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Survey on Interactive Theorem Proving Based Concurrent Program Verification

WANG Zhong-Ye, WU Shu-Shu, CAO Qin-Xiang
(School of Electronic Information and Electrical Engineering, Shanghai Jiao Tong University, Shanghai 200240, China)

Abstract: Concurrent programs and systems are usually highly efficient and respond faster than serial systems, making them widely used
in practice. However, concurrent programs and systems are often prone to error, which could bring fatal consequences in real world
applications. Moreover, the non-determinism brought by concurrency is a major difficulty in the verification of concurrent programs. With
formal verification, people could use interactive theorem provers to rigorously prove the correctness of a concurrent program. This study
presents several correctness criteria for concurrent programs, which can be verified by interactive theorem proof techniques. The criteria
include Hoare triple, linearizability, contextual refinement, and logical atomicity. Researchers usually use program logic to verify programs
in an interactive theorem prover. This study summarizes the usage of concurrent separation logic, rely-guarantee-based logic, and relational
Hoare logic in concurrent program verifications. It also surveys existing foundational verification tools and verification results by these
techniques.

Key words: concurrent program verification; linearizability; contextual refinement; program logic; relational Hoare logic
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RERATEF S RGNISAT BRI 2 AT S50 T 0T P N REg RS R, JEREAREEN R T i, &
7RG RS 2 USRI A T IZ N AR S H AR, IR KRR ARE A B K R R, HH 2225 IR
PRI IRAIE A W SR, FRGE P — AU BB R AT T BETT SRAN ATl & 10 J5 2R

HRBEAR P FR R E T FH R B INETE N S B ER. — NI RRBRF B R RS, @Ea2F 2 A A0t
[FI i 22 B AT, A RIHARER AT LUK 1% R G0 RRAS = 2R 5 . AN [R) A A1 A F L i O A7 28 (R T B A1,
SN A 2R 1B 20 L PR S  R AT A 5 1 10], 2 S SRR S A0 4 T0 0 TEAf S L DR, Bl 4 /M2
JFFE IR 05 0] [R]— B ] AE, BURIE I I XS5 T B AR E Uy Al (1 B, k2 7= A2 HfE 52 4+ (data race). £ R 280K R
ShRh, X R T 2 R B AR 7 B AT 25 SR R e U, BETT 3 B0 P I R iR

T R AR PIFR T A2 22 A (R BRI, 3 170 78 I S o e {8 R AR T, AT M8 2 FOE I M AR b
SR Z i R FR P R IERA M, nTEEIEMME (functional correctness). 15 B %4 (information security). k& 145
(progress) FZ¢ 1114 (termination) %&. Th A% IE 1 ZLRFE T e /=42 IEH R0 25 5, IEAf b SEI A Ih g, A SO 1 FE
JF U e IR PR AR 7 AT 1T 5 AR RS AR A 7R 20 2 MR, 4056 FH B /R = T BT 5 2 AR SR 20 T G 72
JFPIRES. E B — R 7 R Bl i e R (E B S U A 2 ek B o, MEE . . iRk iR 4
I EERFE A 2 AETC IR M A8 3R HPAT, Hrm AT H& L.

TEF R AT, BATIHRE T I IR AR A 2 LL7E 7 28 — A2 P BUR G 1 IR 1. BIMSE— AR P 2 5 34
AT I 0 T 9 A I L T A 1t Bk, TR HA I R G FE s M AT H s, HR I RT BEA 5 01 K& B T i A —
BN T I HORRR I R R R IE R M, B A TR WA B — UM (sequential consistency)!! . A £k 4L
(linearizability)™. T /5514k (serializability)™ 4/ Ny IE # PEHE 4%, Liang 28 A\ "%t i Herlihy 25 A PR 1997 % 18
it R kAT B gl bt LT BEAT (wait-free). To8H (lock-free). JEAE4 (deadlock-freedom). TEH/1 1k
(starvation-freedom). #54 JEHEEH (partial-deadlock-freedom). #B4> LYK (partial-starvation-freedom) %5t B P 7.
KT —ADI KR R G, — RGBT DLE R H 2 W% 22 42 1 (crash-safe), B 24 R G E TR is AT FR IR R4S 4L 1, AT LAIE
IR SR R G R BB AT AR S R 22 1R H 1817

{2 I RHEAR B e T ISR R, T IR T 5 RGN EAFAE BIAT T 2 A
SE PR, NATI TG B0 ) B S B (R R T 1 0. A A I R e AE B IR AT v tH I B IR TE 59— AT TR A A S,
BRI N PR IR BRAT A TR 2EL A4 PR 28 R A A D ). 3 45 2 1 03X ) 07 92 3 DUORAIE 7T 5, 25 55 83 T At i 15
L. A BT, TR A B IR AUE 7 VR AT FH BCA AR 5 A 3R SEdE AT RS B 1) AR AN T2 A% R B iE, ] A CRIE R BiE A% 7 1 1F
e, RIS, H T 2R IR R A s, — FROHE DA B — AN A R TR P HEAT BRAIE, IX S B0 T ZE BRI R 4t
rh, T 7 B 1 SR UE 7 R AT BN R S6AIE . QR {5 e iE gV SRS AL BRI, B R i) W R AL e 7,
ST AT A R 5 R 1)

1.1 EAMERKEIES %

(1) BEALAEI (model checking)

A TR o ) 3 e 36 VIE X6 S A G — AN T XA R RS B T S W R TR R ). TE I R AR P 3R IE R R
RALRE Y FT A O] B BIAAT, SR UE T AR A I W B — Fh AT 2 75 AR AL IR PR SR, X IR IE T PR — M2 20 SMT
SRABAR X T B AT AT A 1458 . (R I R AR P 5 I AT AR P B K I O AE T B 1. RN IR RARIFAC
BT, & — 20T DL AR 5 o AR R — R, ATIE 753 3 T B8 B AT I3z A 1k — . 1X 2 2 3 AE i
FERFE R A A] RE R PAT I 15 28 7 (B AR, A 45HA% 0 R A 2R e U E B0 E I R R ) 8O AR, 75 24 ek A
RURIN 77 2.

PR LA AAG I (bounded model checking)!® i izt B f1l P2 5 $hUAT 155 100 )48 22 24 ), RS 1 0 2 st VAT (RO R E,
P — R AERA R AR 0 S SR TR AR I (25 2R . Tnverso 25 A UV B3k ol JEL i, et B o1 66 0 A FE A0 e ke b 2D 9
RANAT AT B 7= A= AT 18 Dt AT AN 22 LR AR FE 7 2 i AR 0 8 P (V0 R P AT 2 57 110 T B 42 1) 19 85 ) R AL R .
HAF AR B BMC T BAE 93 56:F 1] 8 1Y 5 .

AT 2 (dynamic partial-order reduction)™ & — 3 & T ALK (14 2% B A S LA iR 5 AT
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B i 2 T (4 A8 5% ZR AR 9t 137 SR I I BRAT A8 L AT SAN S8R 43, 0[] — AT A kAT — O A ke, AT ZE
RAIE T A P 1D [RBTG5k 6 . Allglave 25 N P45 4 PR FLRRU R AN B 2 LI M B T — AN R BRI
PRSI TR, HAEZ PN X Linux W% Apache HTTP 55 28 S5 AL EEAT T 30 iE.

TR HERIAG I (stateless model checking)' 3 ot 45 5k (14 VA B A% 1 388 1 T3 9 A& AT VR FE AR 00, AT %ok 9 2 A
FE T A AT BE M HAT HEAT IS 2R R 22 AR UM IR A B AR U 5 S ) P AR B R 0 O R R HEAT B AE. T
Abdulla 25 A UM I 7RI (chronological trace) ik 3 & B2 5 AT, XA 7 20GE T TSO 1 PSO WFh A 7%
RS, H AR B i ORAE T S L B BN O 35 R BIAS, {545 O AR A B Y Aoy I 48 v RO K36

(2) 22 B30 BLUEBH (interactive theorem proving)

A —Fh I AL B BRAF 77722 22 B2 BAE W, BIFE CoqM'¥. Isabelle/HOL! 255 F 3, 2 B F B 8% vhiF TR 5
IER L R B — R R B A, R IB RO DL — 5 BRI E SR EEATIE AL A T SRR R AR R AR,
R EANe G AR KB R 3R it T 3 TR 3B 4 U R 3R & o 4R Tl i R B R S B R ok
% (logical relation)® 45 &5 51| % R FE /K2 4 (relational Hoare logic) {8 #5-1IF B 2% 7] DL 58 22 19 3 & R IR 1tk
ZAFIREAT IO, A SO SEL A T ARETE 5 SR 2 T R4 48.

(3) A3k EHIERH (automated theorem proving)

TE RS H 3 BRAIE B 2 T 78 7 18 48 98 AUE J7vE 1 2k ai b, 5 SMT SRARAS & 7 NS B Sk i 8 BRIE R, — %
9 Zh 4K 5 PRI B 28 4k SEER I B AHE 4246 25 3% (proof outline checker) B3 it A1 B B AR5 B BRIE 2% (proof-carrying-
code/annotation verifier). F3 /7 AT DA$R L IIF BE A [ — S8 OCEET o 75 2290 2 10 45 10 FHIE B 38R, B DL 5 IE B Y
TR T 28 Y S B AR 8 ) 7 06 2 I T 5 264510 (annotation), [ B4k 2 BHAIE B 8% £ 001 A 7538 53 1 - S At 1 B %
E WIS B B 28 4510 9 B 338 R ATZOE AR ROT FE . B B4k e HUIE A 28 — S TR 45 58 I FE 7 18 B AL (1 3IE B
FIU) 48 R ARG IR B

Starling”!. Caper™ 2% F 73 SMT 3R figt % P iE I HELLAS 2 2% Starling 5 F Views &2 7 50 UF 12 48 HE
20 PV S HESIE WA FH (1032 48, AT DATIE A ] B8 0 O R F2F IE Wb, (B TR P2 LB HME S, TEE i FE 4
FLEE 1) I R AR . Caper {f Fl CAP 2538 45 P se 9L R A2 5 BOAE W, 3@ 5[99 (backtracking). Kt S
(abduction) %577 RIARAALAE B (1149 K . Diaframe HEZE PR IE T Tris "8 /7 18 85 0 E DI HE 2240 2 28, HLAE Tnis JRUA
(1) B SAGUE B BN T 3 TR B H brda 51 IR B4 2R SR, T DATE s R R - IR B S AR AN SE I O R R
FF 10 B ZhAGE . Voila® 248 ] Viper 381IE 88 PORFE T TADAP FE 8 8 1A WIHESE A 2 2, OGB48 5 1 1k 10
R B B I SR
1.2 X EEH

A 2 WAGam 2 B 2 E FAE I IAE AR IE R PRI O S0AIE N B ¥ 5E, B 75 B — NS IS AEFE 5 A R £
THEAT A, 35 3 1A 48 2 T X BRAIE B rh I R 2 9 TR A 1 B6E H . 28 4 528 2 Fh A DABRHIE I R A2 17 1Y)
TR IE B AR BORE P . 58 5 719X R T X LA i e Y SE PRI AIE TR T R4 5 6 a2 B E ERAIE AR
FIBAER IR RGN R AL AT D45 55 7 50 AR SC RS AT AR 58 B2 BRI 77 R A e ) JF R AR B o) et it
17 R4

2 HAEREFEIEARS S

AT B LA R R R 56 I HR 75 T2 X R AN i) . X 2 ] S TS [RS8 IR AR A 4525,

o RFIET: B, B BAEFHRE —Fhik B MAEFE S hSeOl. A T IRIE — BUER, &5 S Wi
FPRE S & AT . — R, AT DL BT S B 8 FH (0 i AR A 5 AT T 304k, DT BB S B 1 R 1A T
IGAE, I VSTPAR N C B SR AET B RustBelt /&% Rust 5 5 72 FIIE TAE; BT DX REGIE 5 (toy
language) BHATTE Ak, AT LESL IR 2 T X0 — L8 5L T SEIUREGAIE, Do Sk X SEbrfe /3 I 36 UE ST T B £k, an
Tris”* ffi % Iris-Lambda 1 &5 @250 UEHESL FFHE) BISL T R R FE B 5. 5 — oy 202 B R 4w RS AT
b, XRHCGR AR 7T I0E. ER IO GRIE 5 10 5 Sl 3 AN i s R 718 &, AR T8 22 B 2 BEAIE B 38 AT E
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. 0 SR AR EARIEAR P ARV gm AT 2 Th P IR R, AT DAE I 3 70 B = R 718 B T BIFR T IR PR N g 3 25 1) 1
W, 45615 200 gn A CRS B IE R 1.

o R4 T RARIFIAE TAE PR P8 5 AT I AL, B T 58 ZEXH 5 AT 727 P LA i 2 F AR
PG TR 2 A, 3 5 BB R e I R A5 0 T R TR A AT TR k. R B RR ARG, PN
It 52 B9 3 & 204 (parallel composition) FIZNZSHILEFE A& (fork-join); [FIEA], Wik F X 54 BIHIH FERAE .
XML E. B9RE; —BAE T4, 11 CompareAndSwap (CAS). FetchAndInc (FAI) 5. iX S645 445 4 fy i
BHESCRE, MBI R TSR R

o FRIFIE L5 WAFREEL: FOR, fEX TR F1E 5 34T T X fb B, AME R Z R A xiE 5 i, EFER A
A AR S TR T E R A0 E X, T BRI IR ST AL R R AR R ERER), BRI 2 AR PR (it
FE NAF) FTE SCRA KRR A A A7 28 B 77 2K, 450 S 20 AR e — BOME IR N AR RIFE 55 N AR b — BRORR P )
T AT DR R AN, — M2 25 FE N A 9 I — B0 (sequential consistency)s TSO (total store order). C11
SIS 55 N AERBRY B IORR P IR B ORI AL, A S5 SR I BRAIE T SR B AR, 22 R T R — 3
P 1) PR AEAR TR o (R B6AE, (BB A AR — S T X 59 P A AR AR i 47 AL 36 E B,

o ISIE HbR: feJa, i BB AR ISR B AR AT % AL FIIGE. —FhIGUE B AR S TR A1 RS IE M e
AN [E] B BEAIE H FR 2 A AN R L) (specification) R B EXS 5 IR PE, I 55 ZEA R 38 IE 7 VE AT IR E.
X FAS [F) HBRAIE X 5, 36 T — A0 3@ B BRI AR AN AT RAE B th ik B P o T BAIE % R K, 1 B Bh Tk
B IE M E 715 S 30 E T BT M sk 38 E.

M 2, ERIE— N RFEF B H R RGHT, 2 W SLIUE MR E S AT 4, T B RNIE R EAE R
WLl F BT WA R4, DR FRBEIUER BArEth 4. RAEYM T X R E 25, 7 fefE 28 5w #HE
AR A8 o6 R IR IR IR AT TR A, RSO I B UE B AR S 3E 7 A& A T4 iR iE 5, Wik 2 FA R
(RFE R ARAE VIRAE Ty V%, B3 EE28 JE AR — B0 AR (R k.

