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UC-based Approximate Incremental Reachability

YU Zhong-Qi, ZHANG Xiao-Yu, LI Jian-Wen

(Software Engineering Institute, East China Normal University, Shanghai 200063, China)

Abstract: In recent years, formal verification technology has received more and more attention, and it plays an important role in ensuring
the safety and correctness of systems in critical areas of safety. As a branch of formal verification with a high degree of automation, model
checking has a very broad development prospect. This work studies and proposes a new model checking technique, which can effectively
check transition systems, including bug-finding and safety proof. Different from existing model checking algorithms, the proposed method,
unsatisfied core (UC)-based approximate incremental reachability (UAIR), mainly utilizes the unsatisfied core to solve a series of
candidate safety invariants until the final invariant is generated, so as to realize safety proof and bug-finding. In symbolic model checking
based on the SAT solver, the UC obtained by the satisfiability solver is used to construct candidate safety invariant, and if the transition

system itself is safe, the initial invariant obtained is only an approximation of the safety invariant. Then, while checking the safety, the
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candidate safety invariant is gradually improved until a real invariant is found that proves the system is safe; if the system is unsafe, the
proposed method can finally find a counterexample to prove the system is unsafe. As a brand new method, UCs are exploited for safety
model checking and sound results are achieved. As it is all known, there is no absolute best method in the field of model checking,
although the proposed method cannot surpass the current mature methods such as IC3, CAR, etc., the method in this paper can solve 3
cases that other mature methods are unable to solve, it is believed that this method can be a valuable addition to the model checking
toolset.

Key words: symbolic model checking; formal verification; unsatisfied core; SAT solver; invariant
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RGP0 R FEP R BRI ey SR W, RIS A R TR R i T SR £ (),
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FE— I RS B — DN ESE R EAZ R, BAIIET 2015 4EPTF1 2017 AEPOVREERE RIS I F€ 10 749 AT
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B A I —#4y, 41 ABCY™ IR NuSMV/NuXmv! 4,

H NIRRT IE 2 (complement approximate reachability, CAR)E —FAH 6 587 (K55 T SAT 1) 2 4 MR R
W77k, CAR A% & —F 32 IC3/PDR Ji K Ml #i 5k, 5 1C3/PDR Lk, CAR h 5 T HREFHI I H$
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2 EAahEmR

AR ITE EEIETARITRE RS SAT KRG ANAT SRR N7k, 1 A S & AR AR R T
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2.1 HREIBRYE

BT SAT (MBS I B A AT /RITHE RGN B, Ai/RITH RS Sys € X AZTTAW,LD, H, v 2

fRBRIES, ZRETHENRE s BT 20, WG VR EAMANES, [RYVGRENES, mREy

1 #5 DUk id b V'H%TFQH_GZEE’J%::, T RARRGETET VOVrITB X R, BARMNERE s, &
JPIRFS s Gk, M EAN S s, Us, BT, AL N (sy,s0)eT.

BT T 50,81, .os5 A —FASEN k FERAR, A (spsm)W 0<i<k—1 #BJET T. FATBOIRES ¢ BN
RE p R E BATIEN), UAEE— KA RN £ AR so=p LI sy=t IO, BT AHIARIRES 1 k]
PLELE RS HARD Sys MATIERES. HE — N LZem POENE XK AN MR AL —M/RIEHE &
48 Sys=(V,I,T), FHEA Sys MalRR A s i L P, TAIBRIZ RGNS P AL A i), g 2 it seP; 50, XA R
GiRA LA, AL ST P FPRESTR A IORES, I HH-PEEN bad) RE QS PR RENES. —45
T FRIUEIRES R B FEA P RS B AR TN fi%(counterexample).

4 X2V Ron Sys FUIRESHES. BATE R ROOER X HREWFHIIES, B ROD=s"|(s,s")eT %t
seX. X i>1, TA1E X RO=RR™'(X). KU, & X R OMER X HUIRSRIRTIREE S, i1 B R0,

28k U, LA — R BRI R G, W LA 2RIk 2. W] 2 BRI B B B R B v e
Ja 7, R X 5 AE B (and-inverter graph, aig). K 2 JIKE =M IER R RN, M6ETE R RE B,
MR R S IR B, S8 i, SN MuME IR s R R BE A 5B EAT; T, =
FIE vt b B ARED ISR B AR, SE N B, RO NS BUES T AN .

Network structure visualized by ABC
Benchmark "counterp0". Time was Thu Jun 23 14:58:32 2022.
The network contains 89 logic nodes and 16 latches.
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22 WRIEHS

VIR R o BOYRT. BATHEAR R LR o 8L 8 —a B F (literal) 1 4 L Ko literal NS
cube TRl FERIAT /R AR, H, leL, BIEFTA literal IS HER, W80 LALA. . AL, k=1, %NV, clause &
I BB R AR, Hod, lel, WIFETA literal FIHTECS, #1140 [iviv.. Vi, k=1, B R, cube M5 & &
clause; RZIRK. HIFAHMER H: Sys P IAE ZAR A S cube, Bl literal (& . O TR TR, 762 S5 THI T
T, BAE SR ARER S (state) Fl cube.

