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Optimization for Shor’s Integer Factorization Algorithm Circuit

LIU Jian-mei, WANG Hong and MA Zhi
State Key Laboratory of Mathematical Engineering and Advanced Computing,Zhengzhou 450001, China

Henan Key Laboratory of Network Cryptography Technology,Zhengzhou 450001, China

Abstract With the help of techniques such as windowed arithmetic and the coset representation of modular integers, the overall
optimization and resource estimation for the quantum circuit of Shor’s algorithm has been shown. What’s more, the simulation
experiment of the designed quantum circuit has been carried out. The Toffoli gate and the depth of the overall circuit can be re-
duced by techniques such as windowed arithmetic and the coset representation of modular integers. The Toffoli count is 0. 18x° +
0.000465n*logn and the measurement depth is 0. 3n° +0. 000 465%° logn. Due to the windowed semiclassical Fourier transform,

the space usage includes 3n+OClogn) logical qubits. A tradeoff for resources consume between the time and the space has been

made at the cost of adding some approximation errors.

Keywords

1 3l

1994 4%, Shor 42 th T H & F 3T S HLIEAT B0 7 A g K
XHEOR ™ . Shor BB it it FHIEMBEAN AWM T & N
RES R HILE R -5 NEFRAE/NT N WA
RECa SREEL (o) =a" mod N BRI », WK F(2) T B
)8 TIEBKEES (1,2, N— 1}, i H & — A8 04 5 o5
B RIEE  alE Y ged (@ =1, NOAGH N 1Y A
T p Mg, T HEZ A 2 A & 7 L AR R £ (20
MR, HEORMG £ M W, 8T DL N BEAT 4 ff . 7E
Shor & H i 1 T H vk, bR EUR A5 B R 8 i 1 40 L
M- 7% # (Quantum Fourier Transform, QFT) 42 HUH) ., B,
Xof W 2H AR A T LU R Y B AR AT L IE AR A B A R
Zo@ f))  Hrdh f(2)=a" mod N, X 172 « #AT1H
AR .2 e [ k), AT LA, QFT ki 4 745 B 1
HEMABENES MR EBRERE T, BT (O

il

Integer factorization, Quantum algorithm, Quantum circuits

R SRR AR U & BUT 9 45 A 2R B0 O % D T B
R 0k=[ 2" s/r ], G5 RRBA/NFHES PEK
/NIEBBLCHAWBRT k=048 F 27 /k=r/s(s=0.1,,r—
1), XF b W57 AE0E A7 D0 &L AT LA 2 & B AR (B . 250 2] X
S S R AT SO BRI . 15 B R W
Zo L AT LIS RN

Shor £ H ) 5 K 4 fi 57 0% 5 B — A0 A 3 A 2 A0 4
AWM. BTHEZE TR LGS B 5 S T % 55
T L 32 PR FER B A BT A AR B RS 2n M RETF I
o WOJR . AMTHR T 4 F 45 B 0 B 7 53 05 00 1k R 2k % 52 31
e AR B HUOY i 1) i T IR I R

1995 4, Barenco 451 48 H “ Fi 47 B/ 1 LR )R LE 45
ST CNOT "D LR T4 & 23 JH /Y, AT LU 2k KRR
YERAEAT B 2 T A LA L IE3RE” X F R T
LR BB AR i T B A B R E . 1996 4, Griffiths
R T R 1 A8 R T Sl B AR e 1 4

HATH EEHRRF R4 (61972413,61701539,61901525) 5 6 5 % 7 % JE 3£ 4 (mmjj20180107 , mmjj20180212)
This work was supported by the National Natural Science Foundation of China (61972413,61701539,61901525) and National Cryptography

Development Fund(mmjj20180107 ,mmjj20180212).
S AFEH : Tt (redwang@meac-skl. cn)



650

Computer Science TEPE#  Vol. 49,No. 6A,June 2022

H A B AR O kL T LUK RE B A AT A R R T AR
R R R 1A E I A GE B R 2 20 g T L AR S e
% 52 R Sk B AR, Fu 45 DAL M 1Y A BE I T T 9 A AR
)5 3 B R — & F S M LRIE T &AM FE™ . 2006 45, Zalka
& T LA B B0 B 48 R 7R R AT N Ik B A 30T B 35 ) A5
TEIRCRS R — R LA (EA 2 5 ) RRIE 89 i
PRSI, I SCAk L6, 33X Al MR 5 vk AT R R
Toffoli I'THYEX B LA B R IR AL A 2 1% 19 B8 1, {H 35 B8 JFUOR W
n BT AT AR EEM OUogn) M8 F W 4F., 2016 4F,
Haner %542 H (0 FH 2P 26 300l B2 i A8 46 R 400 4 16 50 By Lb e A0
HE TR O R A AR T A R BT DU R R TR A R T L
FRECE BN 2n+ 2, Bl 2 Toffoli [14% H ALk B I & 2880
RUEHIAEA 2 518 O logn) F1 OG- ] 4 45 ik ]
A6 e Rz (6] 78 2% 35 B AR A7 (0 97 1 2 — B WA IF R LW
fia] f5L