3 HFHEIEFHTHREEMMLIIE BT

AR SCH D) REIE R PR — BOR P BT AT S R P IR SR FR R IR TE R 2SR, WM ER=
TG IR G 2R IRIXFIE TR, TEH RIS T, ThREIEMA A B 5 FE A ZRFEX R PR P2 A B B, IE TR EE % R
B HAMZRFENTFR RS = AL 52 DL R gt — 200 AR REAR P AT P2 AR s, 5 2, — NGRS T KR 7 T
T HIThBE EfA I 75 BB ZAR T AT AL 0 9T R B F 30 0k B SGREE IR IR AR LR B AT NI, dnw]
VLB A RAAFAEIAEILRAR, JF R ANAE T F2 )7 P i I B e 282 72 A2 AT DAL sRAR 40T T AR st iy 9 A7 A 2 g oAt
LA, 7T AL R B AR AT A A SAR AT ATE— Y A, ELRAIMT 9 BRI A ph o aE. A SCRRIX Pt i
IR BRSO DIREIEAA . 2R DRe IEH M@ 5 2 2R — N BBV IE R BTG, BN, TR I
RET AR, AR T DA AR AR AT AT I BE R4, b R = e TR i iR — 2P 1 Thise.
AT RREBCN— MR T SR —ANEF I IEf T, S2FI85eH T UUF 3 FhE H R I IRIE B bR B
Thag IEAf I AT 2R 4k (linearizability), & 3Tk fE (contextual refinement), AL & Th 8 1L A 14 (132 55 J7 7 1t
(logical atomicity). iX 4 FhIIREIERPE AR R WA 1 Fis. ARTXX LEI0HIE B ARK € SGHAT FR AN A,

EA TR R E R FELAREIIF R T
WEEER | R0 | aathasEm | S JE— HHE LT
PR BT 2R AL (1308 4 JE 1 o {13 B TE Wik
ittt ettt ettt
| IR R FHRAR IR RLAPI !
I ]

K1 JFARE R I DhRE IE M PESGE H AR
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31 BHALTXHINGEERM

IR BT ST RE LA 1t 48 E X PR B 26 AR AT AT R 8 R IR LR, B0 E B ARFR 5 BT AT IS 274K
TSRS T B AL R R . — kA, T 90 2 P JR = JG2H (Hoare triple)! Sl it i i Fh itk ot . A3 1 56 M IF &
EF SO MR R O R, BVARE S BRI K AT AR (R B AT HAT), RN ETE /R =70 5E
ST REIE M.

—ANER=J0H P} c( Q) BLFE: HIRTRIFIEAT RIFR T RAS BT &2 MR IR I BT 2% 14 P, % = e IRIE I FR)F ¢,
DA R IR AR A8 47 45 35 F2 7 (3R B 0 S B 2 P RSV 2 O VR R G 25 AR O L8 SURTE— AN A2, A2
JPIBATHT, HAEP RS LA &4 P, MATRTF c RHSATIAS H, IF B IS AT 2 1B AR IR Fr 20 2 )5 %
4 Q. IXFERIPE T — MR N — BRAE 7 384> IERPE (partial correctness), AN, 5845 1IEHfit4 (total correctness) 2 7F
Y IERME R FE A E BRI AT &L KEH TR R i IR, (Bl 7 0 5 4 IE# M St B
JR (A FE AT G5 £, AE ILLE 30 18 A8 BEIE B 2% K I BR. IE W — i 2l i B /R I 4 U ONE T — AN E R
ZILH AR RO I — S FRUE AR B E K =N IR P BN F (judgement).

EI/RZJTCHFRIE KM P Q — B2 /EWT = 24 (assertion language) FIERAL. AREFIW 52 ES0SAH
1) 97 55 Rk ST AT AR A [R] 2 IR A B v, BRI 82 /R = e AR AR — AN AR — M fb i 29 7% 2. FESF
T ICHTIE B B R o B E AR, &2 A R = AT UE B AR R SR, (R AT S I T TR
B A St T8 ¥R At 4 3R — AR P AR I E R I R G AT AT Re.

AT A —AN 8] B (4 - ok Ui B /R = Jn M A R — MR AR & p, HAR A b EORAE T —ANBAF
Rk e, I HIe B BASI AT LSRR 1308, RTINS p — TRRZVERR. AR SAEAE — MIRFHAT IR EL eng(x),
HEZ—AN RS x, H x SRR S L)oo R B E. %R E D24 —ASH i B x AR A E R T &= m
NFBEF p FTHRINIAS. ZE—DMBFHAT, BIEA IR RS R HATE, AT LMERE R =504 {p - Beng(x) {p - (3 %))
B E SUXFERIAT . AT RIAR T AT, fa 4T p FriERIBNF N |, FR 5 %A T mEEIT )5, T8
EFFTHRBIAFIAE N T L x, BDBAFISR JBIGIN T8 x WITC R, %8 /R = o B B IE#HRIE T — N BAFIABA R
# eng(x) ITHAE.

FE/R =L [FRETT UM TR 5E B 0 K2 IR P, L DU R = el B T — A H R PAT IR T 1
IEHME. 2P i fork 82618 —MHTHIZTRE 1 RIAT eng(x) CF T IRIEIERPAT B IERAVE, X B APIAS eng
BRSSO HAT I BR BT eng B E AR SEIL. X BT eng BT EMHE B (lock) SEILFEIAIED, i 4
Aol Herlihy-Wing BAF1 ik 838 5 J7 7 45 2 SL LB O 2R R [F125), RIS LR 3T eng(y) FEiEIL join 15425
FEFLRFE ¢+ 1847 SE OGN T SRR FD . % R = e RIA T2 P M DhRe IE A M A8 7847 % s, HigiT4 W
Ja, BFIRIREHIG T x Ay BT, HE PRI R A BUG)T.

{p I}t = fork(eng(x));;enqg(y);;join(H){p—> U x:y)Vp ({:y:x)}

TEZMN T, R = T84 {P) e {Q) FTHER INFRIT ¢ IR R BN IOAZ, BIE BTGB AT I, RA T IUAFEBIT
FEIF c B S RI—ANFE, HIg T4 R e pra r= A 2R FE35 O R0, BAFAEANTEEAT I HABLFE. X2 —A i T4
IF R BT CLR. — DN IER RE B E A Z NI KPIAT. U—DMEF IR RA P I IRPATE, —RAAFEE
FATHAT B A 2 A2, H AL S A2 7] DO L 5 N A2 34T 42 O T 5210 24 BT F2 77 BT IR DL R, XF T eng B
B, ECHABERZITGH (po leng(x)(p ()} B IGE EMHRE X R DI ae. KRAE—NRIBIBAT
eng(x) B}, T REAFAAE H A 2R FE M AR 1247 N PAEK HE BABR E5O0T (7] — AN FR4HFE M A B HRAE. LI, XA AT eng(x)
SEO, $8%EF p TR MAFIA —ZACH x PENBA T, T H x Z B RIBA SIS — BRI L.

NT RETEIZIE LA E R = a AR R K D Re IR AT RR, R BRI Ik BRSO, FE IR
BB U (5 4.2 1), AT AR L4 B AR AR B AR R BB R T R AR T N TR
iR — B A RR R B IE R B S0 AR IEZ AR 7 (58 4.3 ), AT L@ I U BR BTl B4R AR AT
i R 4 TE IROC R (rely) SRAMR IR BT A 7IXM IR B F ORI BRI, 7T LAFE — @ R R A SR AN
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SCRFERATRE R IEWR PERA 10 /R = Jo A R AR I A IR AR B8 T 9 D BE IEBAVEEAT H838. XS T eng BREL, 7T LLELR
G ERREA T VI 4845 p Frig WARIAUR, BOE I OBOC R B R R LR AR X 54 p FrigBASIBEIT B 2L, X FE
T LM FE R = I8 {p o Deng(x) (p = (1 X)) SRAERR R Z R B ThEE.

ARSR AR AR RN T I K BN ORI, B2 7 AR SRR I A A A =4 BT FE Py (4 T B, i ] DLk
—BHIFR BN SCAIR, B8R LA AT LY ) 1% BA A H 2 75 B AT AN AR R (R AP L 5 A RS4RI U I 1%
PAF B AR AP Z BA TN A i Pk, B TE AR 0% 2 T Ao VP R R R R X 122 BA S HEAT 458 1 [ B TSR A Hh 2R AR (2
IRZ O 5 D0 TR G 2 2 R 78 1 (stable). BE 2 1M SR MK 45 a2, R LAIE BI1S B W E /R = o 2 4 5540
N=JCH (Alp o Beng(x)(Alp - 1}, AT G 2604038 AR T 485 p Fria A AE & — AN BAFI I —F8 32, T E 241
TR PP SEBRAT XA AFHEAT T A, RN I R 7 B8 b, P e T- 3L 52 A7 (b A i BAB ) 15 1) 3 238
AR TSI, R A R R I = Je AT J5 26 A4 A B B RRE HL 2 AR IUALUR, ot ok B R L = N e R
T AT A BARAA (AT LA T A B AR IR S (ghost state) SR SEBLAS 2 A2 Tl J5 2% 168 3652 A A7 A2 A6 F W) e
IR, AH X7 208 45 2010 Th AR IE A M B2 el T- Mot 3 Fh I R AL P B Th BB IEA 1t B AR, A SCK X M VA
WEBIFA 3 i B ARV ). TR R ORVEZ B, B 1 BESRAE AR B G 26 RN AR o, ZEMOBOC R 2 — R
PRRIISB, B J5 2% AR A et R L 52 9 A7 P 5 S8 R AN AR

KT AR I R B R SCA AR AR R L. A0FE R R R G ECE I AR R IRAE D, AR IR R BT
SCLIVHRE LA REBEAT 1 bR B0 & 2 R G A0S B P B (R B0 B e 11, R 2 B 0L R AN B2 A 1 P ) R 5
FR RGP 3R A7 2 — 2B R N T REAERXMIF R bR SCAR T HE R — MR T DR IE R, AR H BT
SCPT I 3 1 FEAth TE AR H A
3.2 BATIREERMERTTZEMEWL

A (linearizability) & 434 3 5 4 5 2y A IE A 1 1 =l 28 (0 o DU 5 19 8L 2 L0 o FH BT A LE A 1)
PATIC T (trace) MEESTEN— DR G INLTEL L) (linearization specification)™™. B e fg JE# HEMfH R L — A
FEFPAE I RN I IERAAT 9, IRt vk bSO /R = e A TR A B 0. AT 15 26 LB SO I BB A A 41
NP 2tk TR A A H AT AN 8 SCRZ BAFIALE AT A R ST IR,

AR R — R TF R R, — DI R AL E AR, HA GBI R AETIEN
. — DR R FIOEE A Pl S A G FR R A A B — T B, R RIEX B8 T7 V(R SE I
TEF£ VR P RIS 0 W 2 T 2 P A SR A R SRAIE 5 R R IR P, FE W 2R AL iR R, — MR M R R
ENCREAER 2SRRI I RIS, o RO 2 M — (1 B SR SR AN RIS I A A I RO IR R
W BEAT B

CABAB A, L3Rt T WA 7 NN eng : Val — 1, A E—NEAUN val 125, R BME N2, DU
JGEA 1 (unit type) 1ENHIR RIZEAL; H O\ R 3L deq : Val , B EZATT S, HiREME RN Val. X B A H
eng(x) M deq() Fam—NI7 I AITFAE AT, 8 ok (v) Fom — AN TIERR S AF, Jodt v iR BIME. B 2 AiZBAF
XF B — UGB AT I 7 SIS (history), R E 22 A SRR 3%, b i ek 07 i) A2 06 . 1% 0 il sk BAR 4
e .

tireng(x)-t,:enqg(y)-t,:0k-t,: 0k-t; : deq()-t, : ok(a)-t, : deq() -1, : 0k (b).

eng(x) ok() deq() ok(a)
f < > < > >
. enti(y) of() deqL) oli(b) -
2 < el < Cd e

B2 BB — AT I B S
YRR 1, (KU eng(x) 1 deq() FEHEHOE 1, 475 1, B eng(y) A1 deq() FHHRUCE . P3N R2 N BABR
T PR )L 6, AT 0. 360 S0 R O 1 X 1) 2756/ T8 PR WA 3 2 D g1 [ 1.
SRUCHAT 1, A LR 0 B8 A A ) L33 58, 3 D5 5 AT MU 5 B4R 1T 1 B BT BA 51 g
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T, AP BAERAE IR A a F1 b AR 532 x Ay Ha/fa NBABITRAN o3k X — AN B2 1 BA BT )
TERF T () 05 TS, PR AL B0 P] DA B 3008 X R — AN 200
B, R 2 HIPI N ABARAE eng(x) M1 eng(y) FEI 8] L& B E 1, A1 RZIAZ X G i SEELBEVE IE#
A BN T S 2 A A R B S BOE B I A, I8 4 it R AR B 55 4 (data race), I HHAT 245 905 A S o 10 24
AR —MNEIEM RS, FaRYE BT ANRET AL (R, A AT — A G B (90 T A 1 o D0 8 1 12 22 SRR 7 ) S 3003 £ 1%
THOL. FEBRZIE L5, 8 A F T e e ARAT eng(x) FI2E 58 AT eng(y) PIAME L 1. X T — AN IEBH I BA S SE 3,
B 2 AT B RT3 A PR AT IR 22—, BT I B (0 485 SRAR SR x A1y BN AU R iz [ o A
v Fo oy XS R SR AL R AN R A E.
hieng(y)-t,:0k-t; tenq(x)-t;: ok-t, :deq()-t, : 0k (y) -1, : deq()- 1, : 0k(x).
t:eng(x)-t;:o0k-ty:enq(y)-1,: 0k-t, : deq()-t, : ok(x) -1, : deq()- 1, : 0k (y).

enq(x)  ok() deq() ok(y)
4 >

@ eng(y) ok() deq() ok(x)
t, <=7 >
eng(x) ok() deq() ok(x)
® eng(y) ok) deq() ok(»)

23

> >

B3 B — IRAT 2R A 2 2R

ZBAFRT SR 75 B HE BT A 28U N BA 5 H DA — B0 I3 e i 5%, TR HERR A B R 1 (80 s 4)
[ 7 AR . IXRE— AN L5 AT DA MO SRk — AN o0 RN B IERRAT S, BRI DO AR IEAf . nT 2R PEAL BB % T
RIS G IERA PR SRAT L AT A] — B2 BT I3 P LASE R AR rh g 3 — A 7 sk,

321 Herlihy-Wing I 2 M4,

AL AL RS BT B Herliny 5 A PR, AR AR 2 BLLE 0 RO T 4R Ab e S, B4, 5@ SC—ANFi 2k
HID. FHAR. FHNS BN =0H, idfEr: e(7). Horh, AR FRAT PLX 2 A TR FAE (A0 eng) AR [
FAE (W0 ok). B XL —ANP7 SAE RN AR R B2, 0 AE b 8 AN EE R T SR iE SO B E RN AR R0 —
1% (sequential consistency) )7 ik, AR 2SR H BN S E—NEERNFHR)FH) L, XhrEAE
AT R IR [E AR AR B I, LA 1 AN S R SRR iR — AN sl sk, B AR SR BIEE 1 NS
N N IR B FE A, IS4 FRZ DT 52 ORISR DT 52 (sequential history), 3X A 1 F & 57 B3R [6] A0 544 B RN JE 1
(atomic) ZFfF.

Herlihy Fl Wing = 228 i (7 ¢ 5ok 8 SURT A4, 5 T —AN D3 52838 b, 08 L— A0 T H AR 34 By o0
R<, MEL e<, e, HAMNHe TEe, ZHIKAH o) NIRFEIFHAF, o NRAHEMN. B2, RTFRR <, IERKT
RPN HEFF AT IR FBE, BN e AR BRECRHE e R REBCOAATF BRI CEE R/ 1. ik
S h T AR PEAL B DT e sk s, 1EE hw s, 2 HANYS: (1) BT LUERLLE £ 5 R In B35 TR B FH4E, RGBERATE
AR ROR B AR RS, BRI R Q) B EERLRE LE4 TR s B BT R LR L E 4y
FIEMIFER; (3) s BIRT KRB E T h RTF R R, B <, € <, . Herlihy-Wing AT ZBPELI & IR BIANER T 5 52
NGO 3 52, PR ORI RE R AT — AN IR 0 7 521 53¢ AR 46 3045 R 3] R U I 5210 7%, 7 o Hesk AT HiiR 5 29 0. %
F— AR G SEIN, BT DS BT D3 SE 2 AR A S VR R ZR ML INZ, 120 GO AT ZR AR, 2 BA AT
AT S AT D= A 1) D) SR SR AT AR AL 2 S g R — APy s,

Z60 1. L ESCRIBAZ A, FRL S il 2 DU YR i KB ER & — AN 8 A B X AL Y LAY Y.
(D) ER—MTPIE; (2) B e — MM I AES R E T —NEFW eng T (3) BiE &2 — N
SERAI T L S RN BT —ANET R deg 4, I HIREME v 2 F7 58 i B ARER B I L T K.
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hes <:>(h=ev(hzh’-enq(x)‘ok/\h’€S)V(h=h"deq()'0k(v)/\h’GS/\queue(h')zv::l)).

