, it is still a challenge to improve the

performance of SMC with the expansion of systems. To address this issue, this study explores several SMC algorithms and concludes that

« HETH: HEKARRE (61472140, 61170084); Ll AR Rl 3 42(14ZR1412500)
Foundation item: National Natural Science Foundation of China (61472140, 61170084); Natural Science Foundation of Shanghai
(14ZR1412500)
ORI ) 2016-07-18; BT ): 2016-09-25; SR FHHFIH]: 2016-12-07; jos 7E £k Hi it 1] 2017-01-20
CNKI W £8 4158 tH i 2017-01-20 16:06:42, http://www.cnki.net/kems/detail/11.2560.TP.20170120.1606.019.html

© TEBREEEEIEDT  htp/ www. jos. org. cn



HiEE S —F @@ CPS 49 A & M % it AR AR 7 ik 1129

Bayesian interval estimate is the most practical and efficient algorithm. However, large scale of traces are needed when the actual
probability is around 0.5 during the evaluation. To overcome this difficulty, an algorithm, AL-SMC is proposed based on abstraction and
learning techniques to reduce the size of sampling space. AL-SMC adopts some sophisticated techniques such as property-based
projection, extraction and construction of prefix frequency tree. In addition, to improve the efficiency of SMC further, a framework of
self-adaptive SMC algorithm, which uses the proper algorithm by probability prediction adaptively, is presented. Finally, the self-adaptive
SMC approach is implemented with three benchmarks. The experimental results show that the proposed approach can improve the
performance within an acceptable error range.

Key words: cyber-physical system; statistical model checking; abstract; learning; self-adaptive
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Fig.1 Traces needed for SPRT algorithm at different confidence and probability threshold 8
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Fig.5 Traces needed for APMC and BIE algorithm with the same accuracy (6=0.01,c=1-£=0.9)
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i WA ESEEYIE S PR
IK) T b B 2% ool e

Fig.6 Framework of the optimized SMC algorithm
Bl6 DAk ge ok B AL I S HE 42
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T T, BRAT T ] B A 28 AL-SMC S35 BANBY B 0% O 20 3R B R R BV R S L SR [16].
212 HEMB
Tl 5 B B AN [] £ ik 5 5 AR ok S s 6 42 6° HEAT T Ak, FEVE ARG R R W 1B 7 BT s
H3% 1. Trace MWL A A .

i N:BLTL @A 3 ¢’ J5 4G Trace 6°, Trace $2 IR 1 p.
i B AL A 5 S BT Traced”, JRUURHSIE4F 1 EM.

1:  8"=traceDiscretization(5°) /)54 Trace &5 BLik

2: forallsed' do

3: si=s+sChk+tChk /% B Trace 1RF—AMRZS I IR ZS R Trace 146 UE b i
4: end for

5. &% EM:=pcaDimensionReduction(5") /M PC A S AT B 4, I 15 B3 AE 0 B

6: forall se 5 do

7: if tChk=1 then

8:  Sus /13T teheck fE20 1 FPIRAS, B IMA BT Trace
9: end if

10: end for

11: : 8*=8°UtraceExtraction(5%,p) 17 U R 55 K 1) Trace BT Trace H

12: return &°, EM

Fig.7 Abstraction and simplification of Trace

7 BARI R AN 5

WL 1 T RER B AR I R A R EE A 3 AN RBEE R VSN traceDiscretization(-) B (O B
TH 6 TSR . pcaDimensionReduction(-) B O N T B 6 1 (1) 32 143 2 AT BE ) Fi
traceExtraction(-)ERALO N T 6 [T ST A% 1 A2 A RN B 4B i), N T ERATT ) ZEAHIX 3 NREUN AR
A,
1) traceDiscretization(-) B 41
75 CPS H1 A7 A6 K 5 120 ORI 240 o, B AR A A5 N SV=LUX;,— 46 JRUUR B 4% 80 2 ke 4 1) i v ISR B (k=H#(ST),
RISV 176 2N 50). B T 12 50 B U8 RPIR S s BT 2R 408 1 O BRIR S 150,55 T 8k, 20 T 20 ) B0 I AR AT Ak 3
(1) BT BB RSB AR B AR P A S R A AR )R 2, X BR AR AT 28 1 k4 B IR B w4
YEBE sChhk;tChk:sChik L7 T BU AL R AL ¢/ ,1Chk RN MBI AT H T2 AL ¢