2017 4, Ekera 2542 1 Shor %122 9 SR fif 8 06 $ iy — A
AF KRBT 5 Shor Bk AR F#B 2K, FEX M UF : Ekera-
Hastad FEA PR B AE A RAEAE o0 e, MR, HEK
BEAY AN 2m AT R om AT H AR, SR 48 Sk
K n,=3m=1.5n+0 A= F e 18T Shor FHiL T 2n
NEF R, XPRBCTHERATRILEA B,

Gidney™ $2 tH T4 BUAT n AR I BT 75 19 Toffoli 174K
H [} Cuccaro ik 2k M0 i) — 4 CRIVH 0T BUAR O o) 1T R B
AI5°H 2n,

2019 4F, Gidney ¥ H 35 5 1 T S0 & B AH AL &, 647
B T2 BN T R L S 5 vk T D82 T 45 1 S i 45
YET Y Toffoli 144 H LA Je PR AR BR VR

AR CHE Ekera-Hastad 55 ik (0 F Rk 1 45 A 2 2 # 0l 5L ot
A 4 1 DA RN AR O I B R B R SR R Ak R B
SR B CRISR R B T 2k Bk . 25 SRR WA L AR 30 i — 7 35 fBLaR
ZEMHTAR T L ST B ) 4 ] B PR AR i P . HrpaE i
TR R 22 AT LA BE B ST LR AR H i S 4R B g, DL &2
F/NF HAr A R RS A SR R 2%,

2 RUMER LR

SR SE A% BEAR 10 20 5 A B TL  TT LUK 8 — A A7 A
R E b TG 0 (52 3 43 BUE IR AR D 20 B R
1.5n,

S 0 diim TR M A E E N E T AR 0, 7ER
25 it -l B I O A 110 4 S I b L A TR e L R Y A A A
FESE R i 2 )5 T A 2 A B AR T — B A
P AE, B T a7 fEAn TG SR A . ROt ST e i i
T R A BT L AR RO 1. I vk g i
LI A d , TR S — 2 AF O T Y B LU AR BRI AE n B9 X
B B OClogn))

7E Gidney ik 281 F1 Babbush 25458 111 9 QROM 2 H £
CRETF AR e MY A JERE b, AR SO R I B0 ARG 5 4 R R
FIUIN B A 3R 45 1 0 A5 32 48 4 B v 75 22 A Ak ik Y Tof-
foli I'1H B FnZk 6 A B2 ilE AT R4
2.1 EEHHEERT

T FIFEAL T B [ 0) Rk F R — A
b T B SR R AR HIL R AN NwEB &R o 1)

SRS A RR — A, HOCH TR B E SRR
14 78 0 ] 00 e 6 A A SN T 2 RE A% BT T AL A AR B 5L
L3 AR P D 22 B 25 27 A7 25 Th LTS Eb R Y B 0 T 8 B0 e
. Zalka $5 1 ,  FR A n 5 F R FF AR 48 RIS OClog )
T HAFRES T,

BN 1 BB R RN 8 T — AN ALY a5 i i

COMix. = (G sE s, sCo Ly f)
HpomENB— MR (WHBFEOSH NEN E— M
(Bitg) k€ Z/NZ & — B, LixdhTE e LT .

(HG=Z/NZ

(2 u,(g)=(g+k) mod N

(3)E=z/2" N7

(1) v, (e) = (e+k) mod 27 &N

(5)C=2/2"Z

(6) f((g.c))=g+cN,

Z.f '"(e)=C( mod N,| ¢/N |,

(DL={f " (D]2"N< <2 TN}

EX 2 HiA g€ G XTI IIEHE COM, ~... 11 G
% Encodings, (COM, n.,.,) N :

Encodings, (COM, ~.,) ={f((g,c)) |c€C}

EX 3 HiA g€G KT IRMHGIGMPE K COM, N, B
BB 18 Deviated , (COMy.n.,) FAEH v(f((goe))) RIEALE
Encodings,., (COM,.n..) T IAFLEREAE(E c€ C MR .