AT AL — AN AR M TR R (locality)™: —ANSE B (13 R RGUE H B2 AN I R R AL, W RiE
BARGCUE—ADFHRI R, BA1Z R G LA, 4 BACH I A A R TR, XA AR
BONEE AT LUK RGN, HL 23 0 B0 IE 25 A ISR 9 T 28 1 1k 5 T DL B 40 645 BB R G T 2R AL,
Wos 2, FENEFTE NI R R E SRR T IIE AT R M M T, SR (MIE LA I R RGP IERTE. X
B —Ffokt R — 2 G0 22 A6 540 T B0 I 57 20 & OB 10 T 4 b, R T R AL B — Btk M B A 3
Z—.

AT LA A B2 SR FLAF Herlihy-Wing FI281:Ab: 1626, & 2R — AP I R AT 7T LSS SR B AR 7 1 R AT
JEFHAT, X ARIE T R P AE RS SRR IERPE, BIF R (R BR LR AN 256 AT 3 RS R 2[RI, & 2k —
ANFEFP I I R IAT B AT 2k Ab 45 AT & 45 8 I ZR VE AL 28, IXCRIE T F2 5 RO Th 8 TE A 1, BIAEAS R B0R F 2> 76 1F
BRI 21 (5 52035 A s 1 47 ) OB [ TERR 1 45 3 (QERR IR FI SR 2 50). 76— SRR 1 IE S R, ATTHm 2k
A — R R AR AT — M, T P AT R A AN SO < B T B IR R (0 T R AL VR N —F H AR AR, LLS&
YA SO AT 2R VA M T AR S Th BB IE AR 14 H B, I DLl 2R VAR R TIAR. 76 R SCA 4R 55 10 mT 28 M b ) Jo 7 14 22
SRAS BN — B T 2R M Ak FR AR, SR ThEE IE R PR M AR Ly E
322 HEATLMENE XA

Herlihy-Wing 7] 28 V40 AT LAAL R AT LA 2 05 7 s i 3 0 G 3 Tz 80 &, A — AR E A
AR T2k Ak 4 (linearization point). Y122 AT ZRME A 1) 3 R 0 R IK J7 V2 2 AE AT i — AN JE T 48 & ik, 58 k1%
iR BN L AR AR (RS . %0 FRAE X — R ) A AR, AN AR 2R AR 2 . IX RE IR 4 BT LE (R A B AR vl
LRVEAL AT, AR VESATIE AR, AN R AE AT 2R Ak £ 2 BTG 2 2 S5 AT AR A 2% L 2 N 77 AL SE TR AR, 1
AT LR PR UK B R SR 4R 4, ATAT AN T VR B AT 2R A S AT IR R AT R A 2 R AEE &, R A] DL B %
HE— R BHAT R B4 0T R A PR3 0o T2 IR T AT R M Ak, AT IE BH I ol FLAT ] 2 A A O B mT 2R M A 1.

B, AR T Herlihy-Wing 1 22 Ak 1) 31 2 68 5 107 o S50 FE#08 ELA 11 5 F0 ] e A 5 B, A5 VR 22 9 o0t
G TN SIS T B — A R B P 0 R 2R Ak s AE A 2R o ol HL A bR RO F e . S — 2B I, IR R T I

[A]AZ B B3t . 1% B — A exchange(v) 777k, TR Z iR G WRE B — LR WA exchange, A4 5 A5 # 4
ANV ISR IR B, 75 038 0] 75 {H 2R A8 4 2RI P AR, SR RE—AN 52 I B 1 A 45 SR A R 147 B e 11
MHEJRF RIS R ACEE, [T U exchange (x) - ok () - exchange () - ok (x) 077 5218 3% B4R 2 Al & L& exchanger
S R ISR, 78 exchange(x) TR FE T, JEEH T exchange 77 AR JEAT HUAT, RS HANR 1% L), Neiger™”
I Hemed 25 A\ MR H 48 FI B2 & AT R AL (set-linearizability) S 3 Fitd 5 i AT 28 PR 40 2% 1 9647 T 204k, BNk Ak 5
R —DNE A LA TN FHE AN E G A — S B R 3 AR K AT S, T AR B
I B R A

FP) 2 EEA T B IR Y, exchanger XF RITINL) Al 2 LR PEBU I KA & — AN 51 b i 2 ix A~
2P B () BR AT, Q) BEER—MH LA T afEL RN BT — AR T exchange F 4
HiR RN E, (3) BB TR — MRS MA s e RN BT — NETHANES, HPaET —4 M
TSI exchange A4,

heS (h =eV (h=N-exchange(x)-ok(L)AR €S)V (h=H -{exchange(x)- ok (y)-exchange(y)-ok(x)} AW € S))

Hemed 25 A\ "M% 3816 S F 3 T Hendler 25 A PR 1 5 1B W B2 A% (elimination back-off stack) FIE&IE L,
HOY PR AN 2R I BEAT ANARF AR AR I, FR )P 2o it IR exchanger FINLEIG A KR B B AR 25 H AR
BRHE IR [BIE, AT e 25 T8 G 17 9 S 334 A [R5 5 R RSB AR X R L i) 0 4 AR O 262 [B] H5 ) (helping) BUE A
5E 1] AL S5 (non-fixed linearization point)™®), Ky i —J5 i ] Li M4k s 2 A0 5 — 5 B T ek Ak s — e BT 10,
AT CABRAR 92 5 2 1 B AT 58 BT Bt A, B AR B P 2 A SR AR B HO R AT
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Wit —25 [, Castafieda &5 N P H 48 X [A] AT 28 4L (interval-linearizability) S 5 5 — Ak i 3% & 0t 52
PRI G AR T . X JH) FT 2 e Ab mT DA AR A S & AT 2R AL i — AN HE), RS R BN E S A —E R EAS
SERE I R A, — A B U A OGS R )3k (B AT DLEEAS [RI 4R -G AR B, 1) o] DA 35 AN R 7 3 kA R
— AN REATE TR g RPN E I T, R IR F AR 5 AR —NMES T I, X
B Z R 25 B T A 2 AR T X AN R FF AR PAT TR FE AR G5 H X — Sz, [mI 2 8 72 A SRk [l (1 B
1, FL&h R T 7R B X R] N 5 AR 1 LA 44

AHERIN, SR Z) B2 58 & Bk T Herlihy-Wing A28 PG 2R M 1b 45 S s J2 I3 7 307 AN 2R, Vale
S NP R, KL SO BRI DT SR SR A B R A A A R I g s, R AT DAk
T H A RIS A AT LRSS SR IX [E] T 2R A 6 G 2R A2y BRIy, —ANFR P [T 2R A0 1 B 4 2 SR B
A AT Re M BRAT FB T LIS I 26 1 Ak 1) 7 SRR RO b Bl s SCRISERP AT . W 78385 T LLId I 58 SOX /MR R i 3R
TR UK LR — N E PR IERAT N, BIZHEE IER M. 1iZ TAEMH =S R4t (rewrite system) A #2515 3 (game
semantics)! R SURTZR AL AR 2 DT SRR SR M I E S S5 R b~ i NEE LR 3 FhE S 5 ki)
KE.

1INV L INVy w> b TINV, -1 DIV, 1 i TeS|h ires, Wty i res, -t ires;, 1 iinv-t,:res ~ 1, res-t :inv.

RIAT DASE e PR A I B R A (inv) B0E TS I K IR B B4 (res), [ RT A — AN R B AL AT ) 5 H
FER R A 2 10 AR — N SE BRI g s S i X F 5 U7 2045 B2 1) g SR A SR =2 AT 2 AL

2RI E S RGHIAE Goubault 2 A WK TR I, HAENTF ML K15 50 F 5 Herlihy-Wing ] 2k ¥ A6 S5 4.
Vale %5 A U950 — 5 i e 1 28 SO L AT et A s SGIAT Bt I Bt /8 3 7 500 0 A LB LA AT 4L A AT
AL B,

3.3 BTk

R SCREAE (contextual refinement), X HR ] AT AL (observational refinement)“**, & 5 #h—F i e fif ik I
R FF L 1 04T . Gl A P HELAE 55 %) 7 B0 L 5 AR AR 5 L, St 4 55 1) B2 4 (H = 3 AR 5 1)
Thee IEff . KR BEAR I B S I ) B 5 A 40 5 AR 7 75 ZE IR i SR D e

20 3. K 4 v, B 4(a) 22— AT AR R S, B A S — AN B BT AR AR &L po, TETRH dnc,
S0 B AR BUE %, @ik CAS (CompareAndSwap) HIW7 4 11 I8 ¥ 2 5 5 M it B M EARRF (RN FEHT G
THECER E A SR BTN 1), F 57 58 X AN SEFERAE. B 4(b) X AT — AR (1 Se AR, AR 1%
THEER AL, B A T s e &t p, FI— B E 1 R inc, B, ‘&2 88 RIRG XA, 24 H 3k
R )E, A TAE HARLFR IR ARE p, BMERAT ERAE, T 2F2 gt nT DL2e ik vH B8 35 m, 745
A 58 B TR TCE M T A5 Ho A 25 AT DA 4k S48 F i 4 dis.

data: pointer p i data: pointer p s, lock /
inc_i() { inc_s() {
b = false; acquire(/);
while(15) *ps=%*p s+1;
{v="*p i;b=CAS(p_i,v,v+1); } release(/);
} ¥
(a) THECRS A RLE S, (b) THECES R A

K4 RISl R
P 4(b) ACRSAT Bt P F DX D20 A 7 DX HS N R, IR A Pt S AR 1K) AT 55, B 4(a) ARSI W]
T FA W DX LA P AR AT 2 R 1) R B, L IR PR AN 2 0K, 7 A A 2ok U WA HL D ek 5 IR 2 I F HEAT 56
E. 24 BLR SR AR BROLIN, B KL inc, fEJE inc; 19— A EDW AL AR ST inc; BV AT ELES e o inc, (90 F 9 H.
B o R 7 AT AR B B SRR e I I SCR . — IRORK inc; 72 inc, I—A B R SOR L. i SRAZAE R AL, A4 inc; 1)
IHREAU AT LAHT inc, fIRANAEE, )T inc, & RARIERHI, AT inc; 1 SEHLH RS IEAA 1. X8R (8 ) BRSO ek
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& SUIF R R P IERA IR I L.

BE, AR e BT SO, BERAAE — A BARIRER P SR8 0, M— MR R ML O . % T
A — A T ZFEFFRTIZ (top-level) SH A, XFR IR0 E R 3C (context), & X [A[O]] A A EAT AL
O AT 227 £ (W A v BE (0 ) AT D, FFAE A e SCREF O I W] AT 4. FR O /2 O I —A BRSOk, 104
OC O, HHAEX TAERMEH A, A O BRI WAT 2 FIAZ) O A] AT NI T4, R VA [A[O]] C [A[O]].
AR ) R G, XA F K B AR AT /IR e, AT WAT TS 8 [-1 (€ XA E. — ] LUK AT AT
SCAPAT I AR IR AT WL 1 ] s e st PO E R e SRR AR R Y, BIRT S AR IR I 0K R, AR — 2 T B,
R SOR A B SO EVAREE O ALY O IX AR T IR L RIS R (logical relation)™. 7E - F 3¢
RACES T, — MR R LR SCRITA rTREMITUZ R A, — sz ilad BRI R DR SE LA IR 716 & &I )
RARZIFR £ T

BT B SOR T BARTR T O AL O il L EIRE R, B AR T4 O TE AR I P B — fex T Bk
2R O WRERSL. A HLZ) O — B BARRE O SE 1) B 50 5 PR, (R UE W1 5 T AU L O FO V5T 10 P 2 A 0 i 5.
FHAE AT LR P R 1 AT 4 A, R SORS A0 AT DASE B ) AT 2 4 1 Y, BIEIE B 52 4 R 45 A [O] IERf M (i, AT
DA Z ik B H P BN O T LIS AL O, FRHIEWIRIfLJE I R Gt A [O] IERIYE. — MM S, B F Ot i EF
MARTZNA, BV A[OVHM T 5B R A, Tk, WA FAB T 28— B R 3C aA TR 7 — A
T O MR R, MREREEIE LR SO Y — NI R G R 2R RN B, 5 15 208 FH A i
{7 B4 LR STRSACUE I, AT — 22— 5 okt 53 2% ) SR G i A0 O PR AE S — AAIE B AR L.

A RAL T FESSBAE 4(b) Hh A bR B0 F A H I 57 X AR 3P 2SR AR A ALY, TR A AR A, AR HIRR 7
SR TR RN R RE P L D SO SRR MR D 5, S rh SRR BT 9, X 5 Herlihy-Wing T2 PR AL 1 HO#)
Sy — 8. XS T AT AL S TN SORS LA K56 &R Filipovie e N PORIE B T3 FAL = AR 1 52
O F—AAFET O, O W LAZRIEALF] O Brae =4 10 J il A B4, 24 BAY, 0 2 O I—A B F 3Tk fk.
7E Vale % N M AR, 245 ) B T ARE SR BRI 1 5L BEE R, JRidE— BRI A B R SO ok
BERTZME AR W I 1) ) 2054

FE— 28 | R SCRSG ) TTAE o B930S 7 Bt Xt i J8 R 5 R AT R R S E A, 23 51 A& AR KF (termination
preservation) FIMES. BIUTIR L O 1IB4T 2 1k, W BAATEF O 384T AL 2 1b. SXAE— i BT 72 4 B s 30 ik P A7 3
S HBVE R, RIS 2 9 KR RAIE P BATR T O (28 k1t — MBI (% i),

— T PR 2 B S R (simulation relation) 1F R 3F &2 P Zh g IERPEELR. BHUSE R 2 1R SOk
AR BRI, H BRI R B AR P MRZIRE P 04T 9 — Bk, HANSIN B RSCHREE. HT DLBSIERREADL G &R
TR P8 4R DL R B0 E 77 205 B ORI IR 2R AL, A SO 8 SCMBRAIEHEAT VRN R TT.

3.4 SATIREERMENEBREREFY

AR R T (logical atomicity) &2 T P2 MEAL S —Fxd I R AR P I IE# PE R, —FP%t T Herlihy-Wing 7]
LR TEAK I B BR AP AN B TR AL 1Y, 24 LA H BT D VR0 AE — W 1) AR 27, 8 b sond T 2
AL IR, IR AN ERAE AT AT DL AL B — AN A S AR 7E A 22 h AT IRV E G B B 10 IR TR A
b, IR RETEXFE— RS (AT 1, R 20 A AR A HRAT A S, [ AR 2R AR M HAT A 225
W Z AR AT FERFMBOL T, — NI R BAT IFR 5 B R BP AT AR 7 3R X . % T B R A, — AN B
MEE /R = 2 st 2 LAR Al 5 25 A R U AR 7 I Sh RS IE R 1, RN 3.1 5 a3 (1) il AR & 70X A — PP 2 T
JETHAT SO N KA.

