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Abstract

Formal methods is a traditional research field in computer science,and is an important approach to
guaranteeing the correctness, safety and security of computer hardware and software systems. This
report will summarise the progress of different aspects of formal methods during the last five years, in a
relatively complete way, including: theorem proving, formal models, formal semantics and formal

modeling, formal specification, formal verification techniques and methodologies, formal verification
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tools and applications, the analysis and verification of quantum programs. This report will also discuss
the perspectives of formal methods in the future.

Keywords: Interactive theorem proving, SMT, automata, formal semantics, separation logic,
temporal logic, deductive verification, abstract interpretation, model checking, symbolic execution,

the analysis and verification of quantum programs
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) AEW T B AL RGEHATEEL . MLy, b, HERLFIRALE

TR AR AR — MEGEW R TT 1), 241k, A 12 (e R oy sl
AR RRIE AL 5 2 O BIEE T AR 3R A B R 2 B AT i — Al M N 58 SCPEAR 58
FIRFFE T I, B STFENERE Ay L W RS . s S B TR LA
AR UIOG; R, EARSAWER . EHEIE . BT A2 AR AL
UL,

T A7 R BOR 8SZ 2 [ B/ B N T AL AR AR AL, A PRZH 2L TFTP R 1 22 /0
AZATAEH (working group) SIEAALTTEAE, BRUNA LT THE L7 444 FME,
KHEIHEH 2 (ACM) 782014 42857 1 SIGLOG, Bl 5115842 4x (Special Interest
Group on Logic and Computation) , #1525 . AZHLIENE . B2UE L. FFRAIES 7
], e EHEALAE S WTE 2015 4R TIE e il , S4ERINNEXE A B
AT EL W Z 527,

T A AT 07 9 [ B e A 25 18060 45 OC 1 9E 24k T v 19 BROR Bl 1Y LICS ( LogicIn
Computer Science) ., VAT BOERS AN FH%5 A 89 CAV ( Computer- Aided Verification )
FI1 FM ( International Symposium on Formal Method ) . J¢i# H ali#fERLfY) [JCAR (International Joint
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i T AT AR PRUE T AL RE 1 R G 0 IE B R A AT SR O A Rk, BEE &
Y Z PR L 90 N L MO R G B R T-Beo flan, = B =S B e
DO178B., DO178C rf YR SR IF K 2 42 I A i == A b it HDIE Xk vk s 3, 7
AP A9 SILL -4 vh, 4900 e (1) SIL3 1 SILA SR HE AL i i H.,
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Facebook 3% T 43 B % #i1 18 36 4 T . Infer |32 I F H Android R FH 19 % oo
e,

Wb 7E 2014 4E RS T A ShifEFEAL, FH SMT 3K fif 45 25 50 uF H Web il 55 11 1E
i

N AT A A R Edr sy T RIRIE AT A, (1 2 FRIIE R 4 Bh T HOR 56 IE 4 R
ESNE A R K e | e i

BRI EMENECE (28) I TBXHTELR G TR A . i
H, HFEREE LN LR

FEBRUE  XHZ AR BRI T ORI, AT REde 2 R A R A Sh R
FEARERL R xR 4 B AN Bl T A TS, 48 e ) e 5
%, PP REIT R,

JEATE LS. S TR G AT DT E, T X R ih =
FRTE SCHEAT AR B 3L, IR AR TH L R GERIAT AT

FEAXIL D9 T X ANLRGERIAT N BEAT IR UE, oG 2% A AT o B A2 1)
PEBUHRAIEATE S (G28. AshPLAE) BEAT ™M E Lo

WABAERAR G Tk AEI0E LI A L SO SO 2 B At L, R 50
B G I3 AT -55 B ) AU A DAy 22 R e P ]t SR TR g 0 5 )it , P PR
W TR/ SR figp s sl B0 SR RL ) BB T B BEAT B

AEAE T RN BTSRRI . Ik R iR, JHk A
S AEE T AIFAE TR G AT B

PRSI UE . EEXHE TR R AU R A SRR B Tk K
TH

—A.FNO

AR XIE R I R RdE 5 4R 1Y [ N SIS HE e HEAT AR A T A 2, TR R
EHRHATRE,

2 ER#RIK

2.1

TE HEIE R

FE FEUEBA 7 T 5T AT DA A R 43 . A8 H A E FUER]  (interactive theorem proving)
FH Sh#ER (automated reasoning)

22 H. 2 E FRUERA 9 H bR 28 F P A SR B0 Bk 58— B e . X B
Jir I EI A T H AR UE W 4 B T H. - (proof assistant) o B 7E S % A4 991>k W 4 Bh T 22
Coq Fll Isabelle, HAtf9UE B4 B T E 40 4% HOL Light, HOLA, PVS, ACL2, Lean, Mizar
S R TAEUERA AR R b BT AT DA i SR ALER A AR RS B, DRI I Ay ek T DL DR B iE
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A Z AN, (HIRIES, BULE A IE I 40 B T 2B VR R e miBt, i LABE T 4 1714
B

H BN B A2 b EALSE 4 A Sk I — s . H R SR w0
B4 4% SMT ( Satisfiability Modulo Theory) Fl1JF%% (resolution), F:F SMT fyiil B 25
$5 73, CVC4 55, BETHESFHE A UE ] #5604E SPASS | Vampire 45, X SEB LM IS
BO(EHREEAR) AT, B LIZE TS0 AR G0 00 HE BRI 30 5 T A5 B 1 )TIZ A R
M, B —J5 T, BEFX RNk 807 el LA FR

T DA A 2 BRI B A ShAELX P 7 T S AR PR IR AT S Al

2.1.1 ZxEXEEIER

2 H A BRI ) A A% S8 L ARSEZEUE B4 B T2 B SC B SR m (tactic) o JL
P A R UE D B T AR L T SR SR A5 T Ak ik BeiE T, AP
B EOWLHE S B A SR e — N AR R, EVF 2RI B TR B, R SR ms m] LA 52
XA THMEF (el OCaml 5 ML) SESEBL, 7 Coq B, Ltac $2ft 7 — B 2K
(OIIE SR 75 o Eisbach!"®! 243 7E Tsabelle B SZBAE IR L BE, Lean'" & — AN Y
UEIAEED T2, Herb i — B0 EE S e FO i B A 5 TR A S e s e

Gy —F E S5 R R A B T H 2 A SE AR AN 04 3 P AT
DI LA T LA TR . B, MRISEEMMF HiR, WA By B i 2 — 58 3 AR 0 s
AFREHIBIME R (premise selection) o SRJF, IXLLHRHE > 14 BRI+ H bR — i e 4
WICREAI)— W2, sc4y AR, fJa, R A Sk & s s e il v, ik
A B R AT DL 3R AT XA GG, s A Sk W a5 5 005 7 3 O R G L E
A RIER .

AR Z2 1k W % B T H AR AE A ] a2 sl A A ax A 3 sl Ak s, Horr, Tsabelle B Y
Sledgehammer e AR YE, IAEC LR Isabelle KZH00 FHH AT T H. o il ek
5% Sledgehammer, LI —26WF5Y: SCHK [2] AT SMT iEBIZS (i, SCik [19 ]
s T N Isabelle BLAS AU S TCR A B 4R 2 [A] (640, SCRR [20] JHBLAS 2= 2T 0 Jr ek
TR CAE NS, HShiEW] 8% B9 7 H Al — SEIE B A BY T Boh b i AT 1 22K,
k. 4n HOL Light™®" | Coq™) 45,

i IR B Sk ISR i — 155 U TCIE AL BRI K s B2 e 1 A, AR TE —2E
1o B B A R A B — BB B S, (B R i o R T RE S b an R IR AR R BB,
Jasmin Blanchette 34571 Matryoshka X0 H % B2 75 A B9 B shiE B g8 A9 BRS =t _Ehn B % s
GrEB S, R R SR [1-12],

TEER R B T R Th, RIS — DR IR, BR T ORIE T SE LIS,
B T 322 B B N > RE A% A 50 3k e S BT e, JF HibSERBR pY ik B ad AR AT fE
fifi, Tsabelle’HOL, HOL Light, HOLA 28 T EAfH—Fha Ry O SO I R ) 26
& (simple type theory, B 1Y higher-order logic) ., Coq Fl Lean {#i FH{K#i25 %018 ( dependent
type theory) . PARHERIF)— ok /2 homotopy type theory ™ o 3 f&— AN I
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AU 25 AR . bR T XA AR AR B0 Al AR B 1 3 SCAh, Bt Fe i PR G a7 2
(5 2 R ARG TN B AR (RIFRMERE) 0 e — A, e sk v
TCRAIME G IR Z AL . SCik [31] XA SRR SR 1 — B4 45 B AT 19 2 G 4L
FHIE

G AR E FRIE I A 10 32 B L il v e B AR 43 2 — o Coq S5 3k T 2R AU 1Y
FEFRIENI RS, 705 I KR 2R I 75 20 HR R i e AT e, Ry R ny e AR M th 2 4R
PR TCHER I E N 3 . SN, 78 HOLA | Isabelle/HOL 5 T fa] SIS Y10 Y o
FRUER S, BRI AR LY (definitional extension) 752,
H 2011 4EJFLf, Tsabelle/HOL BRI SUHLHI & 28 TARAASAL™) . LT TumBGEH
T RHT RSB EH 1 A B 2 B, IARAS 1 S 1 T RO A B RS 2 4
MZRIATT o X7 T EHT YR SCHk (28] 78 HOL Wh5| AT “nonuniform $4lE2R 81"

FeE e i A RE 2 22 B 0 BUE I ) R s B A, R UETT A LR S Sl
S A AN KT H ZERGE AR SE R : A (odd order theorem ) "2 FIFF- 3 )y 5 A8
FOREH ) S BN F 44 1 HORE B 1L 20 AR BB ], A E B VS L A —
453, i Feit F1 Thompson 7E 1962 4EUEN], 18 3CHK A 255 11, Hib hFoxit. ¥ K
HESE IR AR BE . T A8 AE 1998 4E4% Hales UEHT, Horpih R R TR
ML AT BYTHEE, BT LAUE A ) TE A A 8 2 A i

R T PSRBT H Ah, I A B TR 25 A B U AR A R . e 4 i T
SCHER (6] Bk 1R Tl R R — SRS . X T AE Z )5 B R B0 IE Smale” s 14th
problem f)—AMIEIY . [N, €t B R B — R R R G a8 B T e AR
W, SCHRk [8] 7E Isabelle HLA N, THARBIS, BEHN [9] BHARKIER TS
IR ] RAEEFNEy R ] I e o G B ) FE AR AIE o AR MK T, e T B TIE 1Y) 45 SR A 4
Jordan Normal Form™* fI Perron- Frobenius ZF1®) £ M:AC5 g Tl 7 — 4% F
TRIE 2 2] FakBE S iy O