4 C & cube WA (15 ILAHRXT BRI A2 clause), FRATTE AT R A AC)=Veccc(RF N HE, AC)=Accce). N T i
B g LA R A SR I, BRATTH € F#oR AC). B, AR SAC Tl gy C 2 paflCF v AC) IR S .

—/) cube(BK clause) ¢ L0 literal FI4E& . — M /RARIELE—RSES, L TEMH LT W
Koo MIAE— MR AKX, Bl c=g, WERMA—DMRAX. WRENTEES o 2 o W7, Batk
38 ) A1 oy K literal ARG, WARIRATUL—AIRES st BT ¢, MATRATHIE ¢ TR —MIRES (state).

BAMEHFF S sx)/s'NRRRE s BIUHT/ TARRA. J8Blh, A 755 gx)/ ¢ (x)Fom A /R 2 2 it i/
TAA. WTFEBEARX T, BAVHEKE Tex )R ERNEE YA I ER. BE MM RAX 4,
CHFRERIE Oy It B A BT (CNF). 5 g2 il 2, B — Bl 42" 15 AR g, 74k, 174
— N APcA, RN TR A4 F AESREROL. TR T, AMEMRIE pa(@R s g —
Ao, I HH pa(g)l, i RBGE LR VAR RIE pa(HWT5E. 51—, = GEATHANR, £7E—
A B/ NANTT R AZ(MUC) Cog(x L g A clause AR E)ETS C ZAARTTIHL R, Jf HAEA C'cC #2 A2
. TEE TS, JAVEHFRE muc( )R RIZXFEH]—A ¢ MUC, I HAEH muc(g)|ARK A clause R 5%
B 3B muc(HWITEE. BT ' 2—4 cube, Kt muc(g)).thE—4 cube.
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FE—ANBRAE A 1 NP 5245 1) 8, 1% 1) @ n] AR 2 SAT ), DRIE, 3N i) R 2 B s A 36 AL 1) Rk fill il 2.

WARTF S A AR I 7 7225 I 31 SAT SKAREE, SAT SKARSS A& —FhmT LU R H) 8 A3 7R BT il A2 2 1) 8 ) )
4 MR A3, £4 SAT SKIFAS KR, = A PSR, KA AT DLk o] — 4 I E, X 20 W {H e 1l
AR ANXBMEAN B, A AREA AN, MAFEERAE AW, FAAXMENE, KSR AL
HRIRER A N, RO ATE AL A%, UC KR T % 20 U Al A2 1 J5L AT

T P SRAR R, TE SR AT AR VT T ) i, RS OB A E SN, AR G e
B, AL Tseitin # 4 f9 2 & IGE B . E T4 clause M9 MUAE N 5, 84 SAT Kff#sK
file, RUATHEZ A R 2 TR 1. ST, A1 A B B B0 1) I LA A AR 2 3R T8 Uk 25 A
clause AU TE X, IXAEAE AT LAl I SAT SRAF 25 K A7 TR ZS 7T LU RS B IR ZS LA S EAT R IE P 43 47

AR > T 2 VSR il an i 3 s, B 22 — A BE I AR, AR FIET LY 0 5 1.
Xt TIPS A, B R A AL 0, H T 2 R A T s AL v E, i DPLLUOY, phge iR sh
{12 > (conflict driven clause learning, CDCL)*7. il ixX 64090052, Retg 93 — A E AR N,
JRIAE a3 MR, B 2 X0 AT 2 .

H BT 2 0T U8 SAT SR a8 vl A8 T, 41 MiniSAT®, Glucose 2141, — 3 SAT SR it 4338 % S F LUK API
Y.

o IsSAT(¢), HIERAN LA X S0 AL 1S

e AddClause(clause), 7] SAT K% PN+ 4J;

o SATAssume(assumption,d), F|5E 5T HIMEBL (4 — 28 i T A8 S WU 1) {H ) assumption T 12 2 g0 T i

A
o GetModel(-), 4 IsSAT(#)EN, SATAssume(assumption, @) k) EM, 8L 1% J7 15 7] LLIRAS 2 00 B9 — AN 8
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BRI o £, B % O AR 0 58 A P AN R T A8 B ) B (true BR false). I H, GetModel|y, & [R5 4
eV EBGE AR

o GetUNSATAssumptions(-), 4 IsSAT(#)X SATAssume(assumption, @) AR, Wik % 7575 0] LL3RAS — 1% 1
FA AR5 30 (AN 1T 36 /£ A% (unsatisfied core, UC). %A Rl 4% 0] O R S 0 — AN F4E, % T
B R ATAG 2 SR ALl 2

AT R AT 2 R R 8, T DAREAT WAk ok 3 A, DASGREAT A A4S U

BRARS ~
(malb |c )& oW
(@ lc |d )& @& o)
(@ |c |~d)& 97N YN
(@ |cld ) ®© % v
(a |—|C|—|d)& o/ o
(=b |=c | d )& X XX X
(qalb |10)&
(ma|=b|c)&