(2) T H AR O IE S8R S BY . R I B 8 2 A (W @) I, R 18 i 4 AR T K AT R
A A R AL DR 4 R AN B R B 8 A N 2, L AR A e P B TR i P 4
B BT R A4 AR B b g R 50 L ,sChie MR IG 1 A% 3 A2 155 8t Chk 5 1 AN sChik 7
RN EIPIR S AL VIR

2) pcaDimensionReduction(-) P& #1

23 traceDiscretization(-) R BUAL B )5 AR R T BOECR &l T 5 — BAR I A 10 g 5 T R S0 AL X
IR 0L B AN 2 ] TR AR e 2 T (R AH G SRedh — 25 980/ AR 8 JRATIAE B L2825 >0 v i B W — b e 4 55
E—— X4 2 M7 (principal components analysis, 5 #% PCA)! ), 484554 Bk 42 3E AT #5242

BN RHEM S S IN CPS A rp IFA H Uy 72 STk ok L H bR VRN R RL, oF SRR pleor (B AR &) I 275
R ARG HE Y AR dR A . VP Oy ZERRE . VR BRI AR AR B SR E R M R LR A1 S LT
S, B AT SRAS ) A 2 R AR i, DT 932 B A28 T I AR e S B

3) traceExtraction(-) i

SR 25 IR CE AN B D AR TEAR I AT RS AR v S5 LA AT L3 75 K xeh B A b RIRAS sk
AT Ot OB AP iR I B BRI

(1) DR S0 2 5 4% 2 A o ) T L A2 @ FF) ALY ¢ CA=1 11 10,30 T 500 A M 2% 1y B AT OG0

(2) %4 PCA P45 (7R AS P 5, 1 & 2 {8, B8 M, R ATT B R VI A AR 4 T AR 0 AN AT e K78 26 I

{H (A ZF1 =0.8) Wl A] .

=%
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2,13 M B

S0 AT 3 AN IR G R Ak 5 AR 0 B % B Kk BRI SR R 2 ) B Bl i 3 T G A A U 43
AT ET T S5 AT 24 Sk Kl 43t MO 2 5 1~ 350 1D 8 40 B, i BB R (1 S

TE X (BT8R 35 2 1 (prefix frequency tree, B #R PFT)). —FATZMURM T & —ANJudl T=(D,R,dp), i,

o D ACKRWE SNBSS AL SRR d=(id f;n), b id XS R 4500 0/1 7)1

O SR AE S5 T RO AR B n 0 S BT SR 3 &5 05 B e 4 B, T DUT B 45 0 AR AL <.
o RAREL S MR, 0 RRA(dd); BRAREE AN A GE A+ R KRBT BAE 1 A Hak s &L 8
LU 0 A AN G 4k 4 .

o doeD AMBIMSGE B HAT 1A T do KUEBEAT 5 9K 45 .

MR SCHR[ 18] (1 BE AL SCIEHEWT 7 (A T ) [0 303 B L), vl R R GE 1M B U AR B A —FE 5 10
A R 3 T AR FRATTH R AN 2 E AR L IR R A B A 0 25 4], BIE PRT HIAR 45 s 28 1105 2 H AR 23R
FEABRARTE R — AR 45 S & b RN TR i — BR PFT, & 52 bn B S R R G000 180 5 8 Ak () i e Bt 3
HA R

o 1(d1eap) = dieay), BNTE I T-45 500 £ 5 0 AHEE,

. M@—ﬂ@:ZMMMW@LWE*#H%%ﬁ%n%fZ%%%Emﬁ@%%ﬁL%nZﬂ;

o n(dy) - f(dy) =) f(d) BIRRE il n 5 f 2 ZE8 T B RS miit) £ 230

JUE G B o) A T AT A A B AR B R FH % 1 0 3 A PR 794K 14 B K, DAL ke, vl 3 3k i 46 A4
FR B ) YN IR 99K AT R8N PET IR T 2 S5 i 40 i i &l 8 s fEfi& #l4s PFT 2 )5, WA
reducel _recur(-) PR B0 A 56 FIWTBEAN G5 5S04 1 45 S0 n R FAE R TR 10 5 1 AR e AR SR AN 4 0 21
B33 BRSO BEAT 45 N ) & I, B reduce2_recur(-) B4, 50 BLE— 5 299k

