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Efficient Program Verification Methods Based on Large Language Models

KANG Ke, YIN Liangze' , DONG Wei
College of Computer Science and Technology, National University of Defense Technology, Changsha 410003, Hunan, China

Abstract: As software systems grow in scale and complexity, traditional program verification faces severe challenges in efficiency
and reliability. Although formal verification provides rigorous correctness guarantees, it often suffers from technical bottlenecks
such as state—space explosion when handling large—scale programs. To address this limitation, this paper proposes two efficient
LLM-based program methods: data—scale optimization and counterexample generation. The former analyzes the relationship
between program semantics and data scale, reduces verification scale while preserving semantic logic, and uses data—flow slicing
to ensure reliability. The latter constructs potential counterexamples with an LLM and validates them through testing. Further-
more, this paper builds a parallel verification framework integrating LLLMs and traditional verification tools, executing the two
methods and the baseline tool concurrently and adopting the earliest validated result. Experiments on the SV-COMP benchmark
show that the proposed methods and framework improve task coverage and resource efficiency while maintaining high verification
accuracy, providing an effective solution for intelligent program verification.
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Fig.1 Process of data scale optimization
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Table 1 Prompts for data scale optimization
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Fig.2 Process of counterexample generation
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Table 2 Prompts for counterexample generation
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Fig. 3 Efficient program verification framework based on LLM
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Table 3 Overall verification results of the experimental framework and traditional verification tool
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Table 4 Overall accuracy comparison of different methods
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Table 5 Cross—model comparison and temperature parameter sensitivity analysis
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Table 6 Comparison between the experimental framework and verification tools in data scale optimization
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Table 7 Comparison between the framework and verification tools in counterexample generation

ik fEor e ol IERREE LLMARIEF XA /s P H 1] /s TN/ MB
J M1 A 1 3043 931 895 22.14 23.55 10.41
CBMC 3043 271 270 — 104. 57 4484.49

T =" FRR IR B BB s R bR AN TE A R R BEAT ST

i — 2043 B 36 A~ T A7 1E B il e 1) 2R D A1)
B, R A W A R R 25 E RN E W R Y. 5
— & IR 52 B TG Bk B R AE SR B 3 T B BB R A Dy
FEAEGRRG . FELLAE 60T , LLM Al G815 il 42 ol 2w
S 2o S5 T B0 A A 8] G 1k TR S B A
A7 v fish & W 75 R, BB R R Y SE PR A AE B G
1H 52 91 48 % oA B A 2 A8 3 A R A BRI AR AR
1152 2 A0 A A B R BPE MRS Al AR ORI A
Ko Tioh IR TERE S b I 3 FRiC o Tk A
(B H: unreach—call {F: 55 B0 UE 45 S 0 ok B ) B9 F2 )7 5
TE A A V6T ik SE A8 7 A A7 7 Sk b 3 A=
BT X R AR A . S SR TR AT Y
[ RE  I K Se VS = oO  A 05 R 1 TR
OB TIHGRFWZOER ., B 5@ RT
e R Ak K /N 100 000 (804 @, b7 38 1 3 5
VBB o 1 I B0 P D AR AT LR TR R . AE
B ER A 2 T 0, W 150 AR 45 ali D
BOH A ARE GG, kWA D) . TR R G R
JP IR R TR A AT R B N TR E R A
KT55 T kB LR, 4 900 Tk 2R W 00 fih 4 85 1% o

O R TR R S8 R N B T R WA 5 S 2k
PR A i IRV o A AR T A6 7 ¥ 2 i iz
FRIFAT AT HES I AR50 ¢« RO PR 2 AR

A i—1)Xi

a[i]=2m=< 5

m=0

1. int N = 100000; 1. int main()
2. int main() 2.4
3.{ ’

3. long double x = 1.0/7.0;

4. inti;

5. intj=0; 4. longlongres =0;

6. int k=0; 5.

7. inta[N]; 6. for(inti=1;x1=0; i++)

8. for(i=0;i<N;i++){ 7. {
9 Mat xrand(]; 8. res+= ((int)(x * 10) % 10) * (i * 10);

10. if(x) break; )
11.  alil=; 9. x=(x*10)-(int) x * 10;

12, j=j+i; 10. }

13.  k=k-i; 11.

14, } 12. assert(res == 67050);

15. for(int I=1;/<i;l++) : - .