T AECEB AT DU T RAE & B A 5 500 . il i TAEHGTE Coq HLEGIE—
A E BN LS o X T TARSE BT A T — 2 el E A5, IR7Eitay
AP RE T OGS LR O — > EEEA IR B A= 2 I ) U
Pio CHR [15] 7E Isabelle HL5¢ i 1 — 0 2 0 (] A E 15 B UE S (certificate) Y40
UE. 0E 22 TE 2 I 5 UE A3 T 22 (0] 7 B 0 B D 2 B iE ™ o X — R AR
e B bR 2 SER0E B B FTUE] 2% MetiTarski 225 5] Tsabelle REEH,

HL b — 8 5 T A I A B A A B AR R S g B L R e B L AR AR
AU A A BRI 4

Alexandria'®? & fy Larry Paulson T353R B W H . ©H HARSFEIED
AW TAEIF AN B, DS — 3 55 T A R K EC e e 8o . [WnF, Bl
A B Tsabelle REAEIE A ACEE 7 0] I o 3 LA FESRAIL A Fow BRI R D fg, DA
K H Bl P HERAIE I 5 o XTI H 19 53 Fb—A> HARJ2AE Tsabelle Bl A& B Ffa]
AR S B N5 001
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2.1.2 BAzhiEE

TEFLSTHRHUR = TR R U b, 2 8 2 U AT i e PR (R — B — D
[P/, TS [ 2 3 TR 3 5 TR 1 R B R A, R 0l 2 7 i 322 A 1 PT g A 17 (i)
(SAT) EHUG TARKHERE . SAT Je il B B vp i) — A S M i g ), 22—
PR NP ER ), —BHAZ kel H2RE M A, AMTAI SAT (R ikGEE
JIFN Ve AR KA R BR M. ik, SMT STAE R FF GRS AT K248k . SMT [ry4f
FEX SRR FHATIR A B AL, 2 FRONH R —HZ AR, 5 SAT Hik
AR AKX R PEAE, SMT HIWT i R HIe A G T 2 vE, BEMmRERE s, £
INAE SR, B R LLE VRN SAT (97, K SAT rp % L2845 /K 78 55 Y 38 78 1] X
oo BN, x+2=yVa=f(y-—x+1) & SMT B—A 520, Ba& TR, &iE
AR ORBERERE, IR /RS G PL RIS IR « +2 =y, P2 RS K
BErRE L o =f(y = + 1), U SMT A20R AR ly— A~ B B A X PLV P2, SMT 3
S A — S0 B R T S AL SR Y D B 0 R s S5 R e, AR E 2R
(difference logic) . ZRIEBE AL (linear arithmetic, fIFELLMHESLEE AR (LRA) FIZkiE
AR (LIA)) . 7 (bit vector) . #(4H (array) . R BRI K% (uninterpreted
function) %11 BfiZE SMT N AV FEAY Y, 7 A9BSR Bl A s in A, 51 2003 4 2R 2%
EAEAHE, AT REBME, AshfEBRS i i S SMT(T) RFREE T L) SMT
AR, MEMEIEGE AR IS ERY SMT A idky SMT(LRA) , fiifa & i) SMT 2350180
SMT(BV) %,

Xf SMT K A# A FEAMEE: B SR . 24 ROR A S5l 3 i [ PR3 i IJCAR/CADE | CP
I SAT B 2 —, FERUEAN AT SO 25 4 [ PR eyl CAV, TACAS R EH 32 %1
AU, SMT o532 2177 P FU ) BE 56 d . K. Intel . Cadence, NEC 5570w B0 5% B 5%
S ERAETT e 5 SMT AISCHIBEFE I . [ 2005 4ELK, [ ZhifE Bl SHgAE#f 28 ) SMT
RApAEHLTE (SMT-COMP) ™ | DI HERIF S & ATk ik SMT SR i 9Pk, HAT, H&
AR SMT T A5 25 E 2 fi e K 2% CVC4™™) | SRI International [ Yices™' | 4
BHy 231900 4 AT T 2 AR U F s TR b, QBB e i 8 B A IE
HH %S HOL | Isabelle, ACL2, FiAUAI T H BLAST. MAGIC, F&F0#7 T H KLEE 4,

SMT 23S IR TR B A5, AT R A2 A2 4 2 S B E .
FRHE L fa] b BRSPS 2 TR b 0TI P, SMT SR AR 0 TR AL 40T T MBI (eager) 2K
BERIENE (lazy) ZEEVERIHL .

SAT SR H AR IS 8 HE D) T BN AE I A e, BRAGRVE A2 B 1Y SMT K fig
R RS, WKy bit-blasting, B2 K SMT 23 25 il il 12 1 55 A0 A i A8 A
X, —Mh CNF B, SRJ5H SAT SKAAS KA . X J7 ik p oAb /2l LR A ) SAT
KIS, BB R R A RCR AR T SAT SREZRMIROR ., X FARMELE, BRELT
TSR] A 5 48 0 0 R Ty ik AR o e B SR A 1803 . flan, % T EUF —Ji T per-
constraint 4y, X DL i % 1] small- domain Zifith %5, BB 1) TE A PR T2 A% 14 1E
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TAPERD SAT SRR S IERAYE , 17 H T — 28 R A6k 3L, il CNF AR %E 5 51
HERENE, W EAXMKEREGIE K, P 2807 7 52 Be i 1 8OR S 2 AR 4
— AR T R R Tl FE 52 f], (H i T 00w & B E A SMT A5 (SMT(BV))
HanB A BN AL, B bit-blasting {54 5K i SMT(BV) ) F 250,

P PERE R HET WA SMT KA, W2 YR i 2 5 . X P A HE S 1
By DPLL(T) #3k1°0 HEA BB . f% DPLL XU 19 SAT HE i 78 5 45 Bg sk
fitgs (T-solver) HHEEE, LT DPLL ) SAT SR A4 01 57 A L2 S 2 (K 3, 75 3 %)
ARAS R (BB4) WA, ISR e 01 57 FIWT SAT 3K A% 4515 2 1Y I (E—3 18 15 1A
A BRI AT, X B, DPLL(T) iy TAUERHLE, WER T 2L RIS, T-solver
A LAJE Simplex FIEBUE 28R, DPLL(T) X —# P00 & Lo, X2 — M 4EM T DPLL
FILRHESL, WIS & AN FIENE SO e s B Lk, SRR DPLL(T) k24 SAT
KAg#F (DPLL#5y) MVERRE, BSSKAF AR AR ALY — B 2245 3 DPLL 5k 45 th—
MEZIEA AT, KR IE R AR BIE KR AR 02 5 DPLL (Rt 72 5k
T online J7 VX HAR TG, IS EIEOREAR S S DPLL, MIMTEE S T RMRRCR . X2
HFEAAHESWAA | HEES . HIpHES . HIg R oG A3 5E, T DPLL
KA SIS R i 1A SO S &, BRI i R — Mg ik T G A (incremental )
HIA] [EI#A % (backtrackable)

DPLL(T) Bk R5eAKMATL, i T X DPLL(T) RGeS A58, 4k,
5 N R FF IR 22 AR 58 8 B ok M SMT., Frohlich S5 A &% o7 [n] &2 #R e | Y SMT 242X
(SMT(BV) ), &l T EISZ MR RAE, # SAT (a8 KA h iy —L850
PEHAARTI BB 21 1 . Niemetz % A\ 7E— #3265 (07 1] 451 B9 HE FRAL ) 5 o 48 2 5
VEARZE AP0 T KR 4R 5 TR T R AR 4 B K R R R 5 T bit-
blasting (456 25 SATR G I, XHARZ SMT(BV) SRR A AT LUomsk 1 ~3 4.
(A ) 2 FL I T SAT (S, AR AR B G H M # e b anfal i i Jmy 548 &= kA7
R NEAPENRE, BT REBIERZAN, W5 A2l T H A R e 8
PR R i SMT [A]R, TEL MR Jr1H , Bromberger 55 A4 1 25 W] 88 37 J7 AR H8 0
SMT(LIA) 523 B N ER I 74k, i kb T & B8 A B AR 2 1) SMT(LIA) A
2, X SMT-LIB rpifs /8 3R ffe sk 1 Lo H AT SMT SR g 7L B g™ . 18
TEREES I, Fu S8 N6 SMT # il — N TCA R @, SR SRR 2 H /R 5%
B (MCMC) 5K, 78— B4R T Ik Z3 % SMT K a5 Pt 700 £5 DL iy
BRI

2.2 BAKE
TEVHEERURRE T, YRR — S PR A 45 H R ARy ) SHEATHERZ | e

AR AR AR AP, SQEMES R G4 WIE AR i 5T 51 5
AR AR R R, B2E TR AR Z 50 S B BEA
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E R ——IAC AU BT, 2 3R AT s e AR 2 — B8R
A A A LA 2R (LR T pR g, A SHEAE) 2. A BR A shifLRn B F 3¢
TGS R G AR 5 (AR FE R AT A B el

AT I A BRI, AR EEAE TP A SV |, 2Ly [ S P R AL 54 PR
Pl FHEASIML, BRI, T RXT REGAT R A FRARS Y B 2 55 IR A&,
MoE PR R 20w I, PR AN H I8 T M [ MBI RN 45 Fh Y R, ELanal E R
() H ShHLIER | hiE] 3 ShAUSERL | TRAL A shPUEALAE . 3 20 493k, 76 Tl S e as
B AT R E - BUA AR KB D A I sh B0 UuF (BERLAG ) T H., b 4n SPIN, UPPAAL,
PRISM %5, Zpill S e 055 38 LI A sl B 1R] A shdl LSRR [ sh L 3L T .

TR [ SR TR A S AU R L K JE IR I & RS RLIT 5 A [E P
W R T A4 .