K3 SAT sRfERHI
2.4 FFSEREN

FIH AP, TATT AT AR, ARSI AT RE AR K. TERIA ST, R B3P
REFE R T A7 8 (AR R E G T RETC & 8, E RN, N TR HMES R, A3l
MU 5 1 B R RS BB M SR literal MK/ RIREUEDC. Bk, FIREE ) 5 idont T R BB AR 1 TF 2 7
BAEN. B Fy, BER0IRS 25 ] R K /N Bl 5 A 200 [ AT S 8 5 . TRATT e A 28 ) 45T ) 3 A Tk 530
TR Sy bR A 2% ) 10T e IR DA 3k A RS I 47, ABS TR A 0 £ I o 37 ) 52 380 A K PR Al 3o 25 B8 78— fit 2
BAFER, MRS MR, A HEAS T A RS RS R PITE LR, XRRR 7 AR R R
STV TR A B AR AR 1 ) .

H T IRBOXA W, FHAMTOETFR T2 R K07 5ok G i U A HR S L Bk, IR 2 — i
AR ERR, BV R & BT AR, T2 SRS M T B O R i o Ai /R A 3K, B 0ol I v H AR 2R
H AT SEAT IS A I B0 A0 R A S B AR AR, K H AR T B RGN 55 KR, PluntE T RS
RS —AME N 0 B 1 BT oK, B false Ml true. 7EAF S A BUR I o, 22 4 PG IS 3t 3o 4% 5 AT A 1 40
TSk SE LI,

70t RS A W AR AT R AN RS BT R R R AR, AR ALK, DU P 380 RS I i)
R TR S AR I S MR R A S Ak, I LIRS 1F) (TR o Rl B i 5 RAE i e —RE s, 1]
DL T8 7 2, I SRR AT R T 13 305 JRAS . IR o3 B A W 7 v A0 P ARF 5 A 28 A
()75 AR T o 25 1 b SOBE ZRAR W, A8 3 A85 Z0 A WU FH 1 ) 380 RIS 1) DI RS 4 v

W 4, AT LA THHE s IRARRAS, iy BLaEsd T 4@ vk k.

A sk ¢

C_’P'S
?

o> o g AR
~ @ — i 2 ) s

Bl 4 B Ope i e ns MR B
RS AL, B SCFRPA B BEAT IR AN T4k, 52 D0 AL B A 755 R ARG I 132 P £ RUASE RE 0% AN BT 812 v
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3 UAIR EZ2

TEARTT, BATE IR UAIR W5 AN, JFA40 UAIR WHHESL R OG5 X 5 3 R AF
3.1 AR

LT SAT MRS I T i mp, 200 275 31 SAT K AR %% IR 0] () A AT i 2 4%, 1A Al AL A% 205 118 BT
T4 ZWE o A — 381 ek, BT WL E A SAT SRR AR R A T 5l A% Sk 14 45 h by 3 R AR
X, JEET XML X IAT 22 & EIE A A 2 2 EAR . 2T L R B, 18 9] 7 5 A8 SCH H i mT
IEPE A HT T AT M. R R B S5-I 8 T, B AR R AOIR AR A AN R A% 24 i ORI R A IR A 7 1.

R

'ﬁ%iz‘?ﬁﬁfcc

K5 UAIR J7iEMEN 1

TSy
REZE Jf9l: I->n—>bad

Bad”¥[A]
Ui ™

Bl 6 UAIR J7i:Mt 2
RS ] Rk et AR AR

Bad*3|H]

& 7 UAIR J7 MR 3
R FAAA %%ifé@
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B4t H AR A A AT URIRAS 1 H R 5 7T ARG RS B bad RS, B 5 1, BATTUA bad Jy H bR, HeTAT]
Wi A RZH I 3k 22 e AR RS — B aTIE AL C PR n, Hon WL — DB 2 bad R3S, #HK, Bln
N H AR, DA R 5 A 1A G2 AaT DUEAS B n, 32— AN H R

wiE 6 Pros, FM TR RGEEE T2 LI 2 n, WREWI 1 H R A7 AR — S5 AR T LU % 2038 S 1k i 1
A, RN R GEA 2 4 HARE — A Rl 2RI MRS 1k, W2 s T2 B ERE o,
el — PR B3 e R P I bad AR,

WiE 7 fros, FHMAIIRAIRE 1k, @3 T2 R R n, HAEWAUEY] n 2 T 1R A TIEIPIRE (1%
REFR AL — AN n 12 AR, X T HEAS bad 75 AR LI &A% 22 AR AR ), WIASTHE 7 155 R
DUIRZ5 Gl 1ok 32 22 A AR ORI BL). QR 2IE 8 iRy, di T Mg 2 ALK C ik, ATEBIRESERT
n ZH0N7E, Hon BEBHERAESE, LR E] C A 2 AER, IEW RS %4, MARIEIRE 1 ik
AF]IE bad 7% [H).