BE 2. RS R d K 21

BN A SRS 6 Trace 254 3° PFT LIRS 5L r.
iy HH A R SRS T SRR T

1:  dy=rootof T 114 AR &5 55

20 dyemp=d, IR T TR AR &5 10T 3R

3:  NodeCollection: =0 IInode B MU Ty

4: forall §’ecJ3” do

5 d,,, = getNode(5)

6:  n(dremp)of (diemp):=addNodeNF (diemp) /I RE— N 45 38N nof FRid
7:  NodeCollection Ud e, 11¥ 432N node I node 4E&
8: end for

9:  do:=PFTConstruction(NodeCollection)  //#iL node 4 ¥%E PFT
10: dy:=reducel _recur(do,r) //PFT %5 1 r B2k

11: do:=reduce2 _recur(dy,r) //PFT 5 2 Wy B2k

12: return T with d,

Fig.8 Construction and reductions of PFT

B8 BTSRRI AL S S 2 BT ik

SR LIRS PFT 4428 11 &5 05 b0 B AR A A H50 Iy 350, BRI 23t 7 AR 26 S 35 10 B8 A% B A K6 28 1 5
P RS RUEUE SON TSR (1) 45 A ko, WA F 240 90 R i 4 v &5 0 AT 280K
2,14 BEMEMGI T

29985 11 PET Bl 77, 0] B VES IR R e e 25 () AT 7RI R B2 AR T/ m D3RR & L 45
(r>0), % FEBIFE RFEAR RIS OL 0 R T B2 1 EREA,FRATE A m+1 A BIE 40788, )7 R AT BIE Siit
IR G I A2, X A AR R 46 i R B R 42 00 SIREAT B8 F 24 04T BIE ) AT S #04R 1k N M8 AN S0k R b e I )
AN BIE 20 M1 88 T AT — WKL 000 0 EAT QR b 2

) % p> 6B pi X KN, R W p, (B HER, AN IE
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2)  F p < EMEI) p, A AT T peviN.
BN p= 5 p LXL BT BLHIE 535 3,40 9 R,

i=1

BE 3. m& MR £ BIE 40 HT.
BN LG R HT SEF T BLTL J& 1k ¢!, 2 X ) K /N 8,28 11 45 8 m.
A R AR R

1o I={(x1,01,endy),....(Xmets Yur1,endmer)}  //BIE 23T 2882 6,00 BIARGR S i N oM i as i)
IEFEA Trace 0. Gt S8R 20

2: N==0 /A 3% Trace FEAS 24

3: while Jiel and end=false do

4:  O:=generateSampleTrace() /M7 B3R — %% Trace

5 §'":=preprocess(J) 1483 Ak R 2% 43 B4 5 Trace

6: if O'F¢’ then

7:  i=findEndNode(T',5") IR T B 5% B AR 4R BIO0S B 1 28 11 485 05 i

8:  piyi=computeStatisticalParameter(I) //PAT 5 i A& 1E4E % N K BIE 9%

9: end if

10: if checkEndCondition,(y;) then

11:  end=true A e R v T = S I

12: end if

13: end while

14: return p:=§pi M SR ] fe A R R

Fig.9 Multi-BIEs calculation of the final probability
Ko mAMARINZ BIE it Hik

22 BRSO

AL-SMC 75k 54 5 4 (o)A 5 18] 44 2 5 6 (0 i AR ARF (T )R 2 S sk i e 82 51 I BR A o T 5, ¢
JE AT AL LA S AR I 3 A2 FRA R TG 25 5%, FURR A 1 UG RL AR . BID 20 17 o 0 MBE 4 2 T ok g, 2 8B 2 1) A7 7 55
KA