2.2.1 WMEREIHVER

T AR RGO AT S, BRI TR SR [ LA,
7. BIHON TR T Skt (DTMC) ™) g (] T /R T ekt (CTMC) U s et i) o
IRAT P AR (MDP) U v gt ] DR af R ad i (CTMDP) ) | 4R [ s pl
( probabilistic automata) "7 . 8 ] Th /R FJ ke A 85 F 1] Th /R A Sk e SR A2 ] AT
MR E ShHLE TR

MER ) ShHURE R AAS B 7 20 i 19 SRR b i AR TR T B A 1 5 P 1k 5 A %)
P BIHERAT R, MTTTEAT AARic b R Fek AR a0 E e MERAT . Scilik [103] 5, 4%
R P AR A PR 1S A 20 O R RN R G, MR R G £ T 4 i
B AR RO HEAT LY, L A R Ay ST B R (PCTL) [T A 2 2k 1 i Y 2 4
(PLTL) DARCEATRIZS & PCTL" U700 I SR 0 G ) 10 AR S5 S5 6 TIF 1) S50 1 50 1)
R, PN, BRI T AR AT e b i PCTL AR Y G ) ) 55T 01 249 ) 28 1 5 i 2L 14 SR i
FUmp il 2R 2 i i T s TG b A PLTL ASRUAS I (R) AU B Ol %2 2%, & PSPACE 5¢
A ZIRTE R T RS R U T O A A, IR AR R XGRS A T S
) Th/R AT bt b, Sclk [71] P dedRi TR RENLIE M (CSL) RUBRIESEHE, BEJS,
Sck (73] sPERI TR AL AR . ZEAER [ SL L TS AT LA L R S A
SI] [ SHL, BRI ] B S LA R () S5 B AR SCk (97 A LIRFSY, HERIE
LT RE B (MTL) ™0 RS, Sciik [100] XA T RGBT, 1
W MTL A B AT H G, (HERRE FB e T HER,

128 S A FRURG I [ R — A, R S TR0 A ) [ 5 TR I 25 R 25 24 o) A B T B, 1 0o
X — A E B R RS AR A S vk, TR AT kT, BRI AR B
RS Z, s AR AT R — B R S R, B SRR R R Sk d MR 2
Zsl), TERER ASIHLE, SCHk [132] rheg Sed b T AR [ S bl b Ik TR 2 i B AR G
Z, WG, Scik [81] iR THTAMM AR, [87] hidil TR T4M M E
B R MmO . MER R E PR AR 2 I . R 20T | RS LA S HRL O £



2 EBEHFFR IR 9

ST B AR Tz, sk [98, 79, 101, 85, 117], 7ERLSJZMiR A —LitT
TEWEVEIOTE SCRIE R . BRUOC R A2, LLhn [106 ], 4551k 7 i 2 ) — X sk
K (BDD) "I BRI LA, INPRE AR, ITSRAE L T IRl (MTBDD) 7EHE
SRAETR RN 7 TR A 26 A YR 45 SR 1 TR [ B ML A ARE A 7R 4 M R A TR 4
MEBGAE SEBRER M . RGPS T CHE T . MRS BRI I T B PRISM™® iz
ARERINTEN, GIEREILE R AL, MY AL, ded
TR etE ETMEML . D5 B PR e R PEREVRAS AT Sk R URAY
A RS 0 ML 18] E SRS /0 [ SifLIGIE T 27k rh i) iz
I FHEOPRMERM L, LN IEEE 802. 3 4% ik Wi T £ i # A/ R A6 0 i *°*° | IEEE 1394
KEAR T B | TEEE 802. 11 Jog R M phil **) | IPvd Zeroconf (75 Jig ¥ 45 I 55 1
5) B R IEEE 802. 15. 4 Rk il 22 B 15 )/ sh S M ( ZigBee) %7

2.2.2 BRBIIER

RERG PR ATEY LS T B SER R 80, — M 2 sl (4 Fn e S i R e
B, A Z RN SRR AR A T ), L A e p R O kA N e 2 i ) Bl A
I ARAEE] SR . TR B B2 B YR B R G B A

N TR ARG PR, T Z IR AR, IR ESHHL (hybrid automata) ™™
TRAE Petri U TR AR A IR AR A S LS R T R T2 AT S . AR
BT R B RMAEL MR A AL, LR A IPLE IR, FTWH TR RSP
AT A S (B A 3 2 20 AR AR AL 7 e F 98 S ) # , HEBS R 0y ik
O A, 03k TR MR A A S LA EGIE T & HyTech!™ | HyperTech!™) | d/di!™®? |
SpaceEX " 4 R JUAE Al S VRN 20 MR LR GEAT M AR R IR B A SIPLI B ST E
SR TEHENN T, A T RE P ENE SR, gLt | T
IEPEAITEETE O A ™ | Hamilton- Jacobi fRi 37 Fi gy il 140 4

DL b4 S 0 SR R X R G i S s AT B R O R R TR B R T
XFFELEBNAAT Sy e B G50 T R A 3 1) B TR R R (Y B AR B8k, B 2004 4F SCRR
[147 ] 42 BT A2 K%L (barrier certificate) X I A AU AT IR AL IR 25, I
TR A AT AL S UE A Y A AL TSRS o AR 5 48, WP TR A A i e XAk
SRR TERM R, SCEk [148 ] DR R AR ORISR, $e i T AR
SAS M IAE FIUE . SCHk [149] B0 T —Fh Ik T X R 28 s Aa R ik, il
THE AT IR 4R 14 52 o Al ok 35 UF — 288 A 7 5 9 1 35 1 o3 R | 220 A P AR E k. SOk
(150 ] i — 2 e 5 ) 2 1 90 UEIHS G000 T B B AT SRy 2 7505 A2 ) 22 SR iR 1Y 22
SRR, SCER (1517 2 T 3L FRRB ik v S B hir i oy B ] R A A T B EUE
2, [N RERE 25 ks iR 22 B AL SOk [152] vhA st o pras i 17— i BAy
[l E 3 G O e X G s N e R G R | L B R = N B X<y i Y T e
WO RS, W TIFE A R S AR T . Gk [153 ] R Ry O R
AL RS A A 2R R AL Dy ) B T PR A ) SRR T AT R AR A v A AR A
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2.2.3 EFREHEZRGER

TTFRE I K RG] LG —FE P H S RS (Process Rewrite System, PRS)
U TR RGMER T, IR RGBSR K 1 R, Hh AR ARRE
MARRG (FS) . N HBF ARG THERS (PDA) | AIFLFTERN RS
Petri B (PN) . DIRCWIFRSCH RGHEBIHEREL (PA) 55,

EHRES RENEMMEMR D, 5N PRS(G,G)
SR AUAEM R IR, A SR TR T 20 4D 80 4
f{, Baeten, Bergstra £l Klop 7£ 1987 4F{ERH T BPA  pAD(S,G) PAN(P,G)
BB T HE 0 e RS | T~ |
NBAFIER, BB ARG R, BPA i PPASS PACLE) PP
WA ER) . #:2%, Christensen, Hirshfeld | BPA(I,S)/ \BPP(I,P)
Moller B T BPP _I (458 H AL 45 A0 P 56 1 2 T A
SERYT . Hirshfeld 1 Jerram 3E— 2544 33 95> 45 16 FS(1,1)

INCAHET™, MfITIE] T —~ 145 BPA Fil BPP [ 5

HI——PA by H AL AT ) ) Stirling

ERA T PDA 15 B AR PR UE L ] J4 5 (91T . Jancar 38 3 5 24 Minsky #1452 1A] A5
WEBA T PN _E i ASSDIGE ) AN AT ) g e R S RGP, BT PN 2
AR ) 5 EL AR DL A P 0 MR AR AN AT Y o

B 1AL HE PR SEA , o B ASEADL S5 A P 01T IR A0 1) B A A e P X — 2R Y
KT FE A, Balcdzar, Gabarro 1 Santha ¥ SGTE M 1A FROR 2 5 48 1) 7 B AU 554 2
PR R M HE AR TS R S T A AR A B AR A AN PRSI AT P- XS AL
Hirshfeld . Jerrum £l Moller & normed BPA (nBPA) #1 normed BPP(nBPP) I, JEAH T X
PRSI 5 AR S A B0 A 22 T e () 53 1O — SRR normed , 5 R 2
AR Y T R AR RE A BRIk . 7E— % BPA I, #ilt, Kiefer UEB T 50 BAHL S
PESUEA EXPTIME- 3l T BRI IRIE H AT &2 24 A T EXPTIME Fil 2- EXPTIME 2
6], %5 BPP, Janar JEW] % M) PSPACE- ¢ #5191 . filT, Benedikt %iE ]
T PDA iR E AN T A2 Non-Elementary '™,

IR ST N BB SR B B AL A M MR E A oY, FRATT 278 I 55 TRl DAL K S B
PUXPIREEM N SE ., BEXT S B, HETA TP REESER 2, i1mE: H—, 78
PRS 4 SR 4 A7 |, e BPA B BPP LI (AL, 55 BT S A0 M B0 TE 2 A nl )
5 H, AR EEA R LR R —BPA Ml BPP, J3 % nBPA Ml nBPP [, 55545
B PESUE A E Ve B AR E A TF Y . 53 S H AL SF 4 & van Glabbeek F1 Weijland
S SCIY— T EL 55 ELASE AL G0 1 SEORE 20 (9 LA T AT . 2011 4R, Czerwiniski, Lasota Fil
Hoffman {EB T 7E nBPP |43 3% H AL AT A2 1) Czerwinski Fl Jancar JIEHH T nBPA
43S E AR NEXPTIME A i %% |

RIHPHI THBRES ZRE08 XS DBALE B FT oy B r 2R e g5 8, Hrh,

K1 If R RGAER 732k
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CaTot=T C=T GRIFORSRIBUL., Y E BRSSOV SRR AHE,
Cx T FORANAHAE, (77 FRARAL

*1 HEESRFENHS MEBECHMAEER

BPA BPP PDA PN PA nBPA nBPP nPDA nPN nPA
- Vv Vv Vv x ? v Vv Vv x Vv
= ? ? X X X vV VvV X X X
= ? ? X X X ? ? X X X

2.3 EXEXSEAEE

XPTHEALR G AT S e Y LAl 2 SR ih 7 0T 2 ORI R Ge 470 I U

B iE L (formal semantic) SEAFFERE P BT F BYTH X B92#RE, DB R T A,
RIS AAS, A E SR A% HU i BT B LR i 5 5 B9IE X, NTTHBRIE =
W . TFRE & Z M 22 50k . B s S BB U R IR . E s .
RBOE L. FRFRIE SCRABIE L, HEZEM RS BEMES, a5, 59
HHRIE, RS RESRTIES RE, CRFRFRUEMA T b, A B T3
ko 4 Fhifs SR B X NANR ik .