16. assert(a[l]>=k); 13. return 0;

17. return0; 14.}

18.} 15

(a) HEHG ) DR (b) ¥ R A SIS UE R 11

K5 SV-COMP Juii 2 7 b Uil i ig 1 B
Fig. 5 Defect identification in defect—free programs
of SV-COMP

= (i—1)xi

H kz—lzomz—iz
AN R B o TR T R I IR AR
il , W assert(a [ 1= £)fE AT . (HEPRFR
FEARAT I, A8 o RN £ 35 0T BB & A ik R Bk I &ME
h— 704 982 704, 1 KL 4l a F 4y o€ K L RN T
—704 982 704, XM A TE 100 000 R AL, R 53
LT 2B a [ )<<k, T fih & Bl BE o 3k X6 28 4
A0 AR P AL ™ B R, P RE S BURR IT AT N R E
X1 5(b)AS 5 B ATL IR AW 1 A2 5, AR S 125 0 ok
FHI A ) J7 25 ok B E AR P o it 25 2R R res (1 26
fE & 56 430, A~ W 2 5 iF JB M assert(res =
= 67050 ), MANEAETES =D RLFT , BHEHLHY



458 UK 224 (22 i)

o572 %

B A A A5 0 TRl e B2 B 45 R J 1k AN Bar o

4 BFRME

AR SCHE T LLM 088 7 50 0F 7 ik 5 HE 4
152 50 VAL o 2 5T T IR A — R
G THESRBF IR T RS mE R
i 2] (4 IR 2 2 R) AR B 0 O 1 (7] 0, (32 1 A S B
N AT SR A AR A T R PR 82 T R 17 50 W
4.1 LXRMAHEMH

S8 LLM 76 2 7 B i 5 2 48 4 1 07 1 5 90
B EE ), AH AR R Y B R AT 55 TS AS 1Tk A b 2
PRI L]0 . BT HARE AT,
2P 565 1 % 4 2 040 RS ff 1k 5 — SRoPE R AR
A B A R TR R 25 SR — B B 22, T RE LR
M 6 iE 45 12 1 7T HE 1

MEIIE X F, LLM 7 #8750 0E 7 5 i 4]
B EEO] S NI L] v S5 LTSRS . BSR4
i A5 AE 43 A7 AR T 45 48 R OC R I AR L T AN A
B S BRAR  A5 R  r Ta) 25 S 9] o D AR T A R
PE] o O O A7 7 1 48 o) B A8 Bl SO A G R, DT
HIAR T Y s R T 4508 . 2R 4006 38 U
T A A T A5 A8 (%) PR A A 1 AR DG Pk iy A =X
SR TR B e R T s B 458 R e Y

T SCLT 56 ) 3 R AR R X R T 2 A Y
Bl b, B E PR AR i AR R T Y
BRI, B AT RE AR OB A A BB AR T
AN ST HE B A5 38 DA T 15 ) OB R O 0 e A
HARAR A A F LLM it = w56k 198 i S, Ho Ak
P AR IC R IR 5 R ) LS HAT AT o — 3

(RO N A T NS G R U R BN S
Frama—C (19 £ 48 W Y1 7 B i) 43 Hr 55 00 3K AL ) )
LLM i 47 RGEVEAL S 7 — & B 28 1 4]
BT B UE 2 RS . SR, 1R W R T R
Jo i UE 5 R R AR AR b3 BR 4068 1 7 AR A
W AE W il 2 A% R T 3 5 R AT AT AR A R AN 09 A A
T .

4.2 BREMEESENEZRERRE

AT W T B A 3 ) AR R A
KA () 7 Y 30 TE AT 55, 76 3% ARG [ Y, dd ik
LIM#T W AMB)ITHE Lo, 8 A%k TF
Frama—C (%8048 3 Y1 v 5z 1) 23 B 5 IS AL, ml LA
E DR TE 55 91E 235 2R 5 1E B 8 09 [a] 1), A7 2404 T 40 TR AL
B, BRI, YRR Y AT IR — 20 K, B A R 4
OINCEIN E =R/ OW & & (S SE =i - N

LLM f73Hr i B A< B n] G il 1 RE ST, DA 1 5 22
36 UE L e A

S A R B R 0 AT 55 IR R TR
J A0 52 2R LR T 25 I 40 M SR I T A 2808 1 Y
T HR o I LAAS SC O 326 7 T Xk 45 R 5 3 52 2% B0 S i
JESZZRR PP I AT o MR SRS A0 AR T e O IR
Oy SR 2 BE AR AL, LAE— 25 4 Thad I
4.3 HERAEIREMBERK