Py (8°y=Pu(8")=Pu(T") )

PRI, i 28 W3 VA 1 18 22 B gk T BIE S8 v 20 My (R 7

AL-SMC S35 7 BBy B I ) 52 % P2 55 2 () SR 2 2 L3R 2.1 38 2 T A1) JET- PCA R AIE R4 1) B2 2% i
T PCA BEA L Pl (RFAESG2) PIAI IS A SVELE PFT K%M Al g2 th D0 R vai th, ml e 1 4% 2 40
KA A PET AR AR P IZ — ) J;3) e ML 192 BIE 730 Mt 530 B 5 as AR R B PR 552 B 155 0 1T 2 , i
OCEARH IR ) = 2R T AR 0 K

Table 2 Time and space complexity of AL-SMC algorithm
&2 AL-SMC HIE M () 55 25 ) 5 2% i

M Bk ISR | R AR E W
T ARMERE O(mn) o) m FoR AR K E 0 TR GRAE AR
5 B T PCA [RHRAE e 4 O(min(k*,n*)) o) ke RN R A B TR SR AN
SR S o) o) R 40 )i R I B 2D R0 B )
T S8 A0 A ) A O(mn) o(l) m FRBARKE 0 FoR NG REALL
I B [IE-ZIES SIS O(dlogd) O(logd) A d RS S
[E-EESSIOESE AN O(dlogd) O(logd) A d RN R
I M % BIE 40 M R UGS AR L) O(logd+i) o) d Fon & s i FORB A IR E

3 BENMFIHEREGNELR

AL-SMC 532 7] DA 2022 i BIE S350 SE B ME R AE 30 0.5 I 38 21 (1) % A8 1) 8L, X 1, 45 & BIE AT AL-SMC
B 0] LSO, 171X 18] _E A 2 ME R R 474 A% IR E A B BE Tl B A SCHR I T —FPBha& 0 A G N SMC HEHESE,
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XA CPS S, AR M A 0 FLA, R LB £ SMC % SR RE I 10 Piors.

®
v

[ BRI AT 55 2 5 ]

%;ﬂc%\r —é— mc@ﬁr

W‘lT P1: W‘lT P2: W‘lT P3:
>0 15 =0.5 >0 85

o1 or UL T - 100 2~15 0L 6

v

[ {354 BIE ] [ﬁm AL SMC ﬁiﬁ]

Fig.10 Framework of the self-adaptive SMC algorithm
Bl 10 HIERN SMC SHHES

W 2 MY T S 0 20 A e B E MRS SPRT B BHT,3EAT M4 (X 18] 4 ++ GE 4 7T LAZE 100 45~200 4% %45
P 5E ). A7 T BRI SRS VA 2, B AT T [0, 1IR3 X T 3R AT %I 43 4T £=0.15,4,=0.5,£5=0.85 1X 3 A s[RI #2568 3 4
ZIPA K P1:P=g15(9"),P2:P=0.5(9"),P3:P=0g5(p"), 381 E AT 035 AL 175 0% 36 5 35 1K) SMC 03k, P HEAT 2 VP A
SPRT 5, BHT 43 #7 [ 1% 2 % HX 0.1, LAPRIE P1,P2,P3 & e H 2 AN NI £ 250 412 N se i, & 8 4
HAE 250 4% B A% P i) A 56 B2, DU 3 B 50 51 RBE 2% 77 HL 5K 2 ) R 26 X I Ay

11 24 5 26 d SV IR e B IX i) 3X AT P P s R BVA T I BIE 5755 AL-SMC B34 i 56 A %
TE[0+6,0.5— 7] FI[0.5+77,1- 5136 B s (17— ML EX 0.3~0.35,5 K 2 X [] K /IN), % 4% BIE 51k, 75 1, % £ AL-SMC 5H.vk.
AL-SMC HyE¥- 4N T BIE HIEIIAS R, il LU S A 30 SO R P B2l 0.5 2545 AR 20 30 (0 75 B ARAIF P
AN 0.5.