1) #pEih O EREER AL B B rh AR T i3

2) RREUESCEETARE, RIS 2 R B vk s, AR 2 220 i S A 7 %
LSRN R

3) FEFRIE S B2 AR A PR 25 R, AN AL HE 40T .

4) EE SR BARH 7 AR TR P X R A B, TR TR T A R I

PRAEE SO ARBOE L. FEFRIE SCRNZA HRLE Y22 (6] 19 5 28 38 SR AN 2P B % #3198 .
AN ()1 SCRE R 2 [] A 20 B3 2 B8 T LA 2 S N — 18 SUBE TR T 28 381 ) — A1 A
RIGCR A%, 1 TR R 715 5 AN ) i SO (Rl — 3o

TE AR AN LT 22 58 0 47 A AP 5 R R OB RRS i b 220 i, 2 XA
— SR FH A Y @ ARE S (Hedn Petri Net, Event-B. Pi- %, CSP, SysML. Lusture
&) seE R (AR ASNL. THEASINL. BERASNLE) SkilfT.

HHIRPIE T I SRR R SCOh A H, XRERIE SUERAE R A IR, BEABER 1A
PLINATE SCHE AR PE A —3rk, WORRE TREF ISR UER 430, LhanSCik [183-184 1,

HI T ek g BRIE I &% (40 Coq, ACL2 ., Isabelle, HOL 45) MyICIHE 7 5L
B, ME SCAT T R O SOMAR R 0 T sh ek E SR iE e A
ART7 iR R EGE & SE R T i h S, ek [188 ] AR Haskell SZEE C99 Y7
S, KA SCAT AR IR RS A T C99 TR )7 .

K HEAL R BT AT Y —Fhg B S B8 X idte, HETESZE, #Eide X
B EREE S, A Bh A B R BB R A S 3 E T /U, 2012 4, Ellison Al
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Rosu & LT €99 ARk B/ 1E 75 LA B3 SRR AEE pR g™, e 4 M I fe e 4%
1) CO9 BT MIE X, ik UAF K AEZR b i A7 7523, BROCHR [ 188 ] rhibil LML, T
YE MRS PATRE Y, FFH GCC 4 i iR e i A7 R B 36 uE , ARk s SOE
Wit mIEE, AR K AEZL SRR T H, AT DAARHE I P A il CO9 )7 i 45 R s ukE T,
WHEATHT IR, BAUARS AT . EFRIGUEAR . SCHk [218 ] X C F2)F 35 S SCRIN
ST — R R I R SO E IR SOW I, LT K HER, Javal. 41"
JavaScript!"®? | PHPU'®! | Python 3. 30" Rust!"* &5 T\ 4% i #2185 1018 XA bl 4 % 52
PR, X el R AR AT T — B, A T — 2 T T 7 5L etk i
AT 5 RE

AT, BREGURL T LR A S | T i A L ke b, RS
PRI I Ong 6 N T4 UFBA = B I #E B AL A9BSR I [n) (851 19 &2 2 M /2 n- EXPTIME 5% 4
91290 (H LA 50k 2 Kobayashi 1A AR ZAIBF I8 /N AR AR 1 —BE B 3R vk, ROk
450 T RAERIITE P S A, SR A R G — Al 1] ) SR A, SRS AT
BAUE, XI7IHE TR T UPPAALE™ | gedh, —FhIETF UML 452 A 3R 5 s
WHH MARTE 3% 2 81 iR WF 58 RS, I A [ Bn X 52 48 B 21 200\ 1 A o e A 1
=22 MARTE & 1M RSARME (11 OSEK . ARINC 1 POSIX) 45 ftAR R (Y EE RS 1 15,
LSRR 2R 48 I AR

FIE I RG0S 2 RelR— el ] Petri 120 UML) |z 214 R o Jm) Jepgin t21e)
SR, fdlt, —SEXS HIE N R G T T A A R AR R a0 B A R A
GORZSHUR R 10218 1t ] Pewi 12170, i 258 i MAPE- K 4% 8l {6 R4 A 2 4840 A 2L A
Ferput AR AIE AT R, 5 L[] Petri AR SR 3R 2R 40 B9S2 B SN AT R

BT, URBEPR R 2% BT B A TG B IR SR B . PR 48 B L3RR o —
S RO Bl SR e P R P B R 5 TR 5 O R B I Y AR R D R AL i AR A 1
IR T R AAE, TRIER O A MR kol s SMT K ds 11Kl H Al
Pl g8 3k 110 S AR B ELR B AR LR M B XS LR A AL Bk 5l SMT SR AF 2R 1 TH e, BlE
Z ] L R 7 SO 5 D e ey A0 L R

2.4 R

B T SR EXS ARG HATIE R Z Ah, FRATIC T X 3 50 0l A2 1) M IOt 6 A 7 o
WL o — el R AT RGN PE BT ILY . 2 MU R 24 0h = AR B X SR AT
FPi— B M Y Ry BB R . PRI R R B I 2 A

—Br PR (f/RIZH) MR EINAGR (RED 55 R —F &1,
Floyd- Hoare Y254 — B 8 J T0F ER AT FL I 14T M HEAT L2 A B | Floyd- Hoare 12
BRSO NAEAR R R F B, ARzl e ET SRITEME. bk, R
(separation logic) £ 2000 4F /= 4742 H 2% 2B 44— BB 45 RO SER ESIA T 2B
T, BB GEC MBS A S o /BT T DR 7 (8 i 2R B P AN R 41 BT 43 BT 4
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PIFE DS S P, I AEAREERE I et Floyd- Hoare 24 I ANE 2L (invariance) KL
MHESL (frame) BRI, AT SCHUGRE AT A A SR S, 1T 4080 22 6 v A9 U1 490 ) ) ]
PIAEH B A s R A S S B E RS . iRt s, A RKMtELZ B
SETAE, KARHESh TRFBIER KRR,

Floyd- Hoare % %5 Fl1 4315 38 4 FLHCIE A Xt ER AT RE PP 2 1k B AR B AN H 17 120 A2 114 2%
RIFATIL), MHERETF —BALE, X HF AT EARFNMAET . i 72 HE R
H ol B £ I AR LG o 3 BB A (R B AN TR) g RE, B 8 B A mT DU 4y
LR AR B ) SN R B R RS, FiT# AN LTL( Linear-time Temporal Logic) %%, J&
1 CTL( Computation Tree Logic) , CTL™ &,

EXF B AT AR P IR L2008 5L 5 AR Ik R AR i e Ay BB R i . RS N B 5 4R
X FAF TGN (50 B 1B B A 45 Rl R Be R T e e L Ak L A A A B A U
AT T T Z R . BB AT AR MR, g e, nl DURS B Hd 293
A P

WFFE NG SE X A 2 B0 29 0 6071 VA 40938 1) 10 43 B9 3 B 00 0 0 vk 6 AT T 4RI
Cook 8¢ NAIERH T & A7 B4 3R i BLUA 4098 1) 1 43 15 38 6 -4 1% Wl e 1 [ R D 26 5% [m) R
Z2 003N ) AT 5E 59 2%%) L Antonopoulos 25 AGIEBH T 4 U 94 3 1) 9 43 25 12 8 1) 28 5 ) g —
SRR RE 1B L S — 07, Tosif 25 MK B BRI AR 32 FR G 18] L A9 — 0 B
R, UM T 20 g R Y 20 B B 0 2 IR R T R E T T HL,
Brotherston 85 A X715 Fo A5 — i 14 U= 9998 18] (1) 4 15 22 6 19 vl 3 J2 P[] B AT T IR A B F
5%, MBATIE I T2 A 1 T i A AR EXPTIME- 58 4 191200 | Tosif 25 547 U9 443 1)
()53 5 322 AR 25 ()RR 2 s B SRS 5603 R, JE & T 49 35 38 e 26 1 ] AR fig
2 SLIDE®

WS N R TE S n] USSR AR 29 9 A0 I3 g8 1R 1 4 B 2 8 T W 5 AT 1 T 2 BRI .
Chin 2 A M1 Qiu 25 A% & T IHAH A — AR 4R (LB R&4R . 54K, £
FAEARSE) M BREHE, N TSRS R & PR s X Lk
AR 2o (0 VA 9 T ) B4 4 3 A A T M AT TR, R TR R,
HRPIX B E LA T2 bR 58 £ B HEAT TR TP Piskac 25 0K 23 8532 B4 ik
NG ML— [ B B A A AR R AT R VS R B SR R, A AT LA 56 R A A R
LI AT ROAHERR 220 Enea 28 \AR I T 0T 4S04 R BOME S, fRifk T4 & A A4
VTR A2 2 B 2 TR 1) 23 s 1B R A TSR AR 24, (R TRt BB e AR SE A Y

BEXE IR & AR F A ML 28 4 LTL iy Prueli 42 %7 oA 4y 0GB 4 (0 Ll E5IA T
Next(X) Al Until(U) BABFFE T, LTL T EA T . AR, AR B Axd
BRI RINEE ST, DR UESURYE 2 . LTL G 3Rk 23 star-free ) o — IEFLME
JBE, ORI G ) ) S R T A ) G 1) B R & PSPACE- 5¢ 4 917 CTL fy Clarke,
Emerson % A 42 11 6] LTL A1, CTL thB| A T 2 FREAR S0 A FIAE 7L 142 5 in)
E( “HHAXMBIEFR) o CTL BB BRI 1) AT 76 Z2 1903 18] py 52 5 2% 5 CTL i ] s J
PRI EXPTIM- 5S¢4 1g1%° . CTL® J& LTL 5 CTL py3t A4, CTL ™ 283 Ay A 4G )
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]t PSPACE- 5 421 124%1 | AT i J 1 ) AL 2EXPTIME- 58 42 (141297

B2 BT TH R 5 AR R 4R h 7E L i 22 3 LTL, CTL Fl CTL™ (Y45 Fp 4 & I,
BRI R . MRY R LR R BETYRE,

B, MR AGRE T TR L SRR G IR 2 R EEY 8, Holn ATL,
ATL " %) Strategy Logic!® 45 ATL [rRE RS 5] 2 PTIME- 58 4% 2%)  HUAT 3t J 1
AR EXPTIME- 5¢4x 1'% . ATL" J& ATL B9 J&, ATL ™ AR SRURG: I ) 5 L2 % ] i J 1
AL (1 42 24 1 14 2 2EXPTIME- 58 42 192250 Strategy Logic HLA AR # 5 (G F ik AE /1, RI
R H— RS B (AP aiA VA 3 2 Ragi E S5 — IR A M i AY
FrBE), WREMBARAD R FEA ATL A, %88 T LIR30 | 2 435 5 45 T 5 ik
Jii ., Strategy Logic FARE 7R RS I 7] B0 T AT 6 o ) B AR ) 5] ) 2 1 2% HJ2:, XT3
— BB A B, A — RS B, ARG ]S 2EXPTIME- 58 4211 2%