9 R MMBIH, Forb, 50, 51, 52, 53, 54 AMHTUAIRES 50 AL R TIEKPRES, T 55, s6, 57, 55 72 1] LLEE
e 23k fe 2 Vi P(H) bad) AR

[1]
C=1{=235}{.}.. ® So = Ss?
— So 7 Ss
get Cy

@ @ So S152 53 So = S¢?

] S4 S7 S8 S0 = Sg
® -

4]
SAT(CAC; ACoAT A=CY)
@ - @ NP = false
W bad RELE!

:

Kl 9 UAIR J7 ¥Rl

AV BRI A AT, KA ER T —DNEWA bad WiEEZ2AEX C, COEZA UC, W
{-23,5} 4%, HE X R—NRE )PS50 23 F105 AR AL 500 false F true, MIEARS AT REAE—2
Z R bad. 1EMLZER T, (RE ALK C AT DEITVIRE so, 515 52, 53, 54, 57, sg BT AEN.

A C R, SR C TAEERE 57 BEBERE BI-C 1Y) 55, BRLLG, A WZR A 4058 AN s 2] 55 91T A
PE. SRR I 5o Bl ss DA, BB —ANEXS ss AAIZ ALK Cp. [, C) v LAE 5 S8 rh 4
R AL RG> A D B R R

GReeit C, RIL C FAFARE sp RBEHFE BIC 1 56, DRIUL, REIZR R J) 5 AN 5o 3 56 AT IE 1. 20 0d A
TR I 5o Bl s6 AL, BB —ADERT s RATER 2 2AEN G B, Cy AT LATE 5 A v 4 8 — A
LRI AV EIRE. B, CHEE A REL C M G IMATRT, XERASHILIERLE #-C, FHIt
BRI, CHE—NLEARL FOM TR AN REHTIEHE B R bad, ARG RN,

3.2 IIRHEZE

SR UL, 5 I BRI VA AR, UAIR S ] 3 2 AR A A BB AT R I, 6048 22 4 Pk AiF B AN
AN AR, FeATTAE T AN SAT S fift 2 (1 vl 3 2 4 40 rh R A DA Wi R A B e ik e A, Bl S,
Rt FE b, DL A ) 5 g g e 2 AL A, BRI AR, IFH RS A, SERE—A R4
R R A4, AL, XA TE T DA SARBISA T B — A M E K Hh 7.

MATEEIR A TH 45, UATR £EAT I (67 [ B #4) 36 1 22 A AN AR5 BT A (¥ o R e, R PR AS ] 3 2 A A
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BHIE—LEB I P bad)FIRSESBRMBEAAE; R, 857 24 0k A o] LU 31 AR 28 502 A1)
KA. et B2, ERERE R B, 558 SR 2 A ARG, 5 22 A A AR UETE B N IR A 0 2 32
— A B P PR, (A BEAE AR A RS e Bk e AR 2 4. B 1% 2 A AR A SR 2 S A7
RE s FORES ny, o s B THRIE R 2AER, n D@ THEEZ2ARRK, s W — BB . 5 n 0 LL— D8
BR-P, BRMCRA n, DUHFE 7 XHWT 1R B R n. IR 1] LIRSS n, MR E)— S BRAR T LI 1 3
—P; AW, e FHBN 0 HERATRESRE LR BIAZ R LA, S, % RE 2 AL 22 A TR,
A LAE R R 45 1) e At
AR, BATIIN TR 2 AR R IS, BIHZA AR 2 nT DU o 5 22 (10 ol B2 ok — N B S AN
.
EXNREAFATARBIEREATR). S8 —Mi/RKITH RE Sys=(V,LT)R 240 P, TRAIFK Sys 1111
REFMES C—R—PMLEARTR, WEFBE LT 3 A
(1) I=C, BIWIEIRSEETE C B,
(2) CAT=P, Wi C TR G k#0052 P;
(3) CAT=C', Bl C T HIRASIN G 4kt #7E C .
B, BAIIR CA— Mgk R AR, e 2 &IOS
F—A Sys FHIRASES CESE PRI TR & S 1, BATHARWEC & T (Sys,P) 1% A (5L
i 3 22 AR AR ) KRR,
T 1. A8 MiRIEB RE Sys=(VL DA 2P P, Sys W62 P4 HAUCKAELE Sys P — MRS HES
C N (Sys,P)I) & a4
E A
o () HATEW: (a) C HEEGMVIIRIRS THRITAIERS; (b) C FINENRE s #E P, B
s=P. W5 A (a), R 1RO RIEAEG) AT LS B 458, W40 0b), e 1
FAFFIEAT Q)T LR S5 18, T4 AT @R ARb) B G, Ll Sys 2 P;
o (=) # Sys i P, MAETE—MIREES C, i (a) C S MWEIRES T HIRITE TR,
(b) C FIEAIRES s #WEL P OB L&) 41O CARNENX 1, ITEURIL, C—MTeAR

225K
E .
AR, WERBATREARE) AL AR, A2t ol LIEW] RS Sys sl &2 P 1. H— ok U, 2 A Il 2

AARAR Y 3ASAE T e AEE B, BT LABRATT T LA SE M A i e A AR AR X, A B IR G R e AR AR L ALk
M, AR DL EARE 2 AR e X, FRATTRT D4R B B 2.