BIE ATH%RIE M SMC  BIE
A

oy

L | L1
0 0.15 0.5 0.85 1

Fig.11 Selection interval of the final algorithm

B e e SR I RE PR X ()

2 R B STVE BT R PLLP2,P3 ARG 45 B ET 4 7 Rl L

(1) P1,P2,P3 ¥4 AL, % B Pe[0,0.15),1% 4% BIE;

(2) Pl AR5 H P2,P3 ANl /2,388 P 821 0.15,i% £ AL-SMC;

(3) Pl H P2,P3 AL, 3B Pe(0.15,0.5),1%+F AL-SMC;

@) P2 K5 H P P3 AR AL, R PRL 0.5,3%# AL-SMC;

(5) P1,P2 i /& H P3 R &2, 38 1 Pe(0.5,0.85), 4 K EX 2,3 ¥ AL-SMC;
(6) P1,P2 i/ H P3 A 5¢ /%, KM P I 0.85, 245 WH X, %+ AL-SMC;
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(7)  P1,P2,P3 ¥y, 3R] Pe(0.85,1],1% 4% BIE.

o i ARAE 1F G Y, SMC S5 i0AE 28 i S0 88 1) A0 10, 5 At B2 (M G 0F i AR Bk v LR 2 TR A SMC 4
2 B AT DU H O AR IR B A, D) G A AR A v v SRR I R AN PR L TR R S A R R AT WA
Rk, A& SMC J5 M P4 A ARG W 1] 12 Jis.

Bk 4. QUGN KGR I SRS
N BLTL JETEA X g SERMAR %L g

i AR R R 5 e R A

1. Z=Q JMRAE 27 2B I Trace 256

2: (PL,P2,P3):=(P=0.15(4),P>05(4"),P=0s5(#"))  //TUAEPTH I 3 A @k

3: pre=null IR A 15 5650 40 4 i 8 SPRT i BHT 51k
4:  if g#null then

5. pre=BHT(0.1) /P BHT 5035, 1% Z MR E 0.1

6: else

7. pre:=SPRT(0.1) /PR SPRT 5%, % ZE MR 1K 0.1

8: endif

9:  (r1,r2,r3):=(undone,undone,undone) /T 2 S AME

10: while size(2)<250 and ri=undonevr,=undonevr;=undone do

11: (r1,72,73):=pre(P1,X),pre(P2,X),pre(P3,%) IR 3 A 3 Pk 5 R 1] 2 i 45 21,

HARTE 2T Hr Trace £ LA E A
12: end while
13: if riAraA 13 Or =1 A—ryA—F; then
14: p:==BIE(¢',%) /1] BIE 592
15: else if 1 Ar; and —r3v—rs=undone then
16: p:=ALSMC(—¢',%) /@ PERUR P AL-SMC
17: else
18:  p=ALSMC(¢',%) /A AL-SMC
19: end if
20: return p

Fig.12 Pseudocode of the self-adaptive SMC algorithm
K12 [N SMC S HE L Oh AR 5

4 =B

9T B N G VAR RS VR AT SRR N A B, AT DO R RS R B sl LA N B AR LRI AR T
BEAT T A ARG, TR 3 S 06 25 M EL A T GG N SMC SLyEAME 4800 fa 4l () BIE S9k i ML RE A 56 AR A 29 R
AR 3¢5 A XABER A S H05 2 T T IRAE:(1) 6=0.05,c=0.99;(2) 5=0.02,¢=0.9).

Table 3 Constraint formula of three benchmarks

R3 3IPEOKHEIRARANX

Xl AR 2R
- Py, h Poo(F~ "% =150)
i Byl e
B aEhplas A B 1 I Pt F~ %> 500)
1 , Po(F Benergy=210)
i el yH By ¢3 ?
B RS S &y va(F<48discomfort> 15)
o5 P_o(F"%pergy=290)

W Pl

P P_y(F " p0rgy=2000)

vk, gy il gy TR AERE B HL 2 A A2 BRI i 0 (¥ Fi B R R 1) (1) 240 SRR 56, 3 1 by 7R KA B 458 R G v
B T R RSB BB (IR, s 1 b 22 7N A B A IS0 R %o i e ¥4 FE TR A 6.