B 7 18 i e B £ G PCTL, PCTL™ 48, B THE g YAE B T /R ] Jedik
oH B R RULRRE (MDP) | Xt B HL /R ] RBEARAY , PCTL (R4 ARG I [1]
AT A 42 391 20 i ) g 52 1Y, i LTL R PCTL® f R 780 46 ) i) 55473 & PSPACE- 58 4>
(1257250 kT B T AR T S e e i B, PCTL B 280 4 ) i) B3840 7T L 7 22 35 2 ik vl 52
Ji, {H LTL BAS UG ] BRUED & 2EXPTIME- 5240 (B2 PR E) 7 . PCTL py ]
R LA R 2, FRGIE A S A8 B e

I 718 i Se i R, BRI S MTL Fil TCTL: Ri# & XAELMESSH b, FHE X
TG 458 o MTL AT DUEVER LTL M3 R, BB0E 7 X B+, IFE U B 5 B n—14
DX ] R g I——H Unid AKIEI AU, £, T RHAEI T £ BT 89 0 20 87 25457 T X (1] 1
Py TCTL 7 CTL po5Lal BRI T4 B, JEBGH T X iR 715 X2 i
HTE L ARSERT R 40 b (CAneska] @ 2hHL) o MTL 4 AT i 2 4 n) 28R X6 B 1|) 3 3 AL
AN 6 00 (7] 0 7 i 2 i ) b 2 S ] 0 9P 7 B O 1) B R EXPSPACE- 5%
Ay P

¥ 2 4 G T R S QCTL, QCTL %%, Hif Y %5 WAe s T /Rl Kbk
Fo QCTL 7Et 7 /R AT Jeh b AYSGAIE AT 76 2 Wi i 1) N 5g 272 5 [RlRE, %08 A T 3
SRR ()R H AT R A e, KT HR A Bk LAY LTL ALRURG I () i, [ N
G AT AE A TIESE

HAN, RGN RIS 5, B T RE B R my R
FEE A% HyperLTL, HyperCTL" %, HyperLTL {AS RS I 34 95 76 f5e U015 B0 T S Al 40 26 ]
SRR, T 3 Pl 2 A ) AT A ) R AR A T B, (EL T e i B
HIFAER h B sy %) Finkbeiner 28 A28 4 T 56 F HyperLTL 1 HyperCTL ™ (145 760 46
sz e

2.5 EAWIERAREHGE

EABALALTE 4 PR 57795, BIESHERE, fh R R . BRI AT 5P T
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TEAEAE P R A REARE , R i A O SO 24 40k P ) R A — 28 B i L 1Y
WEW o X AHECF A R IR LS5 (proof obligation ) o 5 1 21 ik I S 55 4 ik A 4 5% i
g “PEFu R MA” X —aril, AT UIZIEY] RS EIER (sound) Y.
Folyd- Hoare 245 /& —Fh 22 ML A 3 T I ZEHE B A B0 UE 2R 58

NG SRR T — R R T 1A AT AT SR (S0 A3 R . e
TR AT B AR AR AL T — A8 FIRRES ) I G FARAIE T A g R 3 437 19
LALPERATSENE (RIZE T IrA IRRIPAT ) o MG REAS B LR ad i X R i SCaEA T AN []
FERE RIS ATE ARG BE R RCR Z [ U . X b (g 2R PEBRY) 18 SR
L E PRI AR A S AR o R ke B ERT, © HBE T T 1) AN [ 54k
Gl b, ACRVER SIS X R R I G, Z iR RIEEE

AR ARG T Py A SEL AU 308 e Dy AR 8 ) AR 2 2 i) L ik 2R eSS R 77 AL 45 Y R
SEVERT, JEAEANT LB 25 1 BAR R BB Ae o DI, el A58 BB 285 24 ] R AT bRk 3t
D FAS ARG 28 SC BB, AR 2 22 1AL AR A R AT U 1 42K ol oA A 1 ARG 00 g A T s ) 2 22 1)
A RS I AR IR ) ) BB BT X B, R R SRR A 2 () B2 2 P IR i v
AT TR I A SRV L), T RIIEFTER , AR S rp AR DU A A I A AR 3
R HA AL TRLAS I A S A ) A — 1~ 46

FESARATI O PR T Pl R G Ml D R B AR s T B, SR T R
NGB ZI M T I SRR R AR R, TR T R AR AR BT 2 Fh AR B R DA B B A T
g, fAE AL, B (REThEEEE) AR R RESE . Hie b, T
i LB E R AR T T, A5 ATl AT 0 fr, BBEEEZNETT N —
T, AP S PATEARU T SAT/SMT £0R, SRR AT RE 1S DR E T 5 TR Y i
R [, RS AT AR e B A s 8] DR /N B e e LR 9 1 R T 2 48 B i, il
B TR R YE, — D BA o DR B, A TR 2" ARk, X
MRS HATRE T B CBE I K

2.5.1 E&EH#HE

AR R T SR () B2 7 30 Uk R 7 A K i R e e, AR AR ME—— A 4
AU R rp— 2 BRI T AR

A3 B8 AT AR AR B0 R AU ) B K R 22—, ‘B Reynolds, O’ Hearn, Ishtiaq
1 Yang 45 AFE 2000 HEHif J5 #2 H [274-275,196,282] = 4. 4 f% g sk HL Brookes! 2”8 fil O’ Hearn!?"®!
Yo BB Y, SRR N AR I AR IR . B R A AR BRI R AT
XA R (BAENAE) MUIRIFE B R AIG A I R AT, MAEIm AR X Z 5, FF RS R
REVIR H O AR PR . B — A, WA SRR I S SR IR AURA A SRR A 4 2, DA
KORTAUE S5 45 B A SRR 43 29 o 10 20 25322 B v 1 43 25 6 BEUKA 1A RE % FH K O (o b 4 3R
X—nio JFRIT B F BN R AP (properly synchronized) BYFEFHYIIE, ZJ5
AR TAEX I RSy BB M T4 7, VISR iR B 3T & sl TTBOE R BT i Bk, 78
Brookes Fil 0" Hearn f{j£5 iR 3025 fp %00 | X 38 F 3 %% 43 B 12 8 T 8 19 TA/EA 52 5 v 49,
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TESCA PR

IF R g5 i S LY R K 241 X AT — Btk NAERB Y T 1 I AR P I R IRk . SR,
TR PEERAR R A5 R rh DL S dm B e i g | AR AN AL, S 801 AR T IAT R I 2 o
I7—3k . XEAT NGRS NI, JE4EK, Viktor S8 AN A& 4 B2 i 1T e,
R — I CLL PIAERER b o RE B 8 22270 | JEm C11 e (74) ERJFRY
IEARE

KRBIFEF ] LI IE e Z B G &R, B0 — R Rl AN AT
ZIEEHR . B il TR S E, W Wl T2k, Fale (s B
i (information flow control) AL HI 4 IF ., Benton'®® f Yang[zsg] AR O R Y Z
B, Beringer F1 Hofmann 32 Hf ¢ 2B E 8 58 00 T T3 B4 P ) Barthe 2576 X &
TR B R TR T OREIT, B R T 22 2P A2 Turon 4512 A1
Liang 45 P J 0 T 56 R P8 B R T e O R B RS AL IRAIE . F o %) 56 2R B 58 B
4 J, Sousa I Dillig $2 R ILE/RZH, H TIIE k-safety, RIFRT & IRARIHATZ
[a] ) 56 2 120

AR, A RE RS TS HE BB UE B R XS S PR R AU Bk, b iy
ML FEEAE RGN UE R 4 i 2R B0 0E o $4E 2R 48 N AZ B0 1EAH G 1) TAE AL HG K
FISE NICTA X sel4 {1 56 UE=®T | HR4E K2% A BAXT CertiKOS (1 56 UE™) | e} S 1A AR
pC/OS- 11 FYBGIE ST ik SR U6 AIE T4 i 53 44 (92 INRIA % CompCert [ B iF 2982
DA K5 8 TAERC® ) phah, o A HE 64 A 3R G i Bt | e Rk
TERS8) S R G IR O A

2.5.2 mWRMEE

UTAESR, G RREAY T2 BT ST AL IR AR S ARG E . W TR L RIATE 3 Jr T

TESE MRS BE DT T, Al SRR B 22 1K B8 1 10 = BIR-PE J2 24 i T hs AY F2 22 1R, Ry 1
IRAMIMR BERIRRE I RERYE, S MBFSEHEE AT 0 e (1) s S5 orik
AR TR HTRGEE , I SMT SR A 2 15720 | 3 1% A B AR TSR P71 ) 12 % PR K1Y
AR, DI R E A TR R B ARG (2) IR R AR LRIk
BESy, AT AL BB TN R S AL AT S i R A B & ROk T LA L I
BHC, R AR AR 2, ST R R A I R AR AR A S, e
I I P BGHRG JEE 7 i, S A W9 2 B SR LR R, R AR R G
KUEAEA PR R A BGRB9S T sk SR R 4R 2 T R ) 7 R

TEd i AT PR TS T, AT S8 R AR A T B R e TRk R 2 5 i Y 2 1)
o AEX DT, AR BT AL 1

1) FHAZ BT B Rl IR, IS B S R85 b B iy S AR S e, AR 4L
PR TR, PRSI GOR S I AEAE T RS R HE T . JE T BAR, Oh 45 A195%]
$e T Al R MTRESE, TR 2 MRS B A A5 T RS 1 5 R AR 25 T
8, IAERDILALERE T TH. Sparrow b iEFT 7 RIHT, WU T R RYATY AR THECR .
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2) FI SRS AR LR AR A AL S R il S B VR (i S R AT Ak . e THi%
JEAH, I Singh 25 A SEBREA T TR A R GLIE A G R i SEEAT T A, 1R
bJE /NIIE AT PEREAR TH A 140 2451505 Xt Zmika Gy sSe BT 7 idk, fiib)a
ZHRSHTHITERESR T T 2 ~5 DR, I HARZ JFA SRS BT A R A MR A K 14 52
1R FIRAL 5 77 22 e s 430 i e P00 s 7R R 1, Singh 25 AR 4R T — Rl o 5t
ToMR AL S ) | REAS 1 A s R G2 3 A S A b 11 S S BRI AL, TR
TN T E RIS, R T A S T IR S % ELINA, SR E T
LR AR 07 P TE B S I G AT S8R I R 2 A BE 3 25 . BT, Singh 45 A%V 3442
YT — b TR AL ST R A R A BT I O e, FE GRS, R AL 2 etk
SEREMIAN G T, DAL P IR 30 s AR MR SR B 2 (] HEA A . e e R 4 i S 3 1
Becchi 2 N1 B ol T RGN Z MR (SCHE AR RS AR B R R T,
TEFR Pl TSI R TIA, BORHBAR TR, FRLEIEA T T A £ AR
TSRS PPL BRI BT & T iU SE B PPLite, 1 T 32 5B 840 WT 940 BT,
Li 282 AP v o R R SR S A U & LA IR AR B R 2, AT
MRTEST P BUM SRR, 328 Tk,