EIR 2. 4hE— M RIEBRG Sys=(VL DR % 4R P, # C, N(Sys,P)HEIEAZLR, T C, H(Sys,Pr)
L ARAE I, KB C=P, 8L, TBA CinCy WA (Sys,P)R— MEk 2 A4 X

W BBV I=>CNC FI(CINC)AT=P' 4 C, 4 (Sys, PYRIMEIEAAE I, C, K (Sys,Py) A % A2 2 1 1y
PERERILAL. BTLL, CinCy 19 (Sys, P) i A A X

SEFL 2 R FRATT AT AR IE — AR R 1 2 AR AT, A R A REIL AR, X
R BT A ST A% 0 B

FEIGZOER). 48 MiKITB RS Sys=(V,L )44 1E T P, Sys Wi /& P24 HAL S A2 75— IR 11
REIFH C,,CiNCp,CINCINCs,...,C=CiNCoN...NC(nZ DR () C I ZERE; (b) C) M (Sys,PYHIMEEA
B Hic) CinCon...nCriy H(Sys,CinCon... NCHIMEIE AR (n-1=k=1).

PE A

o (&) BT CREAEAER, FrUME 1 HHET LI Sys AL P I

o () M Sys AL P I, BAIHE LR R A SR AL i 1 A% 3k 2 A AN AR S A
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(1) HEMiE C, REHL I=C M CAT=P AL, B C PIPRESEE — A k-P. e
ST, FAFNE Cy 5 — Mgk 2 4 AR
(2) EHAEFEARE WG dAE-P 1 BB C P REARE s WG, BALANIE G, e
WAL [=Cy Ml ConT=—t AT, B Co PR #GE — D ANHIE ¢ 9. M2 1, JARIIE C,
H (Sys, CHIRIE A, WA EE 2, "TLUEY CiNG, & (Sys,P)— Mikik % 2 A%, Jf H
CiNCy = /NT C 1, RA s BEAE CLHARELE C
(3) EEU LR, FATEh AT UK A 8 1% 0k 2 2 AR T, H R R &R 2 e A
TRL LD BT, BATORIE T %050 2 A AN AR P H1 R 7 A SR K, B BLE e 28— s 2 s A
Ak
NS 1 HARSEIL T AT 3 ik e A AR AN 2 A A AR S R
H % 1. UC-based Approximately Incremental Reachability (UAIR).
Input: 8 M Fle 4= M0 P;
Output: RGN %A ], 80H & R G %4
1:  function MAIN(M,bad)
2 inve—J
3 so<—1
4: t<—bad
5: bigCList« D /{7l D3R AT L AR
6 blockNList«D  /IFEAf K Af H 3RAF H 7] — D HRE B H AR ¢ KPR n
7 if CHECK(t,inv,0) then
8 return UNSAFE
9

: else
10: return SAFE
11: end if

12: end function

1: function BOOL CHECK(t,inv,depth)

2: block each n in blockNList in current solver, except ¢
3: add each C in bigCList to current solver

4: Copin—2

5. if TRYSOLVE(initState,t,Cy,yy) then /finitState: 4= J5y7% 5, K E % M f#HT
6: return True

7: else

8: while SAT(C,,,, AT A=C,,,,) do

9: n<ne—=Ceepp

10: if SAT(nATAt') then

11: inv2«J

12: block 7 in current solver

13: blockNList<blockNListUn

14: if CHECK(n,inv2,depth+1) then

15: return UNSAFE

16: else
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17: add each C not added in bigCList to current solver
18: block each n not blocked in blockNList in current solver, except ¢
19: end if

20: else

21: cucen [lluc K H SAT KA (U MiniSAT)

22: Clepin¢—Clepnic

23: end if

24: end while

25: bigCList«—bigCListUC jepy,

26: inv<=Cepi

27: return SAFE

28:  endif

29: end function

1:  function BOOL TRYSOLVE(s,t,C)
2: if SAT(sATAt") then

3: return True

4: else

5: C<UCES

6: C—Cuc

7: while SAT(sATA—C'") do

8: me«me—C

9: if TRYSOLVE(m,t,C) then
10: return True

11: end if

12: end while

13: return False

14:  endif

15: end function

NS TN

Main fEATRFIINE, Hod, bad & P IMEUR, 1 ZATUEIRAS. Check A TrySolve & 52 WIA 2T 2.