N T TG b A 1 N 8 A AR RS I A S S48 v £ R B AT A B R 4% R ST 2 2 44(0.05,0.99) 11
B85 H1F Sk £ BB X — 1k B 1 5 MR U 2 30 20 A, 2 B BHT 523 7E 200 4% 645 A SR IGAE P1,P2,P3, 11T P2 RS8R
(BN RTIR IS 00 4), iT SNELSEME R P AE 0.5 7oA, BMUEEE AL-SMC BEAT 03I . 285 % 16 42 Y1 45 45 114 4t 5 0 2% 5 1 7,
TR Y 486 0 JUAR B A% 22 BIE 2 vt 43 07 8 o5 H e R IR 45 11

© PEBEBPHIFST  hip:/www, jos. org. cn



1140 Journal of Software ¥4 33 Vol.28, No.5, May 2017

BADFREA EFIREAT T 100 KRS IFHF LU0 45 RPURAME . SR ~FIEIX 3 P SLaEAT 2047
F A NAFTEOLT, &N SMC J7VAM BIE 5P (1 # A2 E H 2k 4 a0 R B & N SMC SIAHESR W A7
D S8 T A B A K B B v T R B (E R I B 0 88 R O AN RRUE (D 28 3K, TS 40% 11 % 45 40 1T
XA gy, BEIRD 16% ) AR50 N BLIE _FR U IX BT PET R I 45 1A 20 ).

Table 4 Comparison of required Traces between BIE and self-adaptive SMC algorithm of three benchmarks

T4 3AFWHIF BIE Ffl HiE N SMC J5 =T 5 A L

4 A RIE 53 /DB N Ta R R AR A
™ (8,¢) (BIE/Hi&E . SMC) (BIE/Hi&E Y. SMC) (BIE/ [ i& . SMC)

1(0.05,0.99) 653/501 659/591 657/459

e ) e $(0.02,0.9) 1673/1335 1690/1496 1686/1496
BB R $:(0.05,0.99) 398/250 528/398 480/320
$(0.02,0.9) 1083/635 1305/949 1222/798
,(0.05,0.99) 578/250 647/253 625/250
B s 2 2 $,(0.02,0.9) 1546/342 1603/469 1546/342
B iR R A $4(0.05,0.99) 645/250 655/250 645/250
¢4(0.02,0.9) 1677/457 1685/459 1677/457
¢5(0.05,0.99) 431/250 541/250 488/250
EF L #5(0.02,0.9) 1148/250 1344/455 1257/335
AT 6(0.05,0.99) 626/250 656/289 645/250
#5(0.02,0.9) 1598/415 1676/658 1648/514

5 HIE R SMC $EVERI BIE 5320 S 56 45 AU LG, 200 17 5173 A7, 3R 145 1, G . SMC B0 IR E 2 13
FEWEBRBNAE — AN D 0] P, JE Rl 2 2 T 456 32 0 0 3 0 25 0 A7 £ SCRIR[16] 0 AT T S 7™ 1) i 18 A2 5 B 1 1
RERE W] DL X B O B AR B r(r D 2RSS B AR R s 1 SR AW 1) 2 R ) (I SR A2 1
SMC S92 B MERSG B2 . R IHE A2 T A B2 At AT T B4 BIE S35, B I N SMC SR 8803 S .

Table 5 Comparison of result between BIE and self-adaptive SMC algorithm of three benchmarks
%5 3/NZMIh BIE FEE N SMC 45 R Hik