TESR AT VE DT T, 2 ZR B A M 1 S W B S H . ARIR) S R BARFR I I S 0
PEVE BT O S H R EVRT B A OGS . 76 S AR S M B0 11 B W O T, Rl A BE Y
T G E R ARSI A0 | IRZSBR S I i AR | B ST SR A B
RO S RRIE A L TE SRR RE R F R T T, Ol ROWSY G
LR B E ST TR OR SRR A [ 3 A A SRR B 4
Bl B RS I A I REE S %% | JavaSeript S8 A 1E H W00 L 18
FURR PSR 5 T, 3047 SH 140 5 R AT 1 B T — S 3 (49 T 0 43 T P o R 2 11
E"Jjj‘ii[SSLSSZ] .

2.5.3 B

KRS RIS AR, TFTERT 505 10 25 [a] b A7 3530 Rl [ 2 SR 1 A AR A U 1Y)
FART . SR, RIMEERAT S A0S BRAS A 0], HEE I A & — S iy [, PR,
T3 52 AR 25 A HEA TR 2 T A — B A G B — N 2 5 1]

SIS Z K5 L 7% (Counter- Example Guided Abstraction Refinement, CEGAR) (3851
YT A RGN 1) FETBe — o HEACE S Ry Y R 5 R S 45 8 PR
FEAHOC R BITE IR R G EEATHAIN, QA S ) & B, 5 D)0 At b G i i v 32 3
VEHEME S B R BRI 22, T XS B R EAT S 1. 76 CEGAR HEZ2 24 rf fnfe] XJ 4H ¢
R HEATERN, IF PR R B AT RS A b — U SR, AR, T
) b f A — P55 R TR {H (interpolant) SR X il S35 17 AT AF AL AU BT,
Wolverine'®# | UFO'"®) | PR SCiik [383 ] 454 I AR R AR G 1 A SR T4, A b 3
TR T S 3K R G AR I 7 Pk AE AR S8 e #E T AR, RS TIEAH R
GERBL, AR RUSERBR R, At AR, AT, TR RGN E S A, AHOCTr



18 XA TT R 5808 5

% B H AT fif g (] A BTSSR 37 31— BR il o

FEGF I M, A B TR 25 2 i) i TR 24 M1 0 R, A R BERIAS M ( Bounded Model
Checking, BMC) ™" U Bl 42 11, BMC JEAH ol 07 FH 76 7 0 PR B 80 46 00 5 /) b [
CBMC™®®®) | F-Soft™® 45 D) s, i 10 4FA4 K& T B W BSR4 0% Hl. R 57 1)
B TAE EZE R T & AR gty gkl fim . HESEUE— 20 $E b g ad
ML, QnAfeTXof 25 8 TR BE N AT R 23 TR A T A R i S B R A5 R SR T Pl I iE RGEHAR, Jf4
5 I Ak R A 08T 088

B3R AR BMC TR i IR 45 15 4% 56 2R BEAT — < VR B JT )5 FF AT SAT/SMT %
B MR A 77 2#E T . Bradley 76 2011 4F4R 1 T 1C3 J7ak™® | RINZE L B IF I Hi FAE W]
B 7 A TR, DA SR R B T o 1 e A A2 56 I ST sk 5 ke T )32 i, MR
AR B AR R 8 BR T SMT, 1C3 2 4h, KA 563iF 7] i L Horn T4 20
TT gt I 3K A A 2 30 A ok AH OC 7 I R SR 3 i 22— Bl 2 A OC 29 3SR A 4 R 19 3 T
SeaHorn!®®! VeriMapmg] . TRACER™*" 255 F Horn F~/a] (8 F 36 1E T EL st Il 20 .

TE LR LR Ty m p JE A L, 38 3 22 R UR B Rl ok R A 7 A QA 35 Ik 2 3 A R i 2L
P —o WFIMRARE (Abstract Interpretation) SHEIBRIKGIARSS &, HAH{EH A S SMT
gEO A Hh i HA AR 10 TAE R 4R 5 )12 B () CPAchecker T HP® 0 3
TE LR TAESEA 3 7T BB IR UEAE 2R, S o 50— 1145 1 2 PR A 4 AN B AR X
TFRGHATIAE, U015 2 A B PEREFI AT 4 1k

TEBIRURGIN Ty TH , FEEME TAEMB IR, AT AL BRI 2 A e, Ab BRACR
WA T, MOCATR S R T Ok Z G, [ 2012 45 H TF B —4E— B Y
Software Verification Competition B & 23 X IUAT 45 2806 Uk T 519 58 FH M AL 23 R) B fig ) 64 7
PAENTEFERITEAN I VPAl o FRATTHE AR X Il S 8 11 152 2 X i S PR B A7 0, AT X
BR A A RS I (1) 224 i Ah PRRE 7 S BT A ST BUIRA — PR T i

2.5.4 F{SHUT

FAT, £7 50T w2 5 a9 8 (scalability) 5 n[470E (feasibility) X 74
TTH PR . AR R TTI, BEARAS A A R Bt AR 2 O S B PR AR Y J2 2 A
PRI SR T T AR v 7 G i B A8 22 [ g M R 2 SROR A AL PN T T 5 Al A7 1k D7 1,
ARG AR 3= 2 e BRI AR AN 2 25 0 A BB AN D7 T o S T80 01 08 38 P 7 1 ] s
LR S R AT A4

TEGE SR AR S MR DT 1T, HRT A TAREEA D A A B H e HAR H AR T
PR BIOIL R IS, (AT SR T o7 S Pk B bR, AR AR R T R R
SRR P R A PR P A TR IR R R AR T IR R AR T A Y
P2 FRARAP IS A SRR R s 2 R AL L A I B R R VR T 10 B AR5 I
AL T4 ABAR N | R O RIS (R E A O | T
AT AR IR DL S AR 2 A OSSRk L EAh, A — 20
RS HATIT  TAE, HAR AURAEZ AL DI TR R BT IR 2 0], Hst
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SRR BRAR S RNE , ANIE) AR 922 BIAE THRRAR 55 W07 X RT3k

TELGOR AR T, ©A TAEA T4 R P57 10 - 75 6 SR A7 8 7 0T B A% 4% 2 10 e 10 ok
FEARAL, LA SR AR 8 FH OB A TR AR I )5 S99 52 2 I R AT 1) o 2 i o
AN T 4 A 1) 28 A7 R TR TR T 2y o vy A AT e R
FRLeOT R S o AT AL X B R RO | B T g 10T g T
B AR A

TEFRBEBO T, O TAEREARB IR AR oa e . AT Sedk . g TR R DL AT
PRYEZ BRI AL T TR g 5T S ek
PATR A

TELTGASAMT BAR DT T, 5 B S IO 0 204 75 F 22 1o JH 4B 00 5 2, A3 € ++ 7
RO il S Th 2 AR T | R AR T AT R L e
EiW ) R € Lo X (89S TN WU S A LIES % 35 SIS 1 O 811 B i1 N
ARTRF | PLC BRI 4T ST O i

RN, TR FRR, WA —SH A S PATHEAR B, Hop s R
B SPATHAR M A AR A S T RS BT R4, AR5 fd
SMT i 23 WA TR H A H A 45 B AR I BR AR S PR B AR B AN B, 3 3o 45 2% A X 7 1
RIS, LR AR OISR, STk, W LF R AR LR G A e L (AR
BEAR M A B . A BT O PERE A0 AR %) | 2 fCRD AR I AT B, Ak, S
PATHAR G HARE AR Z M SR A, DR ONTRCE, R A RTHR R A,
SRR T g A BRI | BRI SRS, DU B T
F) 7 26 R kB & BB

2.6 EXAWIETEMUENH

T A5 ¥ P T2 AR R A B AE A I IE TR IR I o AR, BB B A HOR
bR R e, AT EEAEHOR 2 (9 B R SRR AU R SERAE P AR B, JF
WOAS 2E o AS S T FRI G IR 36 e T BRI 1] ik A U R SE Y TR R S8 e T
Hitfrr 4

2.6.1 HHEARIETHE

H AT AR T B0 BB WA . ST i H AR B4 ML T8 36/ 3 14
JEFF B FARBE L o i A TG BN AR P IR A8 2 (a) i S 31— BR ELARSE /N By i 42
ARASZSB], P38 3 D T AT 3k A i SR SR I R G002 5 IR B . R R 4 B 2 i A 4
AL T B4 45 SLAM'M®! - BLASTM?) | CPAChecker!®! | UAutomizer™! %5 J5 %
BEAR T T G A V45 25 8 IR B R T, A5 38— AR S G R R U5 A9 SRR P, X
S 17 B PP 10 S0 IE [ AU UE 285 R — A8 5 A S ml i e PR, PR B E A ) SMT T A
(N 73, MathSAT, Yices) HEATRMf. RG89 & TF AR B 42 (1 4B AL 56 0E T
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HALHE CBMCH™ | ESBMCH®! | 2187804

DI i B AR B A o0 A L HIE Aok A 2 T R R . AHOC T BB 2t
HT PolySpaceMao] _ Astrée ' aiT WCET Analyzer[‘m] . CodeHawk!*®! Sparrow[‘m] .
Zoncolan ( Facebook ) . Juliat®! 25 35\ 4k T E. fil Frama- C Value Analysis[486] . CCCheck
(Code Contract Static Checker) ) Interproc“sa] . crab-llym™®® _ TKOS!®  MemCAD!M"!
Fluctuat™*?! | Jandom™®! | JsCFA[*  MuJSH® Zere R T H o Miné 28 AJE T Astrée JF
KT T ) AL SRR R YT SRR AR AstréeA, DISCRFE MR C B TP E 1R . Sdise
G, BEBUERARMII, JERMIIAHT T ARINC 653 fiizs ] (29220 Jr{TfRm) o0,

