¥ 33 % A3 it " HL =2 Eire Vol. 33 No. 3
2010 4 3 A CHINESE JOURNAL OF COMPUTERS Mar. 2010

ETHIERERSHRD—MAAHEFAKRBEX
kAR LEF FER

CHE B B2 BOR R AL KY 410073)

WO RN R A BN TR 23 M 5 36 A A 2 U B AT AR 2 B S N A (L TR D AR T
62 T2 SURB A5 23 SUAS AT i 2 A AL PR 4 (R A ) it 8 L 6 Iy 1o T 4B Jek A B 3l o T R G B G 7 R 9 R 2
V52 A58 20 BC PR A B 2% 1 . S AP B A A/ — B S Tl 2 XA SR 1) AL B T A R 2 & [ b FUAE o 5 390 ) T 3K 4 AR
BOEE IFIE T AT L F RS HIEA SR Z MR, T T H MR R R THT h R0 5624 & A
AN B AL R T ORISR T RS T 4SBT ECEOR LR R AE AR, B R S Y AT R R L R
EHEAT T LR G5 SRR W] SOP Mk B3 I T IR AR a1 Rk OF HLBEHR 0 U 2 3 PERE DL 5 T W 2.

KW — BB AT R BIEE ) 8 BN ] T2 T R I A IR 2
b B %S ES TP302 DOI S . 10.3724/SP. J. 1016. 2010. 00415

An Algorithm for Extracting Minimal Unsatisfiable Subformulae in
First-Order Logic Based on Refutation Implication

ZHANG Jian-Min SHEN Sheng-Yu LI Si-Kun

(School of Computer, National University of Defense Technology, Changsha 410073)

Abstract  Explaining the causes of infeasibility of formulae has theoretical and practical applica-
tions in various fields, such as software verification and analysis. A minimal unsatisfiable subfor-
mula can provide a succinct explanation of infeasibility, and help automatic tools to rapidly locate
the errors, and determine the underlying reasons for the failure. The authors introduce the defi-
nition of refutation implication graph and its forward and backward reachable vertices, and the re-
lationship between the minimal unsatisfiable subformulae and the refutation implication graph.
Based on the relationship, the authors propose an algorithm based on conflict analysis and refuta-
tion implication, in which a technique called refutation implication graph pruning is implemented.
The experimental results on practical benchmarks show that the proposed algorithm outperforms
the depth-first search algorithm. While the formulae are becoming more complex, the algorithm

is much faster than the depth-first search algorithm.

Keywords first-order formula; satisfiability modulo theories (SMT); minimal unsatisfiable sub-

formulae; resolution refutation; refutation implication graph
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Competition 2007 Il 2 5 1 Sy JE v P 3L 1] 45 5 SMT
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BSF CAV 23 g%t SMT R i g8 #E 17 1 e 17 £k
5535 €00 M XA o T A A SRR IR T SE bR iy L
ML T A g A R B T R A S
WEZ6 & 1 5% CARI-MUSE 5 3% J2 L e 48 R 57
DFS-MUSE #47 1 % H 5 40 8. — 38 09 5 A #F 2
SMT-LIB # A A= B a7 35 & 2. 5GHz

i) Athlon x 2 CPU, NfE 2GB, #:/E &4l Linux
HLEE.

KA /N SMT A a] 3 2 320 CARI-MUSE
FR A C++ 5 STL SE3i. 5503k A A X m] i 2 1
Rl 3k A2 3 F — A FF IR ) SMT R #8 ArgoLib®,
BT DPLLCT) 5k . H HT S HF 09 3 0 Blf 45 46
PEF AR (LRA/LIA) 5 22 4y % # (RDL/IDL). ¥ f
AL B AT B R AR B B O 1800s. R 1 4 T
CARI-MUSE #.y: 5 DFS-MUSE % 3 5t F 9 i 42
W15 AN R SR 5 R R 2 BIEE
AN & AR TGS 3 B RR AT
ARG5S 4.5 B4 T SR iR SMT R A il 2
F 8 3 (Lemma Lifting + AMUSE) V% {14 2% 5 55
AR B AT ) 3 B AN PR UEAS T R K AR
ANPEL B 6.7 B 43 ) 0 IR A A 1 &R BB (DES-
MUSE) iz 17 B 6] 55 B 32 U /N AS 7T il 2 X4
F YRI5 8.9 H 43 il S B A vh 5 4 B 5 A IE
ERE A F A SRR g i) 55 %
CARI-MUSE 55 B AT I )X LY 5 55 f5 — 91 A B A
5 5g4 CARI-MUSE 53545 2 i /N A T 15 2 -2
M. R T A B 1T B [ RS2 DL s B q.