% 4 ARBIBH R IEPN RS PRI
i (5,¢) (BIE/ 1 % SMC) (BIE/H1& . SMC) (BIE/Hidi % SMC)
£(0.05,0.99) 0.45802/0.43788 0.54421/0.55015 0.49819/0.49955
. . $(0.02,0.9) 0.46730/0.47491 0.53147/0.53311 0.49786/0.50209
BEflLE N A $(0.05,0.99) 0.185/0.18391 0.27925/0.29511 0.24121/0.24212
£(0.02,0.9) 0.20184/0.20003 0.26243/0.28108 0.23877/0.23903
$4(0.05,0.99) 0.32759/0.33402 0.43914/0.48486 0.39084/0.41046
L $4(0.02,0.9) 0.3553/0.34755 0.41981/0.46737 0.3909/0.40536
F et £ 4R 5 $4(0.05,0.99) 0.42813/0.42612 0.54116/0.56874 0.48225/0.50363
$4(0.02,0.9) 0.46099/0.44511 0.51391/0.54631 0.48473/0.49826
45(0.05,0.99) 0.20554/0.14035 0.28913/0.34529 0.2471/0.25321
—— $5(0.02,0.9) 0.22421/0.19866 0.28026/0.32487 0.25009/0.26466
b $4(0.05,0.99) 0.39013/0.373 0.47416/0.52743 0.43491/0.45034
4,(0.02.0.9) 0.40148/0.38922 0.45709/0.49834 0.42684/0.44709
5 MXIE

MR GETHFR AT R K EALSMC SRS RIB . BBt RS gt it ik bl 4

T M R G BUIS AT A AR R B AIE 28 20106 A 20 AR 0. B S Sen S R H R BGTIF g R 4c 1L I ssp
S R 0 T G A 251 7 0 SIS ST 75 1 B AR B R AR B NV DL 2 32 SR (¥ 11 C. Younes %5 AU H
— R R I SORIE RS B I T K N R C IR R T SCER[21] P S0 B A R G T VA ) — SE 4 R Younes
26 NIEAE Wald f¥) SPRT JR B JERE 132 7 JE 1% 50 SPRT sz B AR 200 DL /b 5030 BT 7 B 4 O R A %
H.SSP 55 SPRT # FH  fift v iz L B6AIE 1) J30, B0, 9] 25 2R 48 S W A 240 TR ' f100 MO 3 2 15 KT B % 1 AN M 5 g {1
XA LB SEP- (@), 5 5 PRI ), 2 R B2 v] LB 23R 0] S 3l A2 o' (R p, i APMCH L 3L 355 x/m K
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VHEL p(AL A x BT n 2 51 3R 78 BT 8 10 B A% IE AR AR B0 R B0 i), R 18 ik Chernoff-Hoeffding Ji >k B 72 45 S 1% 722
16 LB 5, Zuliani,Clarke 25 AJE T DU Ze i AR T BRPOBE SMC 5735 BHT A1 BIE!'>" L i 36 UL
TG 50 A 5 W 36U () T, F 3 5 T Lo 007 DX A7 it e VT A )

M SSP,SPRT,APMC | BHT,BIE,SMC &V it 75 % 12 £ i Wi D 3 R B i 4 v o8 7 — P& SMC Hi
AR NATEE AL )7 7545 Gl I kAR S5 5052 LI — D4R T SMC 0% Bl fift v — 2% SMC Ml L g e 1 i) R, G AF A
€ PE 17 8 (non-determinism). i 5T SMC 3E#f & £ H L I8 H Henriques, Ho i b 2447 18 SCIHE T 4 il F A= 77 =0
AR el B o ) 24 BT ,SMC 3 BRI S GRS 5 I T 20 30, B time-bounded) (4 24 3, PR b, 4l 47 563 41

AR R AT FUntil” (0 7 v AR e i) J00125 260 Akl F SMC 4106 22 B2 1) B0 45 B HEAT 23 0T, T AR AS v 38 4 i
ST 7 BLAE 0] 7L, LY /N 8k e S5 A 7 B A v HS TR e AR ARG, A 75 360 T Ik R e 7 AR B AR i B R 22 T
FAK. A XHZ A T Jegourel, Legay 45 A\ 3 T 5 2 HUFE (importance sampling)fl 7 224 43 %1 (importance splitting)
AR T 10 17 /N5 20 SR ) SMC B30T 28 4 K MUk /D> 1 630 T 75 (10 B A A 5 s e AR i) S0 ]
LU B B3 27 2 AR BT 2 10 (K 9 120 e i 280 1 185 Bh S ) LTI S . Kumar 76 SCHER[30] 70 £ Bh
it S 0 T A, AR LS R SMC IR

Ymer®'"H1 Vestal*2 & f5 L5zl SMC (UG T B Vesta S T W5 SZBL 4701 SSP B3 — AN AgF,
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