AL ACEAIE T B — 1 R R BRI B AR 5 i G i B S5 R e 43 Hr R i
4o Beyer 28 AJE 2007 4E4 H n] it & #2743 4 ( Configurable Program Analysis, CPA) 14781 1y
B, SEL T RS T SRR I AE — N PR REAL T BRI CE R 3 AT R
P55 UE T H CPAChecker 85 4 Y% (2012, 2013, 2015 F12018 4F) R4 [ Prix 4 56 uk K 3§
BRI TEA . Heizmann 45 AT 2013 44 T — Ak & [ s HLELE" f F RS0 E )y
Peo AT TIZITIESE LY UAutomizer T H 3% 223545 2016 4FF1 2017 4F [ PrAR 4R 550k K
TELIBIF— 4o

YERBF I —FEEOEA, IR Sk s B B AL 5k i — > P 4, [
br B TR Z WA T AR P Sl T H . XS T B A Al ] T e 2 L BRSEARLAGI
Kt . HERUEFHOAR, S8 PThread . OpenMP Ik MPT S5 3FATHESE, Al LAXS & UL
S RMEAE P BE WS TR AT IR, B TIMTRIP I T s a ei E ae, HElX
— U B TR R A T A RSB B, W BR B AR IR AT AR R SRR i E R TR A
CBMCP) | ESBMC!M®! | Lazy-CSeq™®’ | SMACK™) | 1) J% CPA-Seq"*® %,

B AL XA RAE T R H 45 563% , BB RS TOl FH i, JUHOZ 184k
ARG, WANFRT . R AXERF 04T 5 90 UE A5 2] 7 s o HRE R Ak AR Sk
FFR T =R BRAER S CertiKOSH®! | BRI 45— “BA bug” HIRBHIL
dRE RS, LEE P mANTEITRIR (DARPA) 7E 2012 ~2017 4E52)6 1 —1> HACMS
TiH (High-Assurance Cyber Military System ) (5001 SR TR vE, T E—EFE
M. ORI E RGN T RGN o AR E 6 H FiE AR N B A R R 2 45
Y&, JFIR—THE O R FIE A, B <R RIFGIE (Everest)” 15 H '™, W7 b
X HATTE TaaS 1 PaaS -5 19 S3 X G474 R S8, DynamoDB NoSQL £i4fs [ /I 55 . EBS
PRI S5 45 10 AN RGE U TR ALRIE, B8R 7RG L FErE",

2.6.2 ERMZESKWIETAR

AR, ARG FE BRI T A & AR LR IR A H Sh LB RS I T BT K
KA T —w b, FEADEZR IR (taylor model) , ZHFpKi%k (support function) 2§
BRI E) T IR R GO A 58 b, S AF LA T2 Flow ™ P g 2
— AN T R AL AR L PR IR G A T I 2R 8], Flow ™ SRR AL F ShHLIY I 2%
PRt Z o JT Rt . F P 48 e W iR X ] 5 — A [ g i SR AR ] 20 2 s, Al A
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PR E TR X ], S50 b, ZREBORARE SR A m o, HIE
AT B R I A e T O S B, T MR VE I S A AR 5 . 5 Flow™ A,
SpaceEx"™™® i RGP YRR | A TS R AT LU BRE RIRETEL & — A A
W22 05, AT LLFIFH support function 4275 I ] 45 2 J5 9 R Gk A k. A6 T A
HRTCZAEMAr RS RS FHEAT TIAE, (A @ il S R GRS S HRE, 59K 2 —
TREAS ST B IR A, I 4F S H BRAY CORAM®! | C2E21%) | HyPro/HyDRA®'®! | XSpeed'™*®!
FTHZRH TR,

BT RS A 00 T, Hylaa™" | JuliaReach!™®) % 55 it 1]l 2 4k VB 2R 45
WE T HAL T AT AR R IT U4 BOF A5 B0, MIHLAS A . IR SR 4T i TR A R
t7E CPSWEEK , ESWEEK | SPIN %55 Bz 4 42 51 1 4 T 85 Bk MR Ak 1 ShLikf 756
TEF R A B SE BRI H I %50 i B

TRTHEZEME TIERERGRIE, ERERS [, TR HyComp™
Lyse!®'? 26 T BN T2 e 4 i 55K i TR M B 3 . th T4 RT Aok i R b T
fRPLLE LR, AR ML R ME ISR %, HySAT/iSATS'™! K dReach™™ 3t T 3£ F X )32
ST ARLRIEST Sy SMT it 55K i, FFAE— LR 0] USRS R . th TR IR TR, It
LA KeYmaera ! 832 1038 i 2 455 BGIE B T H4E7E R FEGR

2.7 EFEFSWMERIE

SRR R AR R A s i, 2R iRl i 5 6
a0 oA NI A P i [ S o e e = | I s = R R B L R S N
XS] Eean 715 B AN o] e Pk A el 28 %) A Ry S A R ) , B T RRIP RT 2
— N EW RMEM A 2 R0 RE, EETEMASMBEFEI 2R R4, FHit,
— BT Z AR 5 BT A E £ AR X T ORI R R E e B AR U R, 55—,
AT S RIS R RS AATE LT IR R LTI £ F 100 A~ &7 HRRE
R B T ENVEEBAES ~10 FHEHM (FEABIRR T 72 a1 R T E L
R o BRI, R T ARR P IR A B A T RALVE P ) S

P M R ARE G2 T MR PR AL G 7 A 5 N o SRR .
MR 2 S B R AR 25 B S B B B TR 1E & Scaffold ) i 25 1% 4% ScaffCC FhE 4
KH T EAER AT — 2Tk, bR TR A G R A R Y R B R B AT
Rl N AR SRR T A BR A A R AP 4R 2 1] A B AR B 8 1Y R PR R I ¢ Uk
Rl X SRR BRI A — O T R, R IR TR R
FRISF ] B — e 5 121927 L 3 2 B OO T A B TR R E  Q#Y B 4 IR R IR,
X — TAEAT LUHSR AT Q4FEF Y IERITE, Perdrix 15 Jorrand ™" Rl 4 i Bep R 5 AR
TREFAMT, F R P 2 9 % HE AL 920 HT . Honda ™ JE— 2523047 7 AT ] stablizer
formalism 3R i) —R55k & 1R P g 24 48 .

HPRFERIUE RN —NEE R ARG TE AN RE)FZ2H ., Brunet 5
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Jorrand " $2 T Birkhoff- von Neumann tg -8 48 i ] T 5 T F2 )3 HE B9 7 5 5 Baltag
55 Smets' ™ K J T —FA] T RGP E B RIE MR s B on s L H T
ST TRF I —2A7 FHAHEFHLN . Chadha, Mateus &5 Sernadas'™" 43 1 T Bt R F 1E
PRV FEACHIBR A T f9— Floyd- Hoare BUEHA 45 ; Kakutani'™* K6 den Hartog
AIHEA Hoare BARHME) B T, (HX 2R . WHIAEE S, T — D HIESE 3
[y F Floyd- Hoare 3248, JIEHA TIL (HIXF) 528tk (AR5 HAYSE, & Floyd- Hoare
IR SE R UE 3] T 5 281 Floyd- Hoare #2485 58 & PR FIE AR AN —FERY 7k, 2R
FH— S8 B B AR

BRI RN R G, s REE AR — P EZEOR, T H
SEANUAL AT DARLE IR SIS B, TSRS 28 Tz N . A, i
TR AP I R, FRATA WA [A] 1Y 5 1 S IR A R BEARE AN DL Rl T 45 H BRI TR
LU, | A SR REE RS2 B RGN T A e FIRESMES, B
RIS IT R i R G AL A 25 th o AR R R A R AT R AR, HORAS A
[E] %) BSCC 73t . FIak=S [MEAR . HA AL | persistence HEA8 55 () BUHR A7 7E 22 1 20
[ FE2 SO G2 kb, AT I R AT IS RIR A 25 1) AL 45 1 JR AT It R —
FERLMN, RINTE—IEIE T WA BRI, 5% 82 MOR S Y 5 A A0 e 4 i
HRGZITN (MR B X —BERA] LU F 5 (8 R 7 28 s i i 12 1
ARG, Gk [272-273, 544 ] vhbse 7 I B & E /R A] R EERIRLT (1 & F Al A e )
B, IFPRAERIE T HX T QCTL 3 AS I Fr 282 4 23 U @ — 1E WU 75 il 38 0 1 o ) A 2R A
S A I ) R LU T O (BRI, Anticoli S5 TT & T —k TR wlf
TR & Quipper 1R BIIER) 11 BB 1~ Sy /Rn] KBk, AR5 H] QPMC AT HIIE

3 ENMR#ERE

3.1 EIRIEHA

el PN 7 28 B U BRI D7 T I 5T 32 B4 b e WA B T HL A IS |

TERRAE R GG AR 71, SCHk [40] 1E Coq B T — M8 H XA RGN
BUEHESE , I TIZAES R IE T — Rl At 5 SRR RS AR wC/0S- %
BEDIRERIERATE; SCHK [41] 7E Coq HIEAL T R RERIE 5 Lustre BYZ5 AR, SCHR
[48] f& Coq F5EBL T [F2L 15 SIGNAL HyZikae; SCHR [43] X2 eidsi il R g h—
e PR s T] 4 B AE Tsabelle/ HOL HhfiAT 7TIEML, FRRAL T HZ e PEMSE &k,

FEIR AR GER U i, SCHR [73] & Isabelle/HOL HiE 204L 1 2 F HCSP 7R b A
GEAEROMBAERESE, SCBL TIRIAR e ny e BB, I8 N 21 a2 47 42 i K 45 11
AT 2 R A
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TERIRIGUE T, SCHR [42] 7E Isabelle/HOL UEBH T ]3¢ 1F W 75 9 Myhill- Nerode
SEBRRYIERAME; SCHk [44] XIANHEMERE AT TR ML, IEW TR, EHLAE
T PR 3 Fh i TR 2 ] A S A 1

TR RACK T, SCHk [45-46] 5T HOLA RS 58 M T T ARSI 7R 2 B8 1Y
JEAALUER , HA & BRI gauge FUME AL BIIE 2 O # 0 [ € B K2 HOLA B2k, BR
Wz AN, TR T 25 18] A2k SpaceWire BUTE 2 AL IE