SRR, 1E— 2R IB S T, AMTE RO —MEF B @B AR, A% R 7 28 5T 1
PAT T HAThRE. AT H 62 DhRe IEH M AOB 48 SR 71 SR SRR A SCOGTE AR F IR T8 /R = T84 (P) o ( Q) XA
293K [R] I At IR AR 17 11382 4 SR 2 DA R G mT 2R kA T i (R RS 20 5ol 9 2 e L 1) T 5 2% e, BRTh RE IR 1. G
VP2 TAR P UE I AR 5 T MR IR 2 (1 Th B8 IE R 74

© TEBREEEEIEDT  htp/ www. jos. org. cn



ER SO 3F SEEEWELG LR €Y e e 2t 4079

24 4. & 4 PEIFES inc, W R R TE/R=JCH: (p n)inci(p— n+ 1)y . JAE CAS(p, v, v+1) JE T84 Thist
SERIL NIRRT, AT HARIE 4 UL CAS $54 RIS A L= A7 P22 o, B B R 1.

WHE TG BB AR Y. B 2%, & R AERIA Herlihy-Wing 7] €5 VEAK 1ORR T I IERA 1, 76 HoAl A B
SE RO 2R AL BB UL (BE A T R M ALRN X [R) AT £R PR 4L), BRI B R FEAE . [EIR, S5 /R = Jn i 18 i R
THEIL R B R AR T W IEM 1, ToikAE v Te 8 KRG IR RZ). Bk, &5 P E—FiiE 8 ) o e g5 SR
TIEBA SR 2%, I SRd Bh L AAE B H AR AIE 8.

4 BETIEFIZENIIES A

IR IR AERIE FEH (9 — K 3 R SR AR P2 ST 7 5 HAE A0 e BHIE AR T RO Utk H TIX L2712
BEEAFEIF A EE . BT IRBRRAZAE . CRE/RIZRAE, EATAT LU T IR S5 3 9Pt 2 i
HAR. XL P8 AR R WA 5 PR,

BRI
L {22_ __________ §§j __________ IR LR
| o : WAL
e miz A BRI | 1y
: l e A5 TR IE
| l B 5 T
: RGSep, LRG LHIERIGIE MR
! = ()R P i
Loomeo| |- T {j; —————————————— ! EF kL
o o Wk N | s shheiE
SHHRREN KR AT — I

5 HETRFEENIFRIEFRIULEA

FE B — AR B KB AR VO 4.1 7)), FLATE ] — 2 A AR A0 B AN U S — AR I B L /) = Jn i, i
PRAUFE B AL A AT FE % (soundness) SR ARIEUF B 45 SR B IE A V. EUR I AE 0 2 /RIB 1 K B8 SRR T PATAR P 1056
I, 7 ELEMEEEAE b S NBAMILEI A e S R H KRR P IR, B BT ARSI A, SCREHF KRR P IR IR B E R IR Y
JRFEEA P F R BB P 4.3 ) A TR GAE (0B KB4 VDGR 4.2 7). AT DO R R T R4
A 18 FH SR BB 4t % H R AR P AT IAIE . BARFE IR 43 B I AR AR - O AIE W LUK He AR U B JH i 2 I /R =6
H, (HSZ IR 3.1 IR 00 1) /8, — MRS /R = G 2 T A At IR R 3 FH 9 ARt S IE R . — e
IR FRRAEE RN SN CREREHE (B 4.4 7). A& RRE/REHEM EIRBHFR I KT
E 5 it AT DASE I T IR R 7 T Stk LK BT SORS AL 38 IE.

41 ERIZHE

A7 {67 L b 5] B /R 45 (Hoare logic)! 5 % IR RRIIR. JBR T —AME Bt 48 2 2018 &5 RUF R IIE %15 &
TIIREF RE R, ZE S TS84 skip, EIE S x=¢, THITIE S c1550,, IEFEA] (f EBH)), FIFEH
1E4] (while TE30). FE1ZES T, FEFIRE s € state £ var_name — Val $5€ XN T4 2B BHE WL, N T #iA
BFIRE, & X WS P,Q € assertion £ state — Prop R TFEFIRZA M E W, HI 5 2% 6 & 2L alf—rZiEn
WRIBHEAT. —ANE /R =AM — RS R O T IR RS B 1, B2 )G 5t il LA IR 2 14, A5k H
IR 5 AR 5 IRAS BB R DUR RIE M35 . B IHER 7 RBR TR (R R EENIR ) IR BIE, &% e R TR
AR SR IR B a8, Bt —5, GRMEN T BIFthRIA R SRS R R, 54T LUK TR [
. ATREFPRSFETE IR I = J0 il . 8 R AR ] 6 rhax o ik W U R 4438 — AN 7R = Jn 4H I IE B
B, FRAT ARG E R 1) R = e A AR E /R = Jo4H.
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¢ € command := skip |z = e| ¢y ;2| if b then ¢; else ¢y |while(b) ¢

Hoare-se
Hoare-skip Hoare-assign - {P}CEQ'} F {0V e{Q)
F {P}skip{P} FA{P[z — e]}x = e{P} (Pl sea()]
Hoare-if Hoare-conseq
H{P A [b] = true}e {Q} Hoare-while H{P}e{Q'}
F{P A[b] = false}e{Q} F{I A [b] = true}e{l} PrP Q'+Q
F {P}if bthen ¢, else c2{Q} F {I}while(b) ¢{I A [b] = false} F{P}c{Q}

6 WBUFFHRAT R PP B RE K IE AR IR I R

PEHE T2 B 28 BRI 95 AR P e, B T 55 EENAR @ kAT TR Ak, 175 ZE AR R R T SE A
22 3G FRUE S AT T A BRAIE. A2 5 @ B AT 52 1R 2 48 BT AR /R =02 A 200 (valid), BRHE
SCH S A 1 R = J0 . B R =0 A B (validity) A 2 A TT 2, BEAn AT U DR AR T S (big-step
semantics) AT W1 R 5E S —ANE/RZTCH (PYe{Q) AR, 24 BALY, S TAT R R 60 5444 P IR PRS0, 18
JF ¢ sy TRIRIIBAT AN 2 A, BAT R 2 JOBIE O R (¢, 50) U s, IFRIFIRAS 5, RS 4644 O . Cook!™HEH T
E 6 HIEE SRR IR PN RO B 8 XN A& R SERT (sound), BT AT AR A /R = Je LA 2B 2, HiZZ 25
(complete) (1), BIAE A5 248 /R = JC AL AF A2 PR, AN S0 E R 108 S PR 7 8 8 1) AR R e st FH X e i
BEAT I AR P JaE, AU B O TR FE AR &R IR = el A U T Uk L.
42 HERNEIEE

IRy BB LRI Ty BB 4R O R TR R RE T Th R IE R ML R (R R 1B 5. IF R o BB R R
RE (WAE) BEIRZ A0 B, GAE &t — DR, IR L2 N AR A AL B g AT R AR 2R
FEH AT DA A0 A 5 PR P A7, (B U T e 2 A7 I 7 SRR L S Y (A L R A e

AT RRH R EZE, KR 6 FIFRTFES MR A FHATHE (parallel composition) 4], ¢yl|c,,
RFTRIHFKPATIERE ¢ 1 ¢y, FAEEATIE NG 76 BOZIHAT B 15 AT T G SE AT 5 SRR 75 I A 4 1
FIXEA), with r do ¢, KEFERFEFF ¢ HLABEIR r i 44 (I SR IXORG, X TAE R BEE r, [F)— I 20 A Be — AN Eoftidt
ABL 7 fir 46 IR SR IX. I 53 B8 3R i) —Foid Rl E R =0 I ON T - {PYe(Q), Horh T 93 IR 4 AR AT o
AR IFIR. B 7ty IF R o B i A% O IR T LSRR B RN

Hoare-par Frame
'k {Pl}cl{Ql} Region 'y {P}C{Q}
I'F{P}c{Qs} TH{P*I}c{Qx1T} AMEH RSB NTE
THA{P * Py}er]ea{Q1 * Qo) I,r: I+ {Plwith r do c{Q} ' {P* R}c{Q * R}

K7 IR B E A SRR

(1) Frame 1]

53 BSB$8 (separation logic)l® 1) H R 2 152 /R IB 8 (K L fily 1S R ] -k )Y A7 B0, Hork &7 TR — A A7
Hudik T AR 2 AR EFPITR ), 24— MEEHR ) B8 B8 DO, A S A 5 170 2 bk A9 BT R 7 I 5 P REAS 15
BRAL, AT TE B A CLEAT . 20 BB R AR R 5 IR AERE P T 5 TSI A G, Py« Py, SKEORTEFF T 5 Py AN
P, % HAIR T — TS W E R NAE, B& B RN AIEREHEZN. W p o 1xp, - 2 K& THAEE p,
p, & EFEFPMES 1 02, H p, f p, oA F 0L, X FEEE 0 T A RIS 2 A L= 1k, 7E48H—
P8 43 BT 5 AP0 JHCT L P A A 1 AT I Y OIS, R X8 A A7 4 5 T S 2 03 A I8 55 1R RS . Frame B2 73 25
R AR SRR A UE WY AR 3 SN, FES5 8 P MRS 26 0 R B AT R — M E R, WREEF ¢ A
20T R FTRR IR0 2 F2 P IRS 5 WA T 1B 28, B 4AE I ¢ 2 R ml U E A T 5 R, BRI AT HE 2 — AN il
Ja ST P AN Q A /R = J0A. JXRE— iR AN 75 2 21 A A A7 1 W 3 N R = e P g I A B 1 75 3K, REAE 145
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PUb IR B 59 T v, SCORAIE 1 R] DA B — /MR e AN 2 U 1) 25 1 b U 1] B N A7

(2) Hoare-par U]

BT 0y BB R R — Fh R ] — AR P AEUE B AT DU B A7 75 3%, IR 53 B8 48 48 ] Hoare-par AU PR
il — AN ZR AR TT LU FH 1 P9 A7 AT 38 S 28 A2 (R AN DA B (1 4. 400F B35 1] Hoare-par HLIUIF B B3 ANFR T (1) 34734
AT HI B i, AT 5 BRI T 25 A 2 O R B B30 43, 43 I FARR P TS Py A Py B3R, 23 A PR AN PP I R A Py
F Py HO0 R — AW S AR AHT A E R =0, AR T G 44 0 A Q, RAR TR LR 43 B 1, JF B AT DLZH Ak
Q. * Oy 1ERBEATE T B G 264 dnith— 3k, 7[RI A2 (A8 7 FLAHA N7 1) N A7 25 (8] 84T, TANF-HE, BRI AT BARiE
WG A 3 — M A FH B /R I AR AT BRI

RIS P ) 9 KRR A 2 S8 AR A LAy B N AR 84T, e AT i e AR B (B T AT IR 5 B
HAE. B 7 R RSB R — RPN AL R TR X 5 43 2 M A, Hoare-par R 3K A~ 2R F2 113k
AT H e A 4P X He AR 1 AT SE IR AR (RGP A 1.

(3) Region FLUI

Region MUHE | A LR UM H I 4147 T i R 0 3L N A, B 2R T SR AN Agam i I 53 X U7 1) B
ZIE S X GR r BAAE, I BRI AL & [ AR ESR T (T,r: 1), — PR 188 5HR r (R 75
NS N AE, ML N AELEIG S X AN R AR T 1. T HAMATA KRR S 4 A R, AR 7R NI
FHIX AT RROL, HENIG T X G A2 T FAh SRR I A v W SR BT ORI SE Z A7, I AL X AR 5 v] DL B Bk 1
YEHT S, FHAE A H A I A7 R S R P AT AR AR 7 e AT 5, 77 B ORIE G 25 R R BE B T A i —
YUl R AL R T WAF, ROATEIG S DX S5 A, R A DRIE 52 Y AR SR RS AN AR B, A B 15 H At 2R A%t Ry 1] 4
ENAFFREIE NG S X B A AR R 1 ORIBRILE N AZ R R, IR G S X N T RIBE r 1 N &
R R R, AT E NG A X FEOREH AR E — R ENFRIALET.

ZHUR r B G T LI LT UE W HN S2 3. 15 ) new resource r in ¢ BRI T BEIR » REEFERRT ¢ S TEIE
BN EIEA] ¢ B, 7T DLUEBE N AE i 2 AR5 T I — 8 ERTE T ¢ IR BB A L N A7, Fef
YERAZEIAN T ERET ¢ PATE NG, TR r I AR dr 3 g oy, L ] AZ (R W] DAE T I U T S AR 1 A A7 R o
A DUAITE AR R R AR = L

I, r:I+{P}c{Q}
T+ {I+ P}new resource r in c{I+ Q}

Brookes ™ KiE B 74055 P& 7 # (I B A0 LA % JEC Ak i B 01 P 60 90 D00 L 58 1 4 85 3 A A T k. ARt 1
15 %M R T8 15 X (trace-based semantics) [T FRIE XHEAT & LI,

£ 5. FEXNEI/RZ=JCH {p+— 0} new resource r in { with r do *p+ = 1|| with r do *p+ = 2} {p > 3} FIKIE. %
TR AL FH IR r 4 P RAR I R M 484t p BT M EEAT 200, 35 ZEUE IR0 4408 p PR RIEN 0, J5 %14 R p
Frig e 3. FUFA R vT DLA JE S I 8 AR R W S BT R . v T SE X ANIE B, 75 2 B SR TE N 2 72
HOINNGHENARRY a+=1 F b+=2. FEGI @ TR IS 5, 35 TINPN BN B RS & a Fl b, 53 B R IRA N4
FEXTHREN p CAIGMEIE, I p o a+ b ENALE. FEFFEPATHT, PIANEIEIIARNT p FEAEME K, Ktk a F0
b ¥R 0, A RO, fEBHT I K BT FIRHRE, 20506 a = 0 1 b = 0 /E NP ERFEM 5 R RS LA BN
AEFAES BN A X I region BUUNKE r R B RN M RTRRRNFRTREH, HEFT poat+biZ
Wr S 1RGSR X AR P AT Rk 5, 7T DL A on T484% p Brfs EidEAT R0, RINse s, @it BT B AR IS8
WABEERBNH L. HRPATE ARG, TR r PAEMIRE R, NEE p o a+ b BRI LATEBER FIRS T ENG
FA— oy, G PR E A, R BN E & N p e 3.
4.2.1  GHBIAZ RS H A

b3 Ze A BRI B R BN T A B AR s AN B ARE. A AR M U o B R AR &, FENARE RN T B
I X RS B TR, HEAA S TR AR PR AS HAT AT IR, ARG ), B RR B R A BhRRE JS, 2
FF AT AR FEAAS. B DAL R iE BE T IR AR 7.
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{p—a+brxa=0xb=0}
new resource 7 in

r:(p—~a+bb{a=0xb=0}

{a =0} {b =0}

with r do with r do
{p—a+bxa=0} {pr—a+bxa=0}
*p+=1; *p+=1;
{p—a+b+1xa=0} {p—=a+b+1lxa=0}
a+=1; b+=1;
{p—a+bxa=1} {p—a+bxa=1}

fa=1) p=1}

B8 A o0 B IS AR A R R PP AIE

T 0hA8 B f FLAE Owicki 5 N IF B R 5 30AIE 5 12 O e 4 L, 9 HL RO KR 40 9 R R 3 36 E 7 v (LS 9F
R G B VB B AN T RRAIE (138 ) R OR W] BB — A TR 7RI IR R BB R OO R A g R
B AR ST ERAE 0, BATRRR AR — R T I S bR AR AT B B TR VR 2 AR AR TR IRAIE
FIFR T SO A B ARTS, AT AT DL s AR i B . il B A QR — M 5 BN S B 1 ARBE 45 58 T [A] — AN B e
HEAT IR F-HAT, AT Sl B AR RS 5 SEBRFE P IRAS T R 2 R AR, i Bk S, an & o F0 b 1) RN FE I
FXAPHAT, AERT, e p 5EE o M b Z MK RTIEGER.