TE T 5 RA 7 T, A ST AR T — M5 o
Mr e Az R LLM e S o 32 3 ol i 7 5 ik
VAR ) 4 B B Ay 2R AT BN T80 13 S S5
BT, e SR A R TR Sy R R E BB BT
SCHEly T U /D A HE B SR W AR 3 BT
B P WA e B4 T B T A L[] 7 R A
RETE— € 2 B ZBR T LLM B3 AR

TESE bR Tolk 375 5t b, LLM B4 98 T RAR 15 4f 2 S
I8 AT BB X 5 S A B 85 R R MR B 3 A 56 E I
R AN U o BRI T Y 22 U AR 15 B A
i B9 token Bk 52 IE A SC, JE b A i token %l i T i
o SR B BEAT AT R o AN, AR SCTE 36 IR I AR
HrZEOR LM X2 Jy 2E 47 88 00 TF 40 049 00 36 20 B, i
T Ji 22 B0 LRSS IE A B8R 9] A v, AL LLM Hag
H R I A AT A R, DT I 2 AR 5 3 T A A
B o SR, BT A token Hf b 2504 5 1 50 UE
TP AR B, Y R 7 MBS R m 46 A R I A
token K A7) AT BE AR B M AR Y ORI

BeAh, Tl AR R G B 28 F RGBT
K TR IAT U E I8 RGP AL B AR RRE X 2
FORE G N T AT O A i SO M e X
LLM 59 4f B 6 71 LA KA 3046 56 Uk T H /9 4k 2 fig
P Hh R g BEOR o Qe £ O TR 56 I E 5 1k A TR i
— A AR B R A R R T T A TE R A TR
T R IE NS AT A AT R AR SO AR TR
F T2 G B O A Bk

A S X AR G2 R W R AR R MR AR P B 2
AR 23 [R] R X5 Wi B9 TR AL, 2 1 T Bt LR AL S
JAG) A B Al RS T LLM R 56 TIE 3 58 05 vk O b
TRlE LLM 5550k TR IFAT S e pE 48 . 52
B A R R G — IR ST XS RE S B
B2 1o 56 UE AT 55 19 A DR KICHE: | IR AR F- 35 56 GE 1 1] 55
A7 T4, () I O 455 5 e 1) 06 RV A R %A R
B, LM 5 1 0 B S e v A9 3 SO0 Hr 5 o 3 2



o 4

BE B A BE T ORI ALY R AR e SIE T T 459

[ = ST ==X (S R VAL a1 R B U] N ¢
G2 U BN 7R L o v 1o W = NS 51 W T
LA $5 T 25503 1 () Asf 348 5 060 1E 45 8 179 T o

5O R 0 T 2 820 LLM #E 2 1
5 AH B, A ST B AR ARTE T LLM Y 3 &k =X
HESBE ) 5 AR g e AL I 45 5, TE A% 26 2E B 3]
25 WAL I 1 A PR R R o % B O RE AL AR )T IR
PRI T — e I e 5 AT (R R Y SE R AR, X Ak 3
B G IR LL K AT R RIS AR S A — o L
VINIERS

A SCTr ATy 3 25l T A AT 3k M R A0 1
2 VI IE AT 55, XF no-overflow . termination L1 &
I R E B PR AR 55 0 SRR R A BR o R SR AT i —
B RLLM 5 2K 5 0F )5 b B IF 28R &k
W I HLH 25 G, DU THIE Q7 &2 2% TR 3 5t v
3 S A

S % Uk -

[1] SELIGMAN E, SCHUBERT T, KUMAR M V A. Formal
Verification: An Essential Toolkit for Modern VLSI Design
[M]. San Diego: Academic Press, 2015.

[2] TIHANYI N, CHARALAMBOUS Y, JAIN R, et al.
A new era in software security: Towards self-healing soft-
ware via large language models and formal verification
[C1//2025 IEEE/ACM
Automation of Software Test (AST). New York: IEEE
Press, 2025: 136-147. DOI: 10.1109/AST66626.2025.
00020.

[3] TER BEEK M H, CHAPMAN R, CLEAVELAND R,
et al. Formal methods in industry [J]. Formal Aspects of
Computing, 2024, 37(1): 1-38. DOI:10.1145/3689374.