HET, TrySolve BREUMAE HLZ K 2 81 3 th TR (W IRAS Ci=1). ZREHR 3 NS4 B 14N 2
HROIRES, e HFRIRES, CRVEN TR IR E 2 AR, HEHE s B UL — DB ¢ 35 A0
2, W s PTL— PR ¢, IRE] true; BN, A SAT KARSS E B —NATIHE L c(bAb T BT 5035 A ok 44
TrySolve 155 25 1T), KR s TiEHEB R « MR, WARZ AR, T RE RS s TTU— S HBRK
RE m(me-C), 8 m ENFN s WH TrySolve IBVARME, Hlg m 215 nlik ((MLARKT N T F LT 3L TrySolve
B2 7-12 47): Zr R F2 rR A m, v IE ¢, W s ATk ¢, R[] true; 50, 3% |9 false F1 C.

Check BEUERII M TR, MR EMENREZEATARTEELE —ANEEALA EWHE 1S
B & HERIRAS, inv &2 so RANTTIE ¢ IR I 2 A, Chepn =& TG IR EE. {E Check i FEH 4
TrySolve IRE N true, WU so B ¢ WT0k, BRI T — 448, so B AT LIRS ¢ 4 TrySolve IR [FIF A
false, WIERTF—AMEILZ AL C, C P IAIRERLTE | P80 BHBIPRE ((MALXT R T Hk b sk
Check W3 5-8 47). BT C REiEZeAEX, UEHE-DHE C 2ELELEAEA, @i
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SAT(C iy AT A=Cpp) HPTAT LU C A HAE BN AN L C HPIRZS, B E IR s S I B A SR HoR
Ko 2 unsafe, WP C & 2R ALKT BT B3 1 AL Check 155 827 4T); 5 W), Kl 2138 /< P i P
PRRES, HAZRE M s R TIA.

IR 4(EERERMENTEM). Hik 1IRFE] SAFE 2 HACYELR M i 2% 5T P.

W fELU—P R HARIAAE C A gt B b, it TrySolve 1t FE v] LIRS BRI LA Ik ik %2 R C. 5
28, 18 C PR A RN 2 HA 22 AL X BPIRES s BRI B BINPIRES n, ne—C H SATmATA-P) W2, H
SE TR ALIL n: 25 113K n, BIRBI—DNRONEHRZE LA LN, HATIE, MEEE 2 5. AR R
TS 2 (1 2 AR SIS IR RS IN o (9D, RO 23 (B T RS 46 /S, FRARYE B BE 3, FRATTT LIS Bk A
BB RN IR, BUZIEH RE LA 4L
3.3 UVAIRH LA E

—/MEE L AAE K C, BRENVIEIRES T A E AR ¢ TREME. C e v, aSYIERE L i, C
A& PRSI TIEAE P2 NWEBE ¢ B TIXE —/MEEREAEN, C P RAERESREHREE C 2
A B, R RAT R H A C ZAMPIRS IR EEIAT R I. dE I TrySolve 1215 B (105 1 22 A AR 5
C, AT ULHF 5 S A it 72

ZhE—MRIE ALK ¢, HIEET Hbr e W, 5\ C R R C Z IR n, AN n it
THGE, BBl — 2B R (AN naATAt B A L). 5 n v L08R 3 ¢, WA naTAr & 0] i
SR, W CAZ H/i AR R ) 75 A AATURIRES T IR TIE o 35 n SR ATIAR), BU4REIT —4&864%, T HK,
AT HWIE 0, BEE D UERE ¢, IEHRFREAN LN,

T3 WAL AL (partial assignment optimization)®2, %FF check T HIRES n S, & n T LU—S R 0
br ¢, WIS4RS:0L n  HAREATAS I, DO, 2R AEXT n AT R AT 13 8] — AN RORVEH E K B n ZIhEEM
n, U RRAK I bR 0l 3

R R o AR A LAAh, ZER I AR b, FATIRIH T A AR b P 2 A4 B R BRI 2 AR, R
AR RAFM. Bk, P DESPEHIRE T 2R ¢, TwHHIEWMARE, W T H LA
EPPRSEAAT C WYEHz . Bk, W TRNEETRANEE N2 BN C, WITHTHALZ 24
AR A g 72

BARSEH R Ao Y ErHRiE 2 ALK C AT HAME RS, REARE m 7 UEBRRE n, Hrh,
meC H ne-C, J T BUK UMK I EE, # m Joik R 2 oAb A e ALK ¢, W 1K, m DER
ALK BN EER N 1 3 n R R rTIE . B AR I E IsSAT(CACIACA...ATA-C) AT AL, meC,
ne—C, A BRI AKX IsSSATUATATA. .. ATAR)SE T ]I AL .