ArP=P ATH{P}c{Q} A+-QO =0
AT+ {P}c{Q} ’

JEEIFE R BB HEHELE, W CAPPY, iCAPY, Tris%, TERR T & ELEE NN T HE47 4 B A% = o 4
1B, FRONALA AL I (view shift). KU, FRFHI S 0 2 PI—MAZH, iAEP= 0, B HALE P Q X I2FR
FEIPIRZS B 2 — 80, BRIV E P ISR BRAR P RS AR 2 O, 1H R SR IE B8 7R3 2 — 8 2 A G Dl B
AR B SRR —IE B 7 2 — O i SRR A AR 3 B consequence U SZIR. B DT IE BRI CAPEIh R
FHA A0 e 1 5 2 55X, IR WA 25 ] DAY TR B P R B, AR W 5 b 0 B A B AT B . (HLR el T e A Bh AR
R AR R, 0T AR LR FE AR AT LAY, DRI I S B T EAE SR AE A R I AR R B AL, 404K ORI
(L 4.3 ), SRIUEH AR A W H 7 & 1F.

422 FFRSBIEBES HARI AR TR

AN PR AR I R A3 B I AR IR UE B 22 FEAL I T AR R, Wz 2T fork-join BN LFERIEE
BB ETFERAESE

(1) BhFLEFEA 5

FIFS LR R — MR fork 15 A) QI8 — AN ET R PAT IR B 7. %R BAT 5L IR 1, B AT
LB join WBA)HET FD, L) AD IO LR SE AT IS, join B4 2 SE BT . RIS A LR AR QI 7E pthread!®”
Hl OpenMP' " 445 52 B FE T fork-join MIZhASLFLAIE 5 H KA AIE AKX HIE T (a) HIFRPATHIEE
AN H fork 48461 g B Z6FE 5 HARLEFE [R5 B 252 A1 %8 1, join 5H) T LABNZS Hh tH LA oA S 78 b, Ifd
TR E A) (UE B A)) KBNS RE R BPAT [R5, N IATH A& A ARG B E T HANERFE join FIALE, BRI
ITHEIBRRE R, (b) Bit b, TR S LAR QN @1 725 I A — 8 KA [ E P2 . [ H T join
EA) AT DL SN, AT join 1BA) I FE AT DL FRES R AR — DN EAR. HRIFATH G IER CE Wi =25 H 45
K R BAT PR 7 HEAT [ 5.

N T AR DL E SR, Gostman 25 A Y H i FHZE 2 AR (thread handle) X 77 7E — AN IEFEPUT IS A QIR ) 26
P IXFE— AN LT RR, Jk HE SO — AN SRS, 104F Thread(s,0). HAEHIE 9  fork FMAN join HA
M B AS B AR QR AT IAE. 1 fork NP, WSS A B ZFE T PAT TR T ¢ 7T LA 2 BL P 9T 26 11 B /R
=, B ATEBIEIXAEFE HI IR 7 B 2% — LS HAMIM A R 40 B B 2 P I AE, IEAE 58 B fa MALER
FEFTA 1N A7 BB BRI — 3B 73 ARAIE TR R A 5350 50, AT SEIR AR R 2 (A1 o5 N A7 TR 23 15 6 T Z N A1
0¥ 75 305 Hoare-par AL, FLRFEMIRTT LMEH HREEY T AL E EXLBETHRAEZ 5, B x
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B S ORAF T ERREINEAR 1D, FLJE SR AE 20— DM EEAZ RN Thread(x,Q) FIRF BT join i A)K A2 B x T M 12k
REEAT IR0 (BRR, JF AT LA AT R0 IR A R4 T RIS AT S5 RN RE P RS IO PR SR, RV 26 F 0. 52 M
XERLER, #E join RN FR, 2R 2 T 2R AR R A IXAE — N ERRE RN, Folt a] BLRAT join 154, IF HAESE AR K [7] 20
J&, FERT A AL O BRI ITIE 45 AT 2R DAL 5 A . 2R AR G0 0 58 FAE A5 T Bh &S O 2R A% R 28 I
AFEI e, R R AR A AT AT 21l 4R R g T ()20, O HARE A0 AT DO R A AR 825 77 AUHeR% 2 S b
PAT IR R A RS, AT IRDE . R ATy — RIS, 2 S TRFIRES I — AN ER A E R
AR AR FIRES A R, FZR LR WA R RIS B — 2. — DT RO T7 S0 N RE 1D Z%S
JSE R i 2 A BB 20 WS MR RS ) — B0

Fork Join

L' {P}el@) '+ {[e] =t A Thread(t,Q)}join(e){Q * R}

T+ {Px* R}x = fork(e){Thread(z, Q) * R}
9 BhALAEAIEA RUEIHIN

1E Tris F2 P IBHEMELL POch AT R BE S REAE A fork 1 AJIEAT BhASLRAR QL. (B AR M A2, Tris P )RR AE
BAT#0EJE B RGHHAT L, FEA BT join AT RIS, B, F fork MU A fE M4 Hp A T ZAR B Lk AR 1)
Wi, R IE TS F RN AR R R IR Ja, T ZRFR K AR R IE 5 AT & R Ry,

() 8t

B SEEL I A IX A —Fh AR B A P B — &l acquire 154 3K — 1081, Il release $5A BT
B — AN IR IR B0 SE I 2 CRUEXEAT AR B 20 B 2 RO — DN RARFFA XA, AT 13 —ZHECXT 19 acquire F5 4N
release F8 4 [H] H X 3 B9 I S XL b3 Hp () LA B2 iy 48 DI 7 X m] DAAR 29 IR — 2EL X6 B R PR 4 A . (L2
AR &, B ISR UCRIRE U BhAS (1, X — i 53l LR FR A2 B, —AMBUR 0 LA sh A Hh A 2 5 45 55, 1%
%6 L B AE 7 Sl — 5B (R MEJE . Gostman 25 A U8R A BSR40l T 28 F2 A0 A7 1 J7 0 AT B 23 OB IR (fractional
permission) X417 S5 IR AEREATIRAE. 250K 5 i AR YR 2 AR tp P28 STHE S BAR SEBL IR L) . P8 4
B ORBHIE AR A ] 10 Bras. Hh AR TS T B T isLock AR locked FJAA. isLock, (], 1) K28 | 7
fik T— N9, FBHZB R LN AT R 1. R iR &2 — KT 0 /NTS5T 1 10F B, Rz
E FIRUR A/, 4 make-lock BN, 2448 NIKIE T make lock #5481 R PR, isLock AR EHH 281 1
BUPR. %27 W 5 3 e V7 isLocky, ., (1) & isLocky, (1, I) # isLock,, (I, 1) , BUAT LLAG —AS 7ty + my BURR (A AR 4% 70 Rl
P SHE o A, BRI AR, FE45 EAT 5 4 L B R 262 P, DLBLIX e 2R R0 BT B AE. R — AN RFE )
FEFP AR A isLock AR, & A AT DASHZBUEATHAE. fEAIEBIN RN, J5 2 F &8 — 1 locked( 1) AIAFRFH K
R TR B T8 58 HIRES. 7E acq-lock BN 1, QIR —ANERFRIHA —#4) isLock, (1, 1) I, A4 E kT
PASREUIZE, HLJS A 22 B0 locked( 1) AIRRATZ SRS K L 22 N AZ ISR AN FH 2 AL 8 T. BT locked(!) AR
B PER: locked () xlocked (1) = False , it LATGVETE C A IRIUBIIE I T B S IRAL. AERIRIBIZ 5, HTASH
FA LR R Th BRI E — A8, 24 A0 2 A5 AT DABE = A8 SOZ BRI 10 A7 (2 IE A0 rel-lock B B AT 26 A BT ik 1), 1
TR THCE 1) o ik T A L 2 P A7 SR 0 R AR, AT LA 2R AR A S AT Dl A B A RN U il FL R B R
WAE. )5, 24— NRFE IR 7 ) B 58 AL R 4 isLock, (7, I) A, 35 HAZ 2R O 23548 71280, HwT LS del-
lock HRIUPHEZ2 80 5 408 14 7 A1 RE AL

Make-lock Acqg-lock
F {emp}make_lock(l){isLock; (1, ) % locked()} t {isLock, (I, I') }acquire(l){isLock, (I, I')  locked(l)  I'}
Rel-lock Del-lock
F {isLock, (1, I) = locked(l)  Itrelease(!){isLock, (1, I)} I {isLock (I, I) * locked () }del lock(l) {emp}

K10 BT SR B L
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(3) — IR TR A

FE R 5y BB AR R RE AT LA B — FBE R T4 4, 0 FetchAndAdd (FAA) Al CompareAndSwap (CAS), 412
FEREATYGAE. e AT AT ABRAE DAl F7 X 551, RV 5 DX o A A0 35 — N8 2, DRI R AR AT AASE PR AN 2 SR it AT B0
EErm] AR BT SE B0 R T 48 4 ¢ #EATIRAIE.

FU*Plcll* Q) ¢ REJRTFIE4
F{LLJx PhellL 1]+ Q)

o, L1 RORAFAE — DNl R AR T I NAF HAZ A AR B 9 R BAE T PR, 2 & 5B A R A6
AL AZ TR AR BRI SR VEAESRAT ¢ RIS TP AR &, F I B2 1 R B BT 26 2 DLBLIE I, B 75 2R
HIE ¢ AT 58 BJE AN BAR IR BE B AL, AT AT G PAIANARS B B 3159 3 [ 1 | A 4.
4.3 ETIRB-RIENERIZE

WIFAFAF (rely-guarantee)! ™" 175 35 FAth R R AT T- 3L 52 PO A2 RO S M TR Ak 9 24 BT R AR BRI (rely), 1C1E R,
FHHG M AT RN T I N AR I AL N E M ARIIE (guarantee), 181E G . fRA-FAIE )5 7248 T IX AN A0 1) 4614
IR R IR T 5 R R L AR IR, M AT LATEIE B SR AN 2R B AR 7 A B 1 S e A 858 (LA 2R ) 2 nf 3L
PAT A I FE IR, JETTD SEIURT- 5 R R PP I SeiE. MO CRUE B s E SO S T REFIRES I ek &, Hkid
SR 2 T AR 2 FE S AR AT I R TR AE.

Z 1 6. Kl 4(a) Y inc; BREUITRIE G 7€ AR AZBRBUP T CAS $7A 2R 7 HURHR B p BRI W A7 23 147
filf FOMELIN 1. H T AR 2 A0 A 0 =) 48 B A4 Ao L 52 A7 1) B, i DAAS 5 BEAE RAIE g . IR IF R
B H AR R e A inc_i BREL, FB 4 X T B R R UL, MR R 5 tAb ¢ 1 SR HH R,

(s1,)EG S Hn,l-( sy-var[p] =LA s;-mem[l] =nAs,-var = s -varAs, -mem = s, -mem[/ — (n+1)] )

FEAR I -PRAUEVE AR SE T E R =0 LN R, G + (P c(Q), ROARTEIBEAT B R BRI 1550, 57
c ARG %A P A Q, HHEXIEZ WA RN RIE G FT20R. 555 4.2 TR, A58 K 6 IR PE SN
LI RAAERRIRE T2, FR A E 11 5 FIEHL: Hoare-par FUUAT Atomic KRN

Hoare-par Atomic

RUGs, G HA{Pi}er{Q:} stable(R, P) stable(R, Q) atomic(c)
RU gl,gz = {PQ}CQ{QQ} = {P}C{Q} Vsl € P7 So € Q.(Sl, 82) & g
R,G1UGs E{P1 A Pa}eql|ea{Q1 A Q2} R,GF{P}{Q}

Bl 11 AR ORIE A JSUE B F)

£ Hoare-par $UU A, J9 THEBA 3 R IAT c)lle, FEHE R BR B BIREE T 2 18 R =J0, 77 24 Ak A2
FRIE/R=ZJLH. Lh e, A, B ¢ FATHAT, BT o #8X T ¢, 22— NIRRERE, I _EFHXT ¢\ lle; FIRRE TR
R T AT T ¢ I SEBEMIEREE. WA o, AT LGS H HG 3 N AARAR I ORIE N G, , WIRT DLANTEXT T ¢, T 5, K8 %
I BIAT R RUG, FTZI . BT DR o X ERBE AR IR RU G, BITS I T UF B H: 55 253 2 M E R =
JUAL AT RIEIE I B, ¢, BB R = 02 BARAIE B X 32 A IR S EARE G, . IR ¢, BIEB H
K, 38 o) MEMRBL R — PRI IE . @ik 1XF0 77 3, Hoare-par {45 75 1F B F AN 2R T2 1 B (5 7] DAIE IR 55 2R FE X
TILE N AF BRI IIC K TR, DLALIE B AR A5 05 . 3% 2 A - R VI S IRNT I 2 7 R IE B %) S A B 0 00
T 5 2 O BLAR AR X 187 5, 58 M I R BAT ORI 21 Py A P, 75 B AT DAME S AN R R BRI 4614 P, AT P, , TEAS
LR RIBT G L ZMEFRE LS L 0, 1 Q,, IG5 0, A Q, .

% Atomic FLI IR T e {5 P 4K - CRAEUE B — AN R T48 4 ¢ I R =Jud. &5k, HE R =04
A5 451 75 BEAE IR 152 R A2 A2 52 1, BD stable (R, P) Fl stable (R, Q) 5 B L. HoE LUnF:

stable (R,P) © Vs, € P, s,.(51,5,) ER=> s, €P.

BIAEART 2 i W 5 RIRR RS s, TE R BN FE B2 J5 A8 A TR s, , HT AR PRS2 i 5

ZEAE SR T I R PATERE IA E M AN R TR A PATHT G, TOIERE & T HAR LR L N AE AT
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B, DR R EORUE R S S I R R R AR . K, FREEY] AR TR TR SR R E R =u A
F{P}c(Q} . ZE/R=JCH R 4.1 1P IRT $AT B /R8N I = 0o, v B T 5 TR R RS
(B FEAT L A o 1), %8 IR = e AL I A T R SRR B B (), R XA T ¢ AT LU — A H il
RXAWE N — AR PR, G 5 TR ™, 28R = e 4R B s R R0, HRT = n A 2 e
X AHBEES SRR INER . &5, HIXANE R =J0H TG A E FPRES TE B R BT FRIE G kAT
035, AT AT LAVE A A 2B FE r (¥ 4k 35 B E 3.

Z0) 7. RTIEHE/R=JCH id, G UG, + (p e O pt+ = D¢ p+ = 2) {p - 3} RIBRIE TR R UEE . i
TR 55 4.2 75 P R SRR AL, (BRI AR 78 (-) RIS 0 Fa e T i A3 BV R IR T3 AE. th T
IR= TR P IR A2 S AR T, e FABIR R AR 41, P ARIGON id , RN BRILZNLE. 6 M G,
93 I AG PRAN AR B ARAIE, o8 L4370 A

(5,8%)€G & dnsiep—>nAsieEp—n+1,(s,8%)€G, & AnsieEp—>nAs Ep—n+2.