[4] BASILE D, TER BEEK M H, FERRARI A, e al. Ex-
ploring the ERTMS/ETCS full moving block specification :

International Conference on

An experience with formal methods|[J]. International Journal
on Software Tools for Technology Transfer, 2022, 24(3) :
351-370. DOI:10.1007/s10009-022-00653-3.

[5] RAJABLI N, FLAMMINI F, NARDONE R, ez al.
Software verification and validation of safe autonomous
cars: A systematic literature review [J]. IEEE Access,
2021, 9. 4797-4819. DOI: 10.1109/ACCESS. 2020.
3048047.

[6] CONTIM, DONADEL D, TURRIN F. A survey on in-
dustrial control system testbeds and datasets for security
research[J]. IEEE Communications Surveys & Tutorials,
2021, 23(4) : 2248-2294. DOI1:10.1109/COMST.2021.
3094360.

[7] CLARKE E, BIERE A, RAIMI R, et al. Bounded model

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[16]

[17]

[18]

[19]

checking using satisfiability solving[J]. Formal Methods in
System Design, 2001, 19 (1) : 7-34. DOI: 10.1023/A:
1011276507260.

LYU M R, RAY B, ROYCHOUDHURY A, et al.
Automatic programming: Large language models and be-
yond [J]. ACM Transactions on Software Engineering
and Methodology, 2025, 34(5) : 1-33. DOI: 10.1145/
3708519.

SEVENHUISEN M. Effectiveness of large language models
to generate formally verified C code[ D . Stockholm: KTH
Royal Institute of Technology, 2024.

LIU J W, XIA CS, WANG Y Y, et al. Is your code
generated by ChatGPT really correct? rigorous evalua-
tion of large language models for code generation [EB/
OL]. 2023: arXiv: 2305.01210. https://arxiv. org/abs/
2305.01210.

LIUY, TANTITHAMTHAVORN C, LIU Y H, ez al.
On the reliability and explainability of language models for
program generation [J]. ACM Transactions on Software
Engineering and Methodology, 2024, 33 (5) : 1-26.
DOI1:10.1145/3641540.

7 W, LEE N, FRIESKE R, ez al. Survey of hallucina-
tion in natural language generation[J]. ACM Computing
Surveys, 2023, 55(12): 1-38. DOI:10.1145/3571730.
WALLIN T, WIDHOLM K. AI assisted validation and
verification of software: Enhancing system test verification
processes through large language model classification[ D ].
Umeda: Umed University, 2025.

NEJATIF, GHANI A A A, YAP N K, et a/. Handling
state space explosion in component-based software verifi-
cation: A review [J]. IEEE Access, 2021, 9: 77526~
77544. DOI1:10.1109/ACCESS.2021.3081742.

BENES N, BRIM L, HUVAR O, e al. Symbolic model
checking of hybrid ctl on coloured kripke structures[C]//
Automated Technology for Verification and Analysis.
Cham: Springer, 2025: 212-233. DOI: 10.1007/978-3-
031-78750-8 11.

BERGER P. Applying software model checking: Experi-
ences and advancements [D]. Aachen: RWTH Aachen
University, 2024.

XU T. Bounded model checking and passive learning of
LTL formulas [R]. Le Kremlin-Bicétre: Laboratoire de
Recherche de I’EPITA, 2025.

BIERE A, CLARKE E, RAIMI R, ez al. Verifying safety
properties of a PowerPC — microprocessor using symbolic
model checking without BDDs [C]//Computer Aided
Verification. Berlin: Springer, 1999: 60-71. DOI:10.1007/
3-540-48683-6 _8.

KROENING D, TAUTSCHNIG M. CBMC~-C bounded



460

UK 224 (22 i)

72 %

[20]

[21]

[22]

[23]

[24]

[26]

[27]

[28]

[29]

[30]

model checker [C]//Tools and Algorithms for the Con-
struction and Analysis of Systems. Berlin: Springer, 2014
389-391. DOI:10.1007/978-3-642-54862-8 _26.
BEYENE M S. Source-code summarization of java methods
using control-flow graphs [D]. Saskatoon: University of
Saskatchewan, 2021.

ZHANG B W, CHEN W, CHIU H C, et al. Unveiling the
power of intermediate representations for static analysis: A
survey[ EB/OLJ. 2024 : arXiv: 2405.12841. https: //arxiv.
org/abs/2405.12841.

MALIK V. Static analysis of C programs[ D ]. Brno: Brno
University of Technology, Faculty of Information Tech-
nology, 2024.