4 TR

4.1 FEES

BAHE A FFIAEE S AT S0, VRS 3L T2k B 2015 450 2017 SRR 4B 4G Lk 28 (HWMCC 2015
A HWMCC 2017)15 Aiger™% K] 749 N IEHE, S22 4 MEEAT R 749 AN IEAELL S 2015 4 F 2017 4F L 2%
FIFTH S0, 2015 SEF1 2017 - HWMCC 354%2 )5 1) 2019 A1 2020 4 55 S 4848 F 10 /2 Aiger Fi#gal,
B, ARE TR AR SCREA T, 45 RS2, B LA/ 53 18 S0 Bl 8 A LBk X1 AIGER
PR IR A 2015 4F 2 2017 4F [F 367,

ELTHJ7, BATELW T _ESC R 7%, N, LLic3-ref, pdr, imc, forward-car Fl backward-car 1f Jy
AL (VA S

AT A PA T — R BRATTI7 VR 0 SR AR G T ISR 3 — & AT )5 1k e 45 SR A th LAt LA 7
TSR AR R I . kb g By T, BATT LA A 3 B I B A A o 2, HAA R A AT 4 R
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HR I IEHI.
S a5 o5, BT SEBL T L U5 I AR UAIR) BT H I BT &0 C 4 45 58 = T 26,
T SEIG AR AR SR RE AR 190 STHEL A, MLARIETL ) SUGON, BANTT sS4l A7 2 i 64 47 Intel Xeon Gold
6130 CPU, E4ik 2.1 GHz. #i CPU 4 16 #, WAFZ:74 % DDR4, 8x16 GB.
SR L H A T s AT A A A S BN 1.
) B e U] (I = R =A% S

TH HIk Mie B 2 5
ABC PDR (ABC-pdr) -c ‘pdr’
ABC IMC (ABC-int) -c ‘int’
Ic3-ref 1C3 (ic3-ref) -b
. Forward CAR (-f-m-pr-d-pa) -f -muc -propagate -dead -partial
SimpleCar Backward CAR (-b-m-pr) -b -muc -propagate

4.2 KWER
AT EIEX AR VRIS AT ) SR AR R BT 40 b AR B
A LIRSEI AL, BATR BZATNIACN 1 h, ®EESITHELIN N, R4 F i 10 fros.
200
180
w
140
120
100
80
60
40
20
0

SR fif

0 500 1000 1500 2000 2500 3000 3500
IBATIN ] (s)

K 10 UAIR Kfif 45 R

B 10 /T #E 1 h N, 49 749 D261, UAIR AT DR AR H 179 A~240. 179 A 2407 i1 K84y, UAIR
HRAE AR I IA) P SR AR B &5 B, 31X 179 AN 4045 Ik 2.
# 2 UAIR 52645 B

Method Unsafe Safe  Total Num  Total time (s)
UAIR 62 117 179 3 520.62

4.3 LI LEE LW

T VRAL UAIR (A7 200, JATHEFT T LUR )8 UAIR 5 J0AR T vEAR L, KA 0% R SK A fig i
AT RAEIXA B 45 R, BT UAIR 5 SAd AT (4 5 BERURL N 7 0B 4T T X ESE e, BLUAIR o
1, AR AT VEAR R HAt 7 15 REWS 22 M Y A SE B KL, S ATIN ] R RE D 1 h, SEB6 45 R MK 3.

F 3 UAIR 5ATHAF 5 BRI 7 v fe Lh AR

Method Unsafe Safe
UAIR 62 117
Backward-car -1 -8
Forward-car -4 -3
Ic3-ref -1 -3
Pdr -3 -3
Ime -2 —6

k3 pios:
e 5 backward-car LY, 77 1 /> Unsafe £1 8 4> Safe Z & FTo vk K gt in UAIR 7] LU HL 11T
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e 5 forward-car Al b, UAIR g% B sR fi# 1Y 4 4> Unsafe F1 3 4> Safe ZEH1;

o 51C3 Mitk, 7 1 A Unsafe il 3 4 Safe 241 Jit ILIE7L R M 110 UAIR 7 LUf# w19

o 5 PDR MILL, UAIR fEfS AR % 1 3 4 Unsafe M1 3 /> Safe ZE4;

e 5 IMC ML, 4 2 4> Unsafe Fll 6 4~ Safe Z4 & H IC vk K i1 UAIR A] DASE ¥k 1.

M BT g ST DUG e RNX S RIS A LEE SR 5 VA LG, UAIR TG 5 WA 75 vE AR Lo #A MuRE
REfE Rt I 2. AR — AN 5 vE, KRR &5 R IR

11 [ BT UAIR Al LA 7575 1 2 56 45 1.

450

400

350

300

i 250

¥ 200

h

150

100

50

0
500 1000 1500 2000 2500 3000 3500
BATIT] (s)

(=]

——backward-car —— forward-car ABC-imc ABC-pdr ——ic3-ref ——UAIR
Bl 11 & 78 AT 45 S nl TE] 14

W 11 Fios: 8T SRR S48 (13 1 5 T, UAIR 5 HoAts J7 vk R B, S gkt 3 7 R

FEISAT 1 h FTRAR S0, 47 3 A UAIR 1SR i S 090 & FoAth JL AN GRAT T 2 76 AR [ I ) Py 30 072 SR At H &5
B, AT I LA R BIHEAT T 5 #7

X 3 ANEBELER LS, il EE 24, 28, 28 NMEIAERS, A ZEAE N 149, 143, 148, W HLE
FIALT-HE A e, AL REO TR A R e ETABER, HASIEEE L, bk mae ) b, M
T AEARR SR AR H I JUAS S8, 10 55 B 5 00 & GV A TR I TR A i

TIE T H SR B X 3 AN R AIE G R 2 A AR S C RORERE AP, DR AR ) K BRI )
WIAIR P SAT SREEIR A O i EAZ T E 85, BB EANT R, et i 3 e -P MRERFK
A WG EHE D HE I SRR FE B B bad WIRFS BEUE D, DRI REAS B SRS 5E A .