B IF R LA I, 0N A4 36 P AN 2R AR HI 5 2% At T UE B DL R B R = RIE AR 7. b g, 71 G, 43 E N

PIANERRERRIG. 9 T ORAERT 5 S5 AR A€ 1K, B S5 2% 1 5 2[RI 25 BN 07 2R 2 15 58 BT (K P AR % .
Gn,GiF{pHOVvp=2lCp+=1){p—1Vvp-3},G,.GF{p—=0Vp = 1}p+=2){p—2VpH3}.
43.1 HRBURIES HAhIF AR RE Pt

TR ORUE BB AR (8] TP AT0 %, T JR 748 2 X L W AE IR S n] LR — M s A At Rk b
HPRES R R R, — O TR ZAS N LIRS BRI, SELT 810 R AP 4R & — Rt N S5 7452, W DURIAH R 77 X
AEFE. FEXS BRI R GEHEAT WO ARIE FZHAE N, — RS — MR E KRR F SE N BN R RRNAZ R,
FHAE B LARAT I AR b A AT I 20045 20396 2 . (HLR MO RAIE ToVE AR S 3R s A AR B i, KA HARORN R UEAH
X —ANRFR T AN, 38T fork QIEMZIRZ )5, SCLAR T EASN 5 BT 2A2 1 TP IR FAE ot —
B3, (HARETE fork AT T AN RLIZHG AR AR —F 23, 75 WX FB 3 ANAFFE 0 3 5 A A7 [ TP A A5HIE W 3 DA
BB — AN LR A4 16, Dodds 25 A\ VYE M RIE HJE AL B3R T 75 € {RF (deny-guarantee), 38 KR AN
TRAEPIAN R RN IR BIRIRAS 1R 7 W1 S 2 By e H R 24 50 2R A2 I OB 5 (R IE . FL AT 40 B8 3 X AN AR
A F RS % R BEAT 5 73 PR BR 8 48 S AE 06 BE AL B BT I T AR I R AE (SCEAR RO 64T 70 B8 . AT R RE A8
F A A OV SE B L F2 0 72 5 join [R2B I O FE IR SRS
432 JREMKAIRIE

M Hoare-par KL W] LLE tH, — MBCAE A FH AR A ORUE UE ] 56 BE A RE Fr I, S0 i A7 PR SR 2 A (1 (R UIE 10 S AE 24 11
AR AT, 1X 2 FERIXA e R RO G2 LIRS ER G R, I L SRR OO L = A PR~ —
F4 HEATUE B, 0 55 BEAE AR AR UE TP o S8 B L 2 N AE BT 3 K Rk Bk, REHRBUORAE (local rely
guarantee) V%5 & T H 2 BB ER I AR, SEIL T 244 Frame F0 U (ML, BAAIE B th AN 22 T 21 10 3L 52 N AE A 54K
A R UEEAT BRet. /R = e MR8 R,G, 1+ (PYc(Q) , FEA DRI JRAT B /R = el K 2 fti BN 7 ANAE &
I3 R, G Pl (1 3L 22 AR VE Bl BEAT 200K, 8 T AR MG, id4E T-R, 24 B A (D) R F AT K R
(s1,8) MHTE RSB L L, Bl s €1, s,el; QRBEE T T EHESERKE LR, IXMERsel, (s,9€R; 3)1
SEAETIN.

FEAEWIE R D, 5 YES 1> R A T> G — BLROL, XA BEAE & 38 I ZRIE B A 2 B 3L 5 A7 8 23[R
W= RS BR. O T RO DRAIE TP I B 43 3L R N AE A ORI AL R R, 58 LR, + Ry NMEAFEAH HL 53 B AR P
RELHIFER KRR R AR, B4 B A&, BUZERS 5% R A T3S B B A U A7, ELAY B R, A R, e IS
RACNHATIEY, B4R PIS B N A

(5,5) ER *R, <:>3s1,sz,s’l,s’2-( S=5WHAS =5 W, A(s),8)) ERIA(82,8) ER, )

FE UL L 58 SR b, AT e R P R ) i A3 0 0 00 A 22 (R 36 2 10, 445t 1 4 ) 1) A A DR AIE PR
Frame M. Hf R . g o I'H R 0 HIRZVIR A — RN AE L. fRIE. AZEMEE, S -R . [>G M
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R= [3X 3 ANHTRATIX — L) AEAT ORAIE. [R] I ZERAE B M T 2 A8 08 1, IXFEA REORIE S5 18 T AT JG 2 A E S 2 1
FRBE R« R BIFEIR T R A28 B, SEBRAEUE AR 2 IR A 75 22 F 23X 38 70 N A2, R ASCUE BHZE R AR (R L = P £ v
AT INE R =l A TER, IR, G, 1+ {P}c{Q} .
Frame
R,G,I+{P}c{Q} stable(R',R) I[>R IrG R=1
R+xR, GG, [T+ {P*R}c{Q*R}

44 XRERIZHE

BRI R 5 B AR ORIE D2 BAA X IR AR PR B E R = oA R 7, HRATITEE R G ST HF ] 2k
N T SO AL IEGIE. % RE /K24 (relational Hoare logic) A& —Fh 7R /K& 5 Hp X AN B 81 (198 R AT SR
7732 En] LA — AR 0 P e s AR A 1R (Y AT 2R MR OG R, U R] DU S — MR P AL —
AN A B e 18] 1) B SO AR R B I AR IR R 20 B I B R TR RIE IR 2 4 b S G R R B,
B A] DLSCRFIE R R P R D R IR PR30 01T,

K REIRBIRETEIBH LR (logical relation)™ 2 L. FEVFZ T A U7, 3850 3¢ R 98 RAE R 5
Z B IAHAL (refinement) X R, WHL R RSN RH TR ZHEILCR. WX THANEANA - B
PR, T LUX R E U B R X TAER A A R, B G BR I TGm= AP R BN, B
2% B R E R R B ERM TR, X B G RCR I — R FERE ] LLOE SUNFESREL A F B it —A
XA, WML R, JFEN— R TAEP R I T 50 RE/RIB R, @I FE 2 48 10 77 20 B AR e 18] (132
IR RPEAT R, FESEIL T H R FPIE B 1 3R

TERRE /RS, B 5 AT RANCT — PRSI, 2 56 T B AK (concrete) F27 IRAS I R
(abstract) FEJPRE M ZICR R, BRNKRWI S (pelational assertion). PA_ T SCREL 1, 1734 2 HAARSEIL (implementa-
tion) AR FTIZ 1T MR 7 IRAS, J5 & T MY (specification) ATiZ 1T AR FIRAS. i CR W S ME R =04,
A DL M5 1h 2 A I E B BARFE RS FI i R AR IRAS T BB OC &, Eedn, 28 3.3 5 [ 4 =4, T B
An.p; o nxpy o n I DEFIRGES HH8E: p, F p, Fria B R 22 —HER). 1T 5 2, RARE /R HER 287
BART PRSI 7808 RIVE/RZHE. WEHLTE, PIMRE IR AT DA A R R RGE X, FEIEVIER T
W, ] DU IR R 5 B (R 4.2 9) AURIRORIE CGF 4.3 ) 5 R REREEIITEE, AN RIERIZTIN
KHRIUEH.

441 KREREHYE ETOHKNK

FEAT 0 REE /R HHAIE W] B R SORS IR i, 58 R I 2 BTl 10 B AR P IRAS G SE B AR 7 8 F (M N A7
FIFEIUE ] e 5 A BIAR P RS, R B2 RS G AR P8 AR P IRS A A R P A & . Lh st T 58
3.3 5 4 (A, T EAE LR RN BT I M BB AR B R = . TR SRR IS T, TR
BZER=ITCH T Tn.p, - nxp, - n E AR EET G &M 5

{3n.p; > nxp, o nxine ]} inc() (In.p; - n+* p, > nx[end]}.

Hol 5 SRR T B AL I TE S p, A GUIRZS e S p, BUME, BT 24 [inc,] Fn HFEHRAT LR
JF R inc, , JG 2&AFH [end] R i BEHAT FIMLAFE T OE& 58, 128 R = Ju A A R0 e R B4 S A
IR PP RIS R AR PP IR B SOR IR &R, BRI TAERE R ¢, ¢, P, Q, A {P+[c,l}ci{Q*[end]} = ¢, Cc, . IXFE
R /R =oALt T AR T A (G R, BB R SCRE G .

FE— e T AR cpr V274 R IR = SR AL AT A (R AR P 0T 55 v AR &5 — MR FE ID 24, IF Hsid 4
HIXFAN ID A —X— 2 R IRIE LI FE T 2 2 R = e TR AR 7 B, R, EAIMREPE S RA T
REIE S, ITA TR RIEAPAT L R — N UE, 75EN LPRAE 5 A ARR 7 AT 45 Rt I OC R K
FEIRZICHTE R AP« > )i cifvi. Q1 > v x 0, v)} . BERINLIRFE T ¢; TELFR | RPAT, MAFET ¢, 1EH
REFEM AR 1 EAT, PATEE RGOy v, Al v, B2 o FTAlE 2GR,

XFE R R /R =T MUE I b, —Meae X 17 SEBRAR e AU A RE . SERRAR 7 A2 BRI A /R =
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R, — M I A e Bl R A B RN (AR E A RN . B SSIE TR . R PR A E W AU ) Fd AR A
B (GBI I A 2 A N A5 ) JEAT 45 M)A FOAIE B T AR 20 FE e ) £ 38 5 57 3R IR0 F2 P BT | consequence
FOHAT AT, — e W& 12 1 abs-conseq FLMH 1) =, K RFBTER RS P IMARTFHIIAT. PP
AMARIE T R T HARTEFIRSE T 5 2R & &, 1677 LSS 2L abs-step LM 5 20t 4 AR 7 RS 0L
AR HATHES. X B abs-step MMKIE T — MW 5 (B4 TEFREW S P AMATET cgie)) 7T LS ML
BFHPATRE S-S (B TREFRER S 0 AT o), SUSHHAT TR o, BRTFIRE M
W2 P IRPIRAS SR N 2 O BIARAS, BHACEW 7 #i R RE, B 2 AR FE /R =J0H , (P, (Q) . IXFE
— i 2 5 REE R = 0L AE B 7 SNAE V2 TARE #8454 H: (a) 7 CaReSL 3848 5> rh, 2 U7 — ML FE T
MEE (rewrite) RAMEN =, KR, MLFRTAEPAT SALE IR A E Fx R H G 18 A A 2078 5 72 AR 52 T, AN el
BIRPIREA KW S, T EEN B S R MARE B TES. R HEPIT —F N FIRE = A
T84, W5 ELIE R 2 B ET 5 R AR P /R = oo, T4 A5 AT LA B 5 e AT, A i EE
OB EF R 2 W R = 7 B L AT S SR RI AT (b) 78 HAth R 23 1) AR, abs-step KU Hh (1) Hip
$EAT DA LA FR 72 /R = Ja i, 102 A8 XTSI BT LA TR 7 2 0 FR 7 IR A 7= AR 1B A B B8 AT 58
N=, RF. W Xu 2N PRI LR R G IEME L AT Liang 258 A PSR R 5 IRAEME 4L, 1 B 3548 40
FERF B SUE T =, KA. 1E ReLoCP Y IE K 5 RIBIBHELL h, FLFWT &5 MZL S K RS & 7 ARG
X, BB o, KRE SN TWI S SRR, (o) fEA L TAE A B0 LR I HAT 2 R AR (K 4T
SRE 1. BIANIE T 2L abs-conseq AR AT 4 RAE P RZS SR AR A RE 7 BT, T2 BLAEAEE I BAR IR 148 A1)
FEXT B R LI RE 7 — R 58 BHRAT

Abs-conseq Abs-step
P=, P F{P"}c{Q"} Q=:Q Fs {Phe{Q}
- {P}e(Q) Prless ] = Q* [¢]

12 AR AT A A

AR, SRR IR AN AR — 50 LR F AU 4.2.1 T p R BRI R A A 2401, 3
3ot abs-conseq AR i 74 SR AR A T A AL R P 4AAT 1O R 15 R PR AS (TR A e — . 995 1, i
G FARAS R TR P AT DA AR A 2 —FlRE IR (0 B B R P IR, B U7 358 A R ELAE R R — AR
TR IR AT 5 2 /R TR I R o B, DR A3 SR A R A 1, PR R B3 R (I3, SUIE
LI R R A YRR FPARAS IS AT 1 LE R . AR 09, 16 56 R /R IB AR, B0E 7 S0 IE B M a2 PP AR A
LT 214 (16 3R LA S ERR PR 25 R SRR IR 2 W00 6 %, PR SCR T 43 B R PR s A4
R S RAVH R R 3L H B,

S8 AHTLLGE 3.3 91 4 OB A IR AR X AR AR AR I A0 P L S R BRI R IR R
BB ] inc, 1l inc, IR HEC R, BVRRFFIT 25 i A i S R S AR (A B AR 2.

(BB E BURE T MU, S p, 1 p, FIFHG RO R4 0, 6 FLIMEORRT 76 QUREBR L 2 J5 ST ZIBMUBE, T B SR
AZRN 12 An.p; > nox p, > noisLock(lemp) DUEESE M THRIESEA. B T 40P MG TR IDRATIR ), 127
AR AL T B A DA S S R B BRAE T DUE R AT 1 13 JROR T PO I L T SORSLROLE D,
e while ffFRI Ay (eval (b) = true A[T )« [end]) v (eval (b) = false ALT ]« [inc,]) , B U RAR A b (114 2
1%, TUARATE 43 SE BT, AR DD (RFFIREE. 164F p, (MRIEIEAH CAS EHLINETHH 4, 4R
BT AR ARSI, BT DK A AT T HE AN B4k A LAIE R, 66 p, RORAEE AIBTIR, T BRI v (DA
RSO , RIS 52 R B, T CLIHT I LA B, CAS DT IR, 75 T4t 6. 1R CAS iR R
{82, VLS5 PUAERBE B, AR BRI 2, B IR ER R AR REROSE 2 /5 SROT. MR CAS SE BN, WO p,
FO L S e, B 5 B8 ] abs-conseq MUK BE 3 HLAE AT 4T AT AL AR B T A B0 2. 141 14 T
U 25 RO REFF IRE I RE: (1) 55, AR R0 T isLock(l, emp) I, BEAMB ORI & 1T LA 22 29047 i T
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SKFRFERH CAS XA TR A O RIIE T A2 I A A7 5 56 5, Bt DS B 7 ZE LR 7 8 DR A T s, 8t
A B AT LN emp. F58 L, B TIX B CAS $52 —MNATRYEL il, IULITE Y A 4R 2 AT DLEL 75 ik
Ak SR M TE T AT IR R RO BUOGR AR A R I LR F E — MR T8 (2) SR A, FUAIRE R 75 B 54T p,
BATIEE. BT IR T64 CAS fITHIAZREGE T p, o n, FIEAAT L2 2 PAT 238 2 IR BB Sy n+ 1. (3) &
Ja, BEBURLIRE e i BB, A5 A AL B HORT S 203 2, JF45 R 7484 CAS KA R, LI, fE3A AL & i 15 2
WAL, SERARIARIUER]. (4) 1B HIE 5, BPESRuERI R R, J5 26 PR IE A A AR A 3 1 A0 3, BUFT A AL
SERK T AT, G565 R AR =TI Rk e ORI R R I AT SEdE, ATRIRE RS inc; A2 inc, LR SCREL.