% 1 CARI 5 DFS B34 7 SMT Wit 8 F ORI 45

B L S ;;L}/j_{t Zkﬁ? unsat cori[m]” : DFS- MUSE: § ‘ CAIFI*MUSE _

AR mbE /s SESUEABC BE/s SRR BEE /s A 2/s SEAUEAIR
bad_echos_ascend. base 58 259 1.82 115 5.18 11 4. 89 4. 62 11
sc_init_frame_gap. base 58 265 1.78 119 5.11 13 4. 84 4.58 13
good_frame_update. induction 89 439 8.58 208 29. 00 161 25.67 23.21 161
good_frame_update. base 89 467 20. 56 402 72.81 311 60. 03 54. 65 311
windowreal-safe2-2 37 404 0. 44 279 0.73 188 0.68 0.67 188
windowreal-safe-2 37 411 0. 45 286 0.75 195 0. 70 0. 68 195
Ipsat-goal-1 83 1345 0. 80 192 1. 67 17 1.58 1. 50 17
Ipsat-goal-2 142 2650 5.52 1693 12. 30 1283 11. 60 10.72 1283
Ipsat-goal-3 201 3955 18. 35 2968 43. 47 2548 38.22 33.09 2548
windowreal-no_t_deadlock-15 219 2933 45. 20 2198 176. 96 1351 148. 64 130. 96 1351
windowreal-no_t_deadlock-16 233 3128 52. 36 2342 208.13 1441 173.09 151. 90 1441
windowreal-no_t_deadlock-17 247 3323 73.11 2485 293. 38 1531 245. 61 211. 33 1531
windowreal-no_t_deadlock-18 261 3519 85.02 2627 347. 24 1622 288. 68 246. 48 1622
windowreal-no_t_deadlock-19 275 3714 112. 57 2764 463.78 1712 381. 24 324. 64 1712
windowreal-no_t_deadlock-20 289 3909 715. 20 2897 547. 44 1802 440. 80 372.95 1802

4 458 T CARI-MUSE & 5 DFS-MUSE
T SMT Competition 2007 Wi 4 i 4 20
SN 0 SR S0 2 2R b R Al B Bl 3R RS 4 X
JIT A, ) ) 8 T A AL s B e s SRR (R s AT I ]
FARLA s BB T 2% it 2 0] 6 on CART-MUSE
k5 DFS-MUSE 553 B 2> 2C i 25 70 50 1 i iz
T E A Ak 3, /] 4 (a) 234 T inf-bakery-mutex
I3 A A €0 55 A ) 030 B2 65~ 10535

4(b) ¥t i F windowreal-no_t_deadlock i 4 ,
FEs A0 55 B ) B9 2 203 ~39085 18] 4(e) &
BT pursuit-safety M4 L 2 3080 B0 S8 H 2
113~1763 ;71 & 4(d) MK 4 J& gasburner-prop3,
Ho e A B0 B 2 28~522.

@ Maric F, Janicic P. ArgoLib user manual. http://www.
matf. bg. ac. yu/~ janicic/argo/ArgolLib/Doc/argo _ man.
pdf, 2007
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sfiable subformulae from propositional and first-order formu-
lae can provide a succinct explanation of infeasibility, and de-
termine the underlying reasons for the failure. There have
been many different contributions to research on finding un-
satisfiable Boolean subformulae, mostly based on SAT solv-
ers. However little attention has been concentrated on ex-
traction of unsatisfiable subformulae in Satisfiability Modulo
Theories. This work belongs to part of error diagnosis and
localization, and focuses on proposing a new algorithm to de-

riving minimal unsatisfiable subformulae in SMT based on

conflict analysis and refutation implication.