AN, ASCH IS T AT AL R R A R R A 25 1), 1 AR T8 A7 6 TR S IR R A AR A 25 ],
TGRSR AR TR B, SAT K AR 2% IR B R T 2 R R VP 2 RS, REOREAHE T MRE, R #
2 H PR BRI 2523 18] T PR S AT IE P [ Jsl 2R RS R b, A7 iksRki & sk, FIH
T UCHEMER, DHUC HAeA & KBRS M. KT UC SKSEBLRIIL #E, UC BT e 55 IR A % TR
R, AT fE 2 M o A D 23 0], R A IAPERFAE (KBRS I ST DR 11T SAT(Cpppy AT A—Clypy) 1L FESE NP
BRI R, AlIE—P (PR . =P {7 0 R 2R 1) B AR 350 0 IR W00 B B, 5 D 2 A R N ) /6
BRI 2 AR 2 b, DR A A T 1 48 R 1 o R e K IR S MDA RS H R AN mT k. it T AR B A K FIR S
ANHLIE P SR [ R B L 22 (W 281, AR 53 mT REANIE £ SR M. DR X R oL, A5 SR AN AT 6 A2 1, SAT
SRAEHIREIY) UC 2 o6 MPRASE D, JeRaWBAK; 54k, FRA P aE-P MRS Z, Siff ek 2 Al
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P PR T ISR B K B 2, B KRN TIZE T . B 07 IR b, ] A Iy ok & LR AT,
SR AR o, Bl T % bt p 77 2 00 UATR, SH PR 2R A2 1] 450 L I e R U g,
AT UL AL T X H 3 7.
S B8 A ARAR AL T 5 %8 L 45 SRt ) 12 .

200

180

160 /7
w140 /—’r
b 12
& 0
® 100

80

60

40

20

0

0 500 1000 1500 2000 2500 30001 3500
BATIIA] (s)
— R A A e I 5 i A A
Bl 12 8 IR 23 AR DL AGTHT J5 X B

Wk 12 Fros: AR FREAK S, UAIR £E 1 h w] DORAR IR ECE Y 179, 1A D 2> iEPEAL I 2 160, KAk
HOR R L 12%, JF HORMPHEEA Proe e, U A2 — N R e 7.

g b, ARTTEEFRE T AW R A 1A%k 2 AR SOF AT IR SAG N, AL ILAt T3, UAIR AN 28 50fF
itk A, LEBARMA UC RS 2 AR IR 2 R SO e s, 5 BhdE AT 2e e PRk A A
ZAMERN. AF NPTk, ML D2k 2 F L BRI TE L, R B IR AR R 5 Ak
FAITIEIIC3, CAR S5 AH HLIR A7 7E — @ BE A, AHAUIT 0, R ALAS U Uk B AT doc I 1) 7k, UAIR KA RH B
T, RSB HBCR AR NIRRT — 52, IF H AR KA th 3N AT S8 T0 R A 521, 10 6 - AN vl g e A% 14
AR HT AT VR 2 TR A0, AT R IR R e 5t

5 2 %

n» =

DU R I T i, ANTTI0 A2 A% 20 A D SR A ISR AR 4 R WO, AR B H FEIER, HEAR
T8 AL A% PR 825 5 A 2 S A DR B A I S AR AL P — 8 0 SRAZ . AEASC R, FRATTHR T 55 T AN AT
RERZVL T PRI S35 AT VAR RT T SRR 53R [0 1R AN T 3 A A KA 6, Gl AN AT A2 A A 3 Mk e 22 4 A
AR, FAE G R R AN T SO ki 2 A AN AR HORSE DL & A PEIE IR I 71 9, Beut SR . AR Bl
B 753k, ARSI P U TR IO ROR, 5 v B v 10 SRR A MR Atk B2 AR AN, I ELAR [R) T 1) P9
KA 3 AN AR B iR I S0, R T A TRk AT Rk, B T A AN T A A P A 4R
SRR PN RT LA AR 2L PR FR (K S 3l 7R O B B R R S AR B AT TR R LE, BUE T A SCHR
TR EATAR DT (K By 55 A0 5 B B AL AR R VR AEAS 7 98 R B it b BEAT 5 2 (R e, I N BE 22 0 S A S L
KPtl, R 45 FAl 5 iR 2R DS B AP I 8OR, AR AEE P ORINJE 2 TR, UAIR wf LU | £ 48 i 2L
M TTIEI LR R I, AT i m] AR D BRI T BARARAT O (PR 4 78
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