{ * [inc_s] }
b = false;
{([[b]] =true A|I|x[end]) V ([b] = false A|]|* [mc,s])} I, n.([b] =£alse Am # n A[T]# [inc.s))v
while(!b) {
{* [inc_s]} [b] =true Am =nAp; —n+1x
{Im.p; — m * ps — m * isLock(l, emp) * [inc_s]} ps + n x isLock(l, emp) * locked(l) * [*p+=1;;- - -]
v ="p_i I
{3m.[v] = m A p; = m* pg — m = isLock(l,emp)  [inc_s|} Jmyn.([b] = false Am % n A1) * [incs))V
{3Im.[v] = m A|I]* [incs]}
{3m.[v] = m A 3n.p; — n* ps — n *isLock(l, emp) * [inc_s]} [o] = true Am =nAp; = n+ 1«
b = CAS(p_i, v,v+1); ps — n+ 1 xisLock(l, emp) x locked (1) x [release(1)]

Im,n.([b] = false Am # n A| I |* [incs])V
( [b] = true Am =nAp; — n+ 1x
]

ps — n xisLock(l, emp)  [acquire(l) ;; - - -

U
Im, n.([b] = false Am # nA|1|x [incs])V
([[b]] =true Am=nAp;, —n+ 1*)

ps +> n+ 1 xisLock(l, emp) * [end]

{([[h]] =true A/ |x[end]) V ([b] = false A|]|* [inc,s])}

} U
{[b] = true A|I|* [end]} ([t] = true AL | [end]) v ([0] = false A[ | [inc.s])
B 13 AR R ORI ER 14 IREEPHOR S AT

442 RFEREBESALMEN

V22 38 3t R 5 3 R I B T 4 A ) A 1070 TR R IR ZR A 25 3 R R B B R A R AR
WARAE B — AN IR S A JER ] DAE A — N R T B2 $8 4 1) BT SOR AL, BUIE I — /N KR PRt L= N
TE RSB B ST Hor AN IR 48 2 R, IR B A2 7 B T A i B2 @ 4 5 7 11, B DL R84
YERIAFE T I B R SCRAL S Herlihy-Wing AI A6 2 (B 1) 5CR, 7T LA B A5 IR W SN AT Ze AL, {H 23X
75 A — AR ) B KRR SERR ERIEIER BT SO, B TRGIFIARERT R T/, X AEHE AT
LRMEARI, AN 5 T Lk A a5 ORI ZR A 1) 35 8 BT I B 2B ) — s A R . O HLe MRS W4 7 AR — AN IR R
KB XA AT e AP BT AT B, DR BB — AN 5 iR A SEBR AR RO A2 72 — A X ], 72 [F] B ZI00 52 Y 22 7= AR 1)
BORFEANRI, TovEAE F— AN AT 2t Ak AT R,

B T FEA AR SR T, 0 R R AR AT DL B R R AT 7 SR SR I A AT VR AT IE B AT 4 1A, T8
T I AR T VEUE AR B ) 0% R E R = e A U W] DB AR — A RO S5 AR ML) (R AT S AL G &R,
TN T 75 B I bR SORS Ak ke 1) 422 HIE B ] 26k Ak, 1% 59 JE B/ 4E Herlihy-Wing $2 H AT 2R A0 i) T4 b of 1
B, 7 Hemed AT LML TAE U Irh g4 ( H. 5 Khyzha 25 AU TAEh 4 1 7 iz AL, it
BT 7 FUTCER A [v) B9 7 5210 3358 SORE I RO GRgh AT BniE. AR AT LS IO T~ R KT 1) AT 2 AL AU )R
B, SRS T S5 5048 B (prophecy variable)" (R HL. IT 11, Vale 25 A " i 192515 X (game semantics) 26 ]
R PEALHET R R T A LA B4 4 (vertical composition) [ ] £ M4k 3 H 3 3 G Al BE R AT e AL I (R
B A AL EALRX 8] A ik 4b), HFIE T Khyzha 25 N7 7SR B 4R 40 T — MG 52 36 10 L SCRERITA il 4k vk
FULIIE A R 7 1 4.

E Vale 2 N "L 7 B H R, 3l AR RS BT SO 2400 3+ &5 R IHRAT P 5210 3400 0] R ) vl 2k Mk Ah 25
(Possibility), 1C4F p , FARFE IR & XN Ja 28 B St R4 5l 5 R0 R A Sz b AT 7 st e s M9, 2 Slc /e A R s
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LA IR A LR 01 T LA S — FRE A SR PR 25 UV B R 38 5 30 4 e S AU EE P 7). — AN RS R 11
SRR AT 75 S 10 3 T LA A 25 16 220 P S AR PR A . B8 O T BAIE 9 9 X 50 1 8 P S R O[] A,
JE AL T WA 1 R X G P (KRR X AT g, b LA — e i T L R 1 R 45 (A, AE— A IER KO
R G eh, XA E T AT R GIAT R T A2, FEAE B R D, T R A
B AR S B i s KR e o, s AT LAZRPEALE] o, HL p ATARMEAL B AT ZR M AL L) (B 4k
R S I R T A2 4 L P e A 2 L B ). TRIERE, VIE B AU £ (R AN R I 5 A A 7 A ol s L
SR s, RREE AT LUIE B2 R ST AT BE BT # T LR AL B AL
stable(R,P) stable(R,Q) cJRTFIE4S G {P}c{Q)
R.Gr {P}c{0} '

B A0 B AU 2 0 ST 4 RO ) 5 — R SR 10 5T F A U AR L, s e 5 T Ui

FHEANE SUE IR =04 Gr, (P} { Q) AR AT 25 MEAL I 5.
GEAPIC(Q) & ( Y(A,s,0) € PY (N, 8) € [l (A, $).Fp"p > p' AN, 5',0') € QA (A, 5,0), (N, 5,0 €G ).

Z = T0H B AT RO R TSR IR RS (A, 5,0) , DARATAT B EE 4> ¢ (W15 SO LT BA 1 J5 B IR T IR
(A, s) X [l (A, 9) 7 LT MNEAETERIRE (A, ) HRIAT ¢ B BIRTE 5 BREFFIRESHIES, Hrb o il
1 s RN RiFE 4 ¢ B FE AR (0] S5 419 2 09, 1% = 02 ERAE B 4 48 BN B R Ak g s ie % pr ok
e B ) Jm BAR RS, JE IR BRI (A, s, p) WAL S5 56 AF @, FLIZFE— BRI ELIRAS 25 BRES 10 5
B ICKIERIE G T DML H AR AR PIE S5, B, UF 38 & BRI AL T sl s o RH JE R I p 38 I
TIREHMAEESEHIN, Wp->p oTFHeR p-twp . HTp ] Ll BET R & MENARN, 2LET
BRI pr AT Ll I B AR P Sl A AR 2. (Rl 1% 5 0 12 A e 2 mad 3 hn ik (B A, AT 6] S £ 1 E AR
AT R AR 58 BT Be Ak, XHRL T abs-conseq B H ) = | IXFE— 0TS AT P IR,

Z61 9. MARLUE 3.3 A7 ] 4 (AR 7 9ISk e o 128 8 an AT UE W T B AL 1. X BT 5 N — A read BRI,
o5 U read(){v = #p; return v; } . 1% FIE BRI IE XS G0 2 4 R R e SRR S.

peS & ( p=ev@r,pp=p -t:inc-t:ok)v@Ar,p,np=p -t:read-t:nAcnt(p’) =n) )

FHorr, ent(p) K p IR BIPAT P70 10 FETE 200 I Z0TH 5085 0 BUE, 5@ SO BT T A A % BLIR [B S 1) inc S
S T — MBS0 &, g LHAZ RN T2 Invalue (s),,) = n A\ cnt(p) = n. Foi& R p; B8 RIAE S 24107114k
TEIME AL, Hh value(sly) & NHE— AT LUEH CAS 454 (A IE . X B p, FIRERE 9 VE— AN IF Roxt
R, HA KM CAS FAFIE Gt R 10 AR B 7 st e, a2 i, CAS B HJIE X [b = CAS(p;, n,m)]]
AT DL R 8 . FAEPFE L, R R8T s R EAS R p, FrARRE Y a, MITE s £S5 L CAS WA -4 3
9 true B3R B ZEA; 750, 45 B CAS HH FEAI4SE BN false H3R [B] S,

_ A , o value(s|,) =nAN = A[b/true] A value (s|.,) #n AN = A[b/false] A
[[b‘CAS(”’”’m)]]’(A’S)‘{(A’s)l( s'=s5-1:CAS(p,n,m)-1: true )( s'=s5-1:CAS(p,n,m)-1: false )}

B 15 it Ees i R ine s U T2 PEAGIE ], HOEWT RS 1T SORAL R, RIFEIR A A2 R P IX 70 NI
ABPI RIS DL, AT 58 TR EAL, J5 B AR RN SE R p (AR AE. PARRIER]J5 3070 B #AEAT CAS $54 1
IR REAT LI R PP B PAT BT R AL, AN [F) 2 AR AE T n T AT — 3 A

ZIE LU I8 CAS AT, B4 HE R 16 RIS 17 shipgANEE IR = Jo 2L G Fd i ORI A5 214 15
T CAS WA IIER. [&] 16 HIZ&AF b p FTIREASET m, CAS R[BMEN fasle, BlANS p HEATEEL

P17 Pl AT py B AESE T m, BERR [BEME N true H p; B EBAE SO m+1, AR AT 2. B w]
KNiZ inc R RCR CAE R, W1 DU R AR SRR A Ze Ak 1 Sid 3 pr 45 R N % e T 3R (el S, Il 55 8
WAL 2 inc B SHARE TS, R8T A AR [ SRR R ine S, RO E A4 E K T
% inc FAFAER. X HREORRETF N 5 R ARER, &2 H IR — M i e 251 F S RTA S 0L G 2% R4
E1EN CAS 154 52 B Ja 21T
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{I Nlast(s|ent,t) = last(p|s) = inc}
b = false;
I A last(s|ens,e) = IncA

([b] = true Alast(p|;) = ok)
V([b] = false Alast(p|;) = inc)
while(!d) {
{I Nlast(s|ent,:) = last(p|¢) = inc}
v ="p_i;
{I ANlast(s|entr) = last(p|¢) = inc A Im.[v] = m}
b = CAS(p_i, v,v+1);
I N last(s|ent,e) = incA

([o] = true Alast(p|;) = ok)
V([b] = false Alast(p|;) = inc)

}
{I N last(s|ent,t) = inc A last(pl;) = ok}

{I A last(s|ent,e) = last(ple) = inc/\}

Im.[v] = m A value(s|cas) #m

return ok; b = CAS(p_i, v,v+1);
{I Nlast(s|ens,c) = last(pl¢) = ok} {I Alast(s|ent,e) = last(ply) = inc A [b] = false}
B 15 s X S T 2 A0 IE A B 16 CAS AT 4= M fiE il

last(s|ent,e) = last(p'];) = incA
Im.[v] = m A value(s|cas) = cnt(p’) =m

b = CAS(p_t, v,v+1);

last(s]ens,e) = last(p'];) = incA
Im.Jv] = m A value(s|cas) = m + 1 Acnt(p') =m

last(s|ent. ) = last(p'|;) = incA
Im.Jv] = m A value(s|cas) = m + 1A
p tiok ~» pAcent(p) =m+1
I N last($|ent,r) = incA
{last(ph) =ok A [b] = true}
Bl 17 CAS $AT B IIIE
GBI ¢ G PR G, T 5L SRR ¢ TG PR O R, g SR 2P (R 0 4.

Coa (value (s |,s) = value (s].,) Acnt(p’) = ent(p)) v
(A,5.0),(N.5'.0p)) €Gr © ( (value (s’ |.,s) = value (s|,s)+ 1 Acnt(p’) = cnt(p) + 1) )

XTI IR B, AR A B AR 2 ] 15 s E R =i, Wt dn R /R = Ju .
{I/\ last(slcmy,) =last(p|,) = op} op() {I/\ last(slcmy,) =last(p],) = r}.

Horn, TS At 2IK W 2 R I 7 FAR P s 3 BRI P A 45 SR o Bz VR iR . J5 SR s i =2 B AR 7 52
WP FILAEAEE R, BEHRER O ZIR B, HiR EE R AR ). XREHORIE 7 UEW & X p ST ISR E S
SEPRAE P IS AT — B, AT ORAIE SR BRI PRAT - T R AL Y.
45 v &

AT T JUM TSR IR AR (M DD R IE WV IR 7 2 4. R R Bl b, vy BAAR S IR R 4y S
W B T WO RAIE 112 3 B 3 45 G I R AR P IE W] L /R = e . HOE WIS B I 45 SR A B BORINIF R
RS BB, AT DA O R K IR bR SO A I8 SR AT 2 kA DU R = Je LR St AT R A,
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B O AR IR IZ AR W] FEVE d 7B R = JuZH 4 T R IS B 3K 9 b 2 RE I A 1.

R 1B T BUA B T RE 2 B B I AR R RAIE T AF, JF 0 UG E B A AN S e T ikt AT S 5. Kb
i “ThRE IE A 12 A IF & B R SCRODIREIER P, 870 ARG S B0 & SR PR AR, B JF R A A2 B30 B
UERA &b B, FER AR IC RGNS IRE. F87> TAF I i E B2 48 Iy P RAIE B AT 2o AL, SRR BLREIE I T 2k
1k, B ILIGAE B FRIH 2R R T B4 b N SORS AL IRAIE TAF SCHF 4 A ORI PR BT IRE B, B B SCHRFIE B 3 J

PR, RS TE H AR —F2 P As .

T 1 ETREFBEN IR SRS LR MR TAF

ik Wi B A Yoy i)
RGSep™! LRE IEHf M +Z 48 1 R 5 BB BRI =
Deny Guarantee'”! hfig IEMTE I 4> BB R AR &
RGSim™ I 141 MR ARAE+5 RE /R B4 =
RGSimT" OB+ AR ARIE+IC RE /K2 4R i
LRG™ Thie IEWTE FER 53 B8 18 A RIE i
LRG with nonfixed LP LR R4 BB OB IR+ ¢ REE RIB 4 &
pCt RSO HEBEEBE X REREHE b3
CAP™, iCAP g ERtE IR B 7
FCSLEY g IER T RS =
TaDAP! e IEHe M2 48 JH T R EIBHE =
CaReSLP>™ R SORE HREEBE+ KX RE/REHE &
Tris®"*" DhREIEMATE RSB =
ReLoCP"*>"™ RO B R T RN BB EKRE REH b
Simuliris® RSO R RN BB EKREREH &
vSTB+ ThREIEMATE HRSEIBE &
CSimpl™ RSO A ARAE &
LiLi"" LR SO e MR AR+ R E /R IB 4 i
PSR T 2R 1Ak fry 3 2 4R U7 CEqEX 4 R o BB BRI R RE R IEH =
A 2L A5 PR AT 2 A i R Y TPk RERIE+ 0 RE /R B4R i

5 ETEFEZENHLEFEIETR

BT IR I BE AR OREZ 3, A F AT R M 7 VF 2 SCR IR R SE (50 IE TR X T AEACH.
A E BHIE WA TS RIS, CRAIEFE B 5 UE TR AT SE ). 2854 0 X 28 T B AT ] 540,

(1) Iris

Iris? LR — AN I R 4 BB R AESE, HAE Coq s BUE AL, I AEMIA IR B R SO ThRe IE#TE. 55—
R I R BOEERANIR, ooy B ARRE PR T S RV E R NS R E AR, R L AR = Ju s DA IS T S AR R
T e S H A 5510 5610 A8 Bl & SO — AR Fe 7 . X A% 04 7 st il A A EE TR T 5 (impredicative
assertion)™!, I A0 VF 8 K0 58 SCEA5 Xt e BA R K 10 E W AR 7 8, AH [RDRE th 45 3R 20 A ok IR 3. Tris {3
Step-Index & AR ELRTEFINT 5 . Iris T2y B IEHE R P IRZS SO VRIE 2 #E4T B € X, WT BABCE R LR B v T 3
¥ B 7 IRES RS2 DL eV AR PP RS A OC &, MAITE I M A A8 46 (view shift) SEBUAH B 7 RES S B, X
A3 HOZ ERME JRLEAE B O R AR 7 RO (0 B AT RGP, AN 5 22 58 42 U RE SR 3 B SRR R 9 R R PP HOE . Tris AV
£ Coq T SEBL T HIZ AT FENE, IB7E Coq *PEEAL 1 HA& HHIIE TR Iris-proof-mode (IPM). IPM $i2 fit T H]
F— B AR S R AR B 8 AR — 5 BUE I B S A0SR T AL IE B 2, [ S0 T Coq ITEBIAL A (proof view) X
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Iris 943 B8 3& 45 IR B3R AT I&E IE, {5 UF BH 25 T DA IR &6 77 28 b 3 B RUE R B AR BB o0 T A I 4 B a2 4 T 5
A E SRR A (persistent) T 5 A5 FEFFIRAS TR — IRATHR. X — FR I TAEME Iris A H R AT 7.