GRAHAM S L, CYTRON R, FERRANTE J, ez al.
Efficiently computing static single assignment form and the
control dependence graph [J]. ACM Transactions on
Programming Languages and Systems, 1991, 13 (4) :
451-490. DOI1:10.1145/115372.115320.

ALLEN F E. Control flow analysis[ C]//Proceedings of a
Symposium on Compiler Optimization. New York: ACM,
1970: 1-19. DOI:10.1145/800028.808479.

DENNIS J B. First version of a data flow procedure language
[C]//Programming Symposium. Berlin: Springer, 1974:
362-376. DO1:10.1007/3-540-06859-7 _145.
FERRANTE J, OTTENSTEIN K J, WARREN J D.
The program dependence graph and its use in optimization
[ C]//International Symposium on Programming. Berlin:
Springer, 1984: 125-132. DOI: 10.1007/3-540-12925-
1.33.

RAEJ W, BORGEAUD S, CAIT, ez al. Scaling language
models: Methods, analysis &. insights from training gopher
[EB/OL]. 2021: arXiv: 2112.11446. https: //arxiv.org/abs/
2112.11446.

BROWN T B, MANN B, RYDER N, e a/. Language
models are few-shot learners [EB/OL]J. [2020-12-26].
https: //proceedings. neurips. cc/paper_files/paper/2020/
file/1457c0d6bfcb4967418bfb8ac142f64a—Paper.pdf.

MA L Z, LIUS Q, L1Y, et al. SpecGen: Automated
generation of formal program specifications via large language
[C]//2025 1EEE/ACM 47th
Conference on Software Engineering (ICSE). New York:
IEEE Press, 2025: 16-28. DOI:10.1109/ICSE55347.2025.
00129.

MISU M R H,LOPES C V,MA I, et al. Towards Al-

models International

[31]

[32]

[33]

[34]

[36]

[37]

[38]

[39]

[40]

assisted synthesis of verified dafny methods[J]. Proceedings
of the ACM on Software Engineering, 2024 ,1(FSE) : 812-
835. DOI:10.1145/3643763.
WU H Z, BARRETT C, NARODYTSKA N. Lemur:
Integrating large language models in automated program
verification[ EB/OL ]. 2023 arXiv: 2310.04870. https://
arxiv.org/abs/2310.04870.
CHAKRABORTY S, LAHIRI S K, FAKHOURY S,
et al. Ranking LILM—generated loop invariants for program
verification[ EB/OL 1. 2023 arXiv: 2310.09342. https://
arxiv.org/abs/2310.09342.
WANG J,NI T,LEE W B, ez al. A contemporary survey
of large language model assisted program analysis [J].
Transactions on Artificial Intelligence, 2025, 1(1) : 105~
129. DO1:10.53941/tai.2025.100006.
WEN C, CAO J L, SU J, et al. Enchanting program
specification synthesis by large language models using static
analysis and program verification [ C]//Computer Aided
Verification. Cham: Springer, 2024: 302-328. DOI: 10.
1007/978-3-031-65630-9 _16.
KIRCHNER F,KOSMATOV N,PREVOSTO V, et al.
Frama-C: A software analysis perspective [J]. Formal
Aspects of Computing, 2015, 27 (3) : 573-609. DOI: 10.
1007/s00165-014-0326-7.
BEYER D. State of the art in software verification and
witness validation: SV-COMP 2024 [C]//Tools and
Algorithms for the Construction and Analysis of Systems.
Cham: Springer, 2024: 299-329. DOI: 10.1007/978-3-
031-57256-2_15.
OPENAIL GPT-4o system card [ EB/OL]. 2024 : arXiv:
2410.21276. https://arxiv.org/abs/2410.21276.
DEEPSEEK-AI, LIU A X, FENG B, et al. DeepSeek—
V3 technical report[EB/OL]. 2024: arXiv: 2412.19437.
https://arxiv.org/abs/2412.19437.
POST H, SINZ C, KAISER A, et al. Reducing false
positives by combining abstract interpretation and bounded
model checking[ C]//2008 23rd IEEE/ACM International
Conference on Automated Software Engineering. New York:
IEEE Press, 2008: 188-197. DOI:10.1109/ASE.2008.29.
LI'Y J, CHOI D, CHUNG J, ez al. Competition—level
code generation with AlphaCode[J]. Science, 2022, 378
(6624): 1092-1097. DO1:10.1126/science.abq1158.

]