[ P B SR BRSO A A, EE e ) TGS T %8 SR

HRR R R AR T — 1%k “ 150 % 5% (lazy decomposition and
conciliation) " ) SMT H-A7RMAELL, JF3LT Z3 SCBL T T A PZ3, PZ3 £ A M B4
S b3 AT AR PR I L, 15 R R Se g SMT FRATSR % PCVCA I HL T
[ G

SMT 23wl R P2 HE R, BRFIBT— 252 1 SMT AR B A . AERZN
BT, AMUEHLBE R BAETE, WO BRI RN, A 2224 SMT il H)5E ) R4
SRR, RGEER AR T AT B e E Y T SMT A 3 i B i S T AR R
BRI (#SMT), FEEEH T — 3T DPLL(T) ARS8 r h—2 ™. m T
#SMT [AJBLEA#P (52 2400, X T S2 bR P g IR, A3 R B T AT 07 . TR
SRR R R T AP SMT(LRA) fifpas [0 K /MEHE AL, 456 T BDD A%dis 45t LA
Te—FfR AT SRR B2 45 R 2 50k 1% L PRSP T 00 8 475 4 B E ™ £ T 1R 114
PRV SRR, o T 2 L S R B2 e 0 e, T PR 5 HE L+ 2 0 e 4 &2
AR, FFRET T T SMT(LRA) A28 ) /M B 7 %0 L b 7 i) B B3
F#SMT [ BBUAT — S B #SAT [, 57775 45 AR H T — AN 37 (0 5 T 0 72 R BB 3 WL 7
2, AR EE IR E LR, I HHSRIESCR L EFR EFZE T RAEF T 1 ~2 44K
g

WA, ERRHE R R R R EZEVIGE T SMT B /NS T A ), il
Ao X /N AT 3 JE A IR R A, T Sy SMIT A 2 S T 0 JE B PN 1 A 7

3.2 Wi

3.2.1 #XREHER

R A SIL S ARG [ Y 3 TN AR i B T A S 2 R IE T RO AE R . R A
TR 71T, SCHK [107, 121] 25 7 HERIR MR % e B Uk AY Sk FB e RO HESE,
SCHR [108-109 ] 25 i 1 EELEmT ] By /R AR e LB SR LZ IR IR LA TR, SCRk
[110] 25 T SR BFER AN DR i S FEAL2 g R A SRk, SCHk [ 111 ] R R e gl
Rl AR | G2HR | ROEE TR, LB T E S Y AR — S R A R A A T A,
iscasMe, 3% T Hph P R BR2 BE HOPIT 58 BT 9 5K A2 ZE0T 58 3 40T R AP, ERE A A
K D RE B 1T o ZEAEAR A S HLIEE M AL R B e D7 T, SOk
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[80, I111-118] MFFY 1 4 ML A AR T vp i B AL, | 55 FLARAEL RSB L B B T 20 ) AL
RS, IRz m | B 2w, SRS A AT T IR AT, miSCHk [119-
120 ] RAEMER A SHHLES MR R 0 77 U T 9888 BRICLASE, A AR
Kol 2 a s, SCEk [126 ] AR PEm P2 2 et (safety) FI{EPE (liveness)
AR HE BRI SO 12 8 b, FEFR A0 2SO0 B 22 AR R R 5 TR
TRWANERI R, A E ST [ A2 rP Y M TAE R 2 ILSCHR [127, 129, ixdk
PG T AR AR RS I A B RO R AT AT B 2 B

3.2.2 EmBmIER

IS ARk, N SA A TR L H S LSRN XA S0 ik Oy 1A B T R i R SCRR
[172] F0SCHK (169, 171] oy 17T SAT-LP-TIS 255 (iR il A s LA S 46 59 A
ST, LI TAATIAE A SRS S 2R R R, ARGk 1 BIE R
GERREE S EIERLR . AR BAR MR SE R SR, SCRR [170 ] A0 ek i)
ROAR, S TR IR U A ARG R A SO (547 ] iR T AR S B
FERE AR R 7 120 Z2 I AR A R AT TR g, STk [175] dad Bl
W PR R XESCRR (547 ] T e —20 )5 Sk [173 ] i T 20
TRMIER AR T SCHR [174] BFSE T — AT ] A LR MR Y i) ] ik 4R350 R
AL, SCHR [144] Rzl ARLE R Gen] I8 4R 1Y Hamilton- Jacobi fffs 75 R AR i M) 4% £k D
(LA, R, AR — A T R A2 ] S A Al TR

P e BRI e, EINAR L 5 AFRHESh 1 IR U R AL B0 Uk 1 kg . STk
[178] it T — Pk T X R 28 ARG DL ik, ad 313 T ik 4 1o i Ak S ik
— TR A O T R R M E AR E M . SCRR [152] R 7 3 T WRR 7 i35 i i ik
oy 07 ] A A T RO BB T 2, [P RER 25 A YR 22 B, SCEk [153] A
RO E 3 B 4 th T — 2R LA TR R T ) B 4 D AR K By R b R
SRR AT A B T S O R g, $R I T AT A A A T
Jriko SCHK (153 ] Hicdl 188 — DTS R 58 s SRR A THI AR

3.2.3 EFREHELZRGETR

[l A 3 52 3 R 2 BASICS S %8 70 M AT 58 1 i F S BTk, 32 38 STk e 3 iiE ] 1
nBPA b I4y Sz HARIUR AT HE (Y, ek T — N RIIA TR R e A T R E S R
iRy O 2B b B0 3 S DL TR E S OR AT E iy BT e, SGIEM T
nBPA [ [93 3 HASAUE EXPTIME-S5 45191 ) 3 HAH T —4 nBPA 143 3 AL 2
]S B 1) R S I A T IR EON TUAE LR B A AR . S 4k, BESE T PDA
Te HAS T8 2 58 0 S AT IR P PR AL R 30 5 R4S 8 . 76 PDA 9SS PRS0 EJ7 T, W] T 4%
RS FRITE popping ZEE pushing ZfERY PDA (%43 3 HAUZE AT HE 1) . 13X —45 R
FLELAIE PDA B B AR BS540 ] S0 5 R R 35 S50 B T S e PR . P —2b, IER T
X — L5 AE— i B ST R A
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3.3 EHEXSHNER

2 SO R S AR R RN ATSE 2RI T TAE: Sk [197] g LT PTSC
WHE TR S, Hoh PTSC il &2 —Fh B . i) | i 5IF R iE = X
Bk [197, 1991 Z35i%F PTSC F1 Verilog WY #AETE CRIHEFRIG SCHY & HEFLIR #EAT T 0F9Y
SCHEk [200] HE LT — Rl @ AE T MDM (O HERETE s Sciik [201] hE LT —
ML BT A pIML B4R FRIE S [202] 7 L SystemC BUFEFRIR 5 [204] ELT
—Ff Ore 5 BYFEFRIE L5 SCHR [203 ] wpX) Rust i e il & #R B SClEAT TOFSE, $KR
#43 Rust 5 U 19T AE K HEZR R SC i, 1 O Rust G He AR 77 64T 1718 L
IERAPERIR, IR KSR T HAE T Rust BT MEREAS . IRI@ AR IE T H

BT T, Bl 5 AR N IFSE 245 LT AR

VY2 R R 22 BRI A BN S T — A IR AT I P 32 48 9 8535 5 MSVL
(Modeling, Simulation and Verification Language) , ‘E+4& PTL( Projection Temporal Logic) [
—IHAT TR ABATTE SCT MSVL g RERLE S 4R AR TR SO B SC, JT & 1 AR Y
Gt o BIBUAGIN Y — RME R R GU AR 4R IR, (i MSVL a] LB HEX) 2R 48 e A,
P33 MSVL 277, ] DO A B &R 48, U1 C/Verilog/VHDL £ )5 % # Jy MSVL 72
R O R e, JE T M A B B T C2M A V2M, AT BT — AT
PPTL A1 MSVL {4 — 5 RUAG J5 5 UMC ( Unified Model Checkiing) HAN, KT SRS
23 [V ERNE R, A BAAR R T LM BT P B A i . ORI EE B 1 CEGAR Jr
W, BRIl S 2% B AR BB B S 235X (SF OB, [ I e S 491 e A A i 3 1 ]
SR M Z T 2 Y, Q3 7T Craig #fifH (interpolation) Y42 24 (H FIRGHE
M, KR T SRS 1], 5 7R, @R 17— kT MSVL iz fy
AR FPRAE DT 5. — D APERIER RG] MSVL F2)7 M %3k, Joil B4 g i i 7 e Ak
BE], — RN U] PPTL A3 5R0k, ZtEB Ay AE SCn] LUE i A 346 T 5. P2M #%
iy MSVL #2J7 M7 X MR M 647 2015, AR ST AT RS . AT RESE, R4S 2
false, DUFEFPWE R TERT; AR wue, —FRPUATIRARME R — DB, TP R4 AE A"
A:Wg? FTLLE PR ORI DSE Jridixd MR M” BEFTAF 52050, RERT 73 SRARTT
B AAZ i OIEEE ;. QNHIERS /AT CEGAR J5 A5 B Bl , FEPAT AR e A 0 f 31
MEAER . AEMEH, AT THSE MSV, @ TH, $#Ur THE, ik TH,
e TR

HE R A BOR IR T — AR/ PR T YR ALL G R RGSim Al —Fh 8 2R XUA% Y
TR 738 0 S BT 2 RS AR IR 22

SCHR [224] S FHRORI R AN Petri Net 2 [ 58 W 2245, SCHk [225] 28420
TP IS Y A & S R o TR (226, 227 ] AF 5 02 A AR O Bk
TR Iy 2 5 DT-MTL, R 5 H shBLA: oz A7 W ds de ke SE R o N ¥AT R 58 M
TNHL ARG T B E
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3.4 WML

MR FEARBZOUIRE BN, 28T BB s N AR, RZH
Scope Logict® | iZFBHEHGIA T 3 2R T, S BN T A NAEDTH . 450 7B
Vil B VIR o XA AT LU b b iy A 20 T =2 R AE X N

FRRR B B BT ) S AR S A A 498 ) ) 20 8 8 i ) B A T T IR ARG
AT SE %5 5 T X Cook S5 A HAEE R R B I 2T X R 45 S i g, TERH T & M
B R BE VA G 18] 1) 4 25 38 B8 4 ] 6 e M () NP- 5242, T ELABA T Cook 28 ALY
Z2 T I A P 4 SR R E A 45 K 2000 A T X T A R R 2 SRR AT 4 IR 4 i)
170 B8 BT 0 B AT T IR AR 27280
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