N T HFE R LT SO, B EALE Tris (3L 357 T ReLoCP"™7. ReLoC f&—AN3EF I K 4%
BRI RE R EEEL. TR SRR PRSI AR T € O Tris W HHBFEFIRAS, AT AT DS A Iris ()
TR WS B T A, UE IS T DM Tris P AORR A A8 B ELAR TR 17 R0 F2 7 35 4T 720 B 755 34T . ReLoC
PRI FEPEARIE 7 H % RE/REH — o2 v DHE B AH S BT SO R &,

— ZFIH) T BAE Iris F1 ReLoC HIEAT A3 A H SR B0 52 v B2 e A R Rk AT B

RustBelt™ i ] Tris ZHRHELL LI T 5T Rust™FE 5 (IR T A, 1B H b 835 36 & B R SCRshRg Emte. 3t
1052 SCHF Rust 5T AR A2 R )30 0k, H AT DASCRE Rust 3R AR P BUEBH. 5 28 AR 2 ) 28
RustBelt XI55 A fE B8 [ (1) Rust 25 34T 50 UE Y, F14% RustBelt 5 RustHorn"™ 45 4 M 5 47 1%t Rust F2/7 19 2h
R IERf MEREAT B0 AR .

Perennial™ & £ T Iris 1% T Go & 3 PR FFHIIGIE T B, HOB iE W — AN R G BT A i B 800 2 HL R 7
290 LR SO, BUEA AR R, X% RS IR A 1T UE B, [T Perennial SZ4F iR 22 4% P4 () S6IE, BRI
T 7 0T DL IE R MK 22 G0 AR vp (B 52 B EFOIRES. O 1 SRR MR 22 A PR IR B, (AT ] B0 3% 7 i 48t 4 & B
¥4 (crash Hoare logic)” 5t 3 & R 1) i 5 1 2 BE AT B8AIE. BF 9t 2 18 A Perennial AW 7 H % & 4t GoJournal /&
T f F A o 4 g 2,

RefinedCP” &3 F Tris AT C A2 FF ROSGIE T, 3EB H AR A I & 1N SCRIShReE R, Ho@ it 3 FRUR
PIZRES T C H I R AR P AT I, JF34E T2 B 3LIE I F B

(2) VST

Verified software toolchain (VST)™ L& 7E Coq Sz BLAIE T4 BB 4R (1) C & 5 L5 M56E T B, VST ] LK
iE C RPN 2t 5 9k BN SCRITIRE RS, I B SRR OB B A A S I R FR P UE . IR E s R DL E
B 5 CompCert ) C 18 5 4 B 48 LA VE S &, 19 I AR AR 55 140 11 BA 21090 2 £ A () 34t 20 3 1) 1F Affy 1k F 17
Mansky ™ 3t — 356 Tris #3& FAR B RS AR BRSNS T VST wh, 35 28400 1IPM 193RI 7 .
HTAEEAR VST B LAIF I C8 B 4005 1) C 5 5 IR IR I TR IR L.

(3) CSimpl

CSimpl™ 2 5 TR BRI (078 /718 S 42, 7T LABGAE CSimpl 18 5 40 5 (097 & FEFF 1 9F & R SCIIThag
WPE. AL IE 5 005 A seL4 #4FE RS E P i Simpl®. CSimpl 18 & S HF K  PL L P AR 18 5 R4 E, H.
AW C FEF R R Simpl M CSimpl 25 # T. B (40 CParser”®). CSimpl 7E Isabelle/HOL! >t 15 7 24k .
Sim2P7 iy AR IE B CSimpl 15 5 T (B AR 5 5 L FL R (8] AR E R, 5 F AL FE AN E R =TT
HFFEN T EARTE T Ao, LA SRIAIE B R mT 4 A1 ORI 00 R IIE B SR AR 7 8 SR 2 Bl I 13 31011,
FF Sim2 HEZE, WF 7 E A MEH CSimpl & 5 N— Arinc-653 A7 N B AR SS € LT LS LIAE T %M
LRI &, JF s RO RUE B TR 10 B SE I s R i AR &

PiCore!™ & — /N6 MO R UE ) K 1 7 30 R 45 (K 50 UERE SR I HESLAE Tsabelle/HOL H Bk, 318 IMP™”
A CSimpl™ AN A 45 7E HLHESE TS24k, 35 F TG I SE 31 R 48 Zephyr RTOS H N FE LA S H
KBLT Zephyr RTOS ] C ARG 1) 3 A g 10,

(4) pC

pCPRE—ANE Coq AL, BT I K 7 BB IR 1E R G0 IFAESS, FRM BAs oy b RSO/ th. AT
XHRBRERG TN Z ERN P B, BT 2 BRI RS B AR BB, (15 AR T2 e T i R R A
ISUE WAZ AT . AR 7 2 3 i A R B B A AR DD R 3 2 L ARG 2 1A 9 R SRS R RORARIEHAE R A AT
BRYEEA DR . XHELNE R T C E 5 AR, Kl AR B R kI CIE S 184, Wk THR4E
REMEH C1HT WKL S SEILE BT 0Pk aR. 2% ARG A H IS IEHE SR 500 | 5 T 00 S 4 £ (4 o =X st
AT 2 G /oS-I TE k.

&

N

m ST kM
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6 ETEFZENHLIZFIIEMRR

6.1 ZUENENH X RE

Perennial [41B\ {5 F 2 Perennial 3 iEHESLIATE T — N FE K (KB IR 528 Mailboat™ F1—~ H E R4t GoJournal®™.
PWHEBNEA Go BB R K ZRS, BN T MXT RGE R T, HIwih TIERT, 7T LUK R ik k2
B AT IR AS. Perennial HESLZ Tris HESL 54 gE /R B 48 PV 454, AT LAAR L 1 ik B 7 A7 16 s (R SR g o — A
RGN AR SR 1. (R A A B R R TR B R R & 5 GoJournal X FE— /N R AL RS AEE AN N
B, FENTREANBEER 42 1 32 4 S - Mgt AT 23 ) Bk

Feng 2 A\ Vs Fi B T BSARAIE K] PiCore HEZE UM% Zephyr RTOS 7 (1 1k £ Py A7 5 B A B AT 363IE . Zephyr
RTOS H Ak AT N A7 53 BCAE B8R HI BRI 43 B8 /IS B e, o ¥ v 85 2 P AR JROAS [R) K /IS Pl e, TR S RF A8 /N B )
SLEPE B E . I EZ AR TE AT 24 & X, X R A T T AR SR I, WA e Pl RE = E T
WBE. 1% TAESHARED s I BT NAF I UEAG . 2 BCRIRERBOE A 45 H T A0 B2 T A 2. S 7 b B4 o, 1% T
{E¥ WAE S BL RN — A, FEIE RS HURGNE LT Zephyr BI85 $UAT. B, 1% TAEM AR B m LR N 7
B £ R ) — B RN 2 IE P AE 43 TEC Y T e TR Af

Zou %5 N2V 3 T RAIE (K 3 2 5% 2 B X AR 3 R S R 48 AtomF'S #E4T T T WAk B6AIE. JL T4
B ANZ SO R SR R JE PR AT ISR, MRS RS AT 2 AP . 2 RS — AN ISR HE R, ER
VE AT LAk s AR AE FO At I 2 (B b AT 1), BRAS 52 (AT 2R 1Ak B0 i TR AR B 4 b 51N T LR AR ) 3%
B, 8 5 B AR RN — DR AE P TF B B /M G AL SR E AT iE 3%, ATTIE B 7E FEAth 42 78 b i) 34
FRAE AT DA B 2 BT R FR 58 IR AL s BT

Xu %5 N\ P I & K RIBIFRHELL nC B0IE 7 36 T4 2 A FE (4 o 20 S 41 2R 45 9 % pc/os-11 g 3y
REIERIME. IR LA S B, F4. NAEHE. TR, HEW. FSEEHERERNARERS. %
BERGMH T ZZH8H W, B CES R Nk TILg AN, XL A EAE RGIGUE® R T WA, (H2 1% T
FREAR 4T #h ST HF 7 ax SedRe 4 (R IE BR . [RI, 1% TAREUE B T 4 4F R g0 1R B2 7 A < B IR e R 3% (priority
inversion)!'™), BRI SE AL 55 RS HARAN Fe AT 55 TER Wi FHL2E, 1R T REEMA T 5=k
6.2 ZWFNHAEEEHAMR

VF2 = ) I R 5 1 RO RAMAEVF 2 TAEP A B 130k, AN [F) 4% & i) 2 T80 S i A28 1) 002, TRt i)
SR 1) H R B — MR B IR AR, TR 0 5 B e R R B X A b P I R B S X R A Z IR
IO UE TAEBRER T &, 7RSI EATH TAE S, ¥F 26 R REAL I A0 T B AR DU . A% 5 7R3 TR
BRI S REBI I R AN S DA K IR IE AR HEAT S, MRSk BA G TAERMT S5,

KERA> T AL I R Rl 5 Tl 3 % (optimistic concurrency)!' “SZ IR LA A 5 & 1. 721X M I
KA AN, — it —A CAS 184 HE PAT 1T MR EF BEPAT I AT sl EIR 4, Wi R0, BVfFLE
HADZEFE FH ke Mgt AT 7] — 4 P AE S e BB U DD, B84 s BT T 1% CAS #5 4. X P 7 AR T IR A X B[R]
B, AR TR 2R EER] LA It 2, AT FRAIG 1 1I 53 IX v TG 2 i 4 AR B DI P Bk 1) T4

BAFI) (queue) J& — P4 1 I B A7 i 45 4, JLHRAE N BRI HS BA R 1R, H HLZZ RN BRI H BT /2 e 3t o
1 (FIFO) JE ). 783 & B0 T, 85 o8 i 77 RSB FIFO ZEsk B R KA BkaL. MS BSOS i 789 i) 4 FH T
I A . Fodad Sk B AR RS B S SK &, I BLTE N AR H B 43 i id ol — /MG ) 5 25380
HELIRIR A CAS fa 2B AERA S TG 3 R EIERFIR Z AL TE T — 55 BA B J6 32 a0 R 248 HA BA(E PIAF i AR 0 (R,
T2 — A J BN AR A AT 8 238 3o U il i 3 43 70 R AR B IE AU BA S 5. Liang 2 A POUE 7 36T MM AR~ 1
ARUEI T MS BABI 138 55 i 114

H R A B AT LA B TR (time-stamp) 421 N BAIRURE . B 40 Herlihy-Wing B3 P it — AN R 7 B B o
(40 FAL $84) XA N PA TG 2 FL A VK, B3 AR 0 VR B ) e /s B 6 28 HE A, HL i AR e it e s o o 530t
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2GR BATHRAE. AT SR SRV IR BN BT 2 A AR 1R PRI (A1, 9 3 B SR 2 A R D, L R R BT 4
FF R E T % IRIAT AL 25 SR 5 25 (R 58 J5 IR . 78 Khyzha 25 A (06 5 28 P AL B E (0 L AE v U7, i 14 7
WRIGARALE 32 B B 7 ISF A) BB 51 T 2R AL PR . Vindum 28\ U T ReLoC HESRAERA T — /N 40K 1 1 BAF
JERLRLEEBA BB T SOk k. i BAFITE Facebook H Folly Fg !0 fgi .

1 (stack) [FIREAE —Fh 2R ML I R A A 25 1), FCARAE AR HHAR P R4, B SR NARAT HH AR I PP 39 2 S i
Jei i (FILO) JRIU. Treiber # " 7 FIRE & — Al s (W F a0t R 5%, HNERS AR & B 24 CAS
B X TR FR A AT 18 00, B B4 AT B0 T AR TR 4L, Turon 25 A "M # ] CaReSL HERL X% Skt 4T T
ISIF. Treiber A% — MTAEE 2 S5 1B % (backoff-elimination) A% P8, 24— AN ARR Bl AR 1E 223 CAS #R TG
BRI, X B R T ReAFAE HAM AR IE 5 H e 4, WA TR UGHEAT CAS BAE T REIE & 5 HAR AR K A b R
FE CAS K. — /M2 2t Backoft, R4 45— B[R] TR EAT BRAT AT 12X Pl S P b . T s 28 9 i e 14 £
IR RAEIX B A A BT ) 4 220 5 FLAth S Rr R FR AT A8 3, R — AR S HARERAEILES T, WA iR E 40R
S BB 58 R AR SR 7 AR PR A 2R A 1] 3 B AL Hemed 45 A 'V F 4 2 T 2R MEAG R IX AN 32 g 1
PRI A 4554 % (exchanger), FEIEW] T LABLSEHLII 2 Herlihy-Wing A £ PE4L ). Frumin 28 A U%M#i fi ReLoC
WEBA T — AR S 1R Y BR AR

FET 1 RV ER A VA FIREIE FH T 95 &A%, Dodds 25 A\ BT4E & 1 I Tk F B Y BR R A, S8l 7 — IR R R, HAd
FA B TR BE 8 AN [F G 2R 0 AR IRT . 55 Herlihy-Wing BAFIZRAL, JL A VRPN FE RN AR 76 22 A AH [F (1 B TRV, I H
SRR H AR e 2R 5 R, 3K 2 HIE BRI — RHE . H AT AR AR 2 e B H D e IR M. — AN AT e
(115 i) 2 3885 2 T 0 1) T 4k Ak B 7 s AT 36 U7,

7 BEESRKRE

A ez B2 BRI AR R TR 9 R R IE R MR (IE B B ARIEAT 7 0398, B X BEaENIEE LT
MHIThREIERPE . IZREAL . E R ORI LR R R . oA IR R BN SO S RE IE R M R B RGR I I R b
N R A REREF AR — AR IR T RS IR, 1T A 3 FRIE B B AR T DR — M IR R B R SCA R R RS i
RFEFP I ThREIERA M. AT R SO 5 BB MR, [FIBT 1B 48 TR 12 AT 2R M0 i — P4 HL T A
W BRSO T RIE. IR BB BN T OB AL O B T DI IR R R T I E R =, B H 5 X RE
IREEAG A, LA — PR T MR B R SOR AT IR E. BT, B 2R TR LRI R RA I R BE
FRIE B ARG T I LEiE B 7 V.

H AT S TAE o, A ADIEZ B H R FREE T KA TR IER . ILSer, B A &1 2 215 2
T IRAIE, R A 2 THD PR A 5 A SR A TG A 1. R LR R 1 S LR 75 7 R G0 B P R R B E R RS R — AN R
HE bR X T IERAR S B ER M K 3 E TAR FEAG I AR 7 IR — R 7848, R IR 2 W AE A 578 J7 v,
BN AN % 3 AL IR A ] 244k (durable linearizability) #EATREHLAK () 56 E 25

B, R B6IE P 09K 22 00T 0 TAEAN 5 RS 7 3 A2 5 — S50 1 P AP B (B sl P AR 22 4 R 45 W 15
A& TSO. C11 %555 M AFAETY. 7E55 AR B b, B85 Fh G 35 2 i I3 (0 19 > a2 7E P A HH 119 32 B A= Rt (] A A
ARFEEAS BT, T K5 73 2 7 38 8 AT MR AT R0 % A 4% AR 14 AT 30 01E, i LA DGV 8 5 A ST R
TR 5 AR 7 1B 4 B X SRR PP AT I UE . e {5 R 2 P a8 SR ) 55 PO AP AR B (9 3 R AR P AT B0 UE 2 — M FE AR
YR ] .

YFZI0AE TAE#0S2L T FE R AIIE B AR ERAL, (B FEIE M e B R F BB AR F R (FS5E. F5H
PR MSE AR e R IR T . AR RE S ARG S, B2 AR E B bs. A FES T
M F 2 A, FK 35 B AT REAS [F) 1 LE A I BH 412 15 380 56 R P 110 16 0 1k 2 R % 35 01 il . — S8 s B FH 1)
FHe R ARND I8 75 225 FE R R AR R 450 SR 1A 55 P A7 — B30k, 1520 G B0 0IF 1) U BE i 55 .

Bkt 2 Ab, 22 3 BEAIE B — AN BRI il g o] {41 B 58 0 ) 1 Bh Ak S — AN B S E F sE 0E B N RE T
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BEAT IO AL, — A7 AR AL 75 EEEU A A SR UE S 2 A REIE B 100 52 L3 0E BRUE W7 i O 68 A A JR R HBEAS, /2 7 2
TR G5 A AR TR — K S ) L.
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