EX 4 I 4 R R COMn, & W B W 2
Dev(COM, . n..)) E XK -

I/‘fle(’lgd Deviated, (COM, .y, | /|C|

SIEE 1T W B B AR 2R B S A3 L 4 R
Jnik COMy o~ W K2 ]y 277,

L B R WA L€ Z/NZsg BN g € Ge &
Br R, c€ECsx Fly AR EREHNE R (e, )= (v (f
((g+e)) . BEAEME ¢ & TE Deviated , (COM,.y.,) 24 H AL
B a#A(g+rk) mod NE y& C, & x=e¢ mod N fil y =
Leo/N JJRMBIIGIIZEE, 2 <2 —1 B, e, <N » 2" —
N, FINHT &<N,HI e, <<ey, F NN« 2", HE ¢, =
N = 27 B 7= A I A 5 % SR B 7 A2 C ISR TE , T4 y € C,
WA, T en <N+ 2", 2=g-+k(mod N), Ht,c HEAN
i & WA Deviated , (COM,.x.,,) W1 TG 2 [ PTA~ F8 43 M 4 14
B —A, FECHREA—ME c RiR cF2"— 1,80 ¢ Ry
2" —1 1}, B Deviated, (COMy x.,) S {2" — 1}, B | Dewi-
ated, (COM,. y.,,) | <1,

BT o 3 ABL 3R 7 38 B 174 i 25

Dev(COM, .,,) = rzlezi(x | Deviated, (COM; .,,) | /1 C| <

/|cl=2""

F 305 1) G B 8 7 R =2 ) A i A% o W AR AT
PR b, LA 4 250 1% I 41 28 7 14 302 AL 4 50 Jm % g 5 A 20144 ) I )
AP B KBS N ko« 2 o ke W BT LR ko
Rk gcE .

2.2 MEAERRE

Wi IZ B o mod N J& Shor Bk ST S AE IR .
T B AR — P e S T P g vz A8 A T AR A H
MER, EREREE N BAERIE R, ERLE
3 b A o T A e 4R v R I B I 9 B L LA S (] e



X 38 , 45  Shor BB/ i 505 B0 22 B AL 1L

651

FRF W) o 4@ v A8 5 1 B A S B BE . T AR N A B R A R R
A vh B T A0 1 S A 3R B O AR AR < X e 1 R
For B E KB ¢ 7 — 2 R BEAT R0 43 B = 3%

FHMTFHR o= 2 20w, 0 <2 — 1.0<i<<u—1. XHE.
i=0

BT RRE 2 RS ana” La” e SK i I A2 it i
SR s N 7 AT A5 5 R mT A gk s B RO O T L 4
WIBHN w WA LR EEAYEWmA., EERE LS E
FEBMKH A TRATA w WTH HARE BT F A,
ZHITEEN 0, AN ZETIEBAEL R n, /o AR Z 1R
AR, 2T A T T Y 2n A2 N AR TR S R
2n/ o AR Z AR LR AE . X P A A0 BT 5 ZE AR A . 5R
B D KADH cop Tena BT WER A Cuccaro 5552 59
AR R INIE Y Totfoli )4 EH NI ¥R BE#E A 205 W0 5
H Gidney %542 H (9 Jin 2 2% . n LR INIE 19 Toffoli 14k B A
— 1, My 2n—1, JI Babbush %42 i1 i QROM fifi 75
%’l\ﬁﬁé P LAY Toffoli 4 E NI 7Y IR BE#F O 20" ov L T
A A TS R ERAE R R O T T 0 A SRS R R
AR A L ZWE, R, WR7E Cuccaro fill % #8 i QROM i) %&
Bt 15947 I 5 48 A6 38 55, Toffoli 17 %% B B9 Wi 3F 1 W48 F .

RNt e ) R A e = o =

Cmul Cexp

oot

7 log,n, U 15

Toffoli 114 H i 4 i ﬁlﬁﬁmnf M AR L R I B

LA FH 0 7 B AE I Toffoli 14 H ML 15 Wi/, 7 AR
A, Nk A8 o] e B Gidney ik e . H9E

F logn=1log,n.
PEAGTEILES 3 4y,

7% S B SR B I B R R BOR L TR TR 9 TR ek [ 11]
P ity b Xof o A A S 2 IS T 7% 1Y Toffoli 74 B 2 i B8 %
AT T AL,

3 ZEmAFEMT

Ekera-Héstad HEMH EHBFEERE I | Disle) | g
mod N) (W1 4 A PR AE 3R RS e B & I 3 B 25 A7 A 4k
A | g mod NY) AT LLBE 53 fift S n, K TETE B34 e vk ST] LU
AT 2n R (AR RIS o B Z 8 NIE A 1 RZHER
HARAE B FPIA 0 Ho AR K 2517 25 Z ] 1Y 28 40 ) L BT ot A 3t
T 2nn WREM . % 15555 R R 27 77 #4819 < B 1
INT L iX B W% LI Ekera-Hastad %2 B 10 5 o {87 B i 47 68
AR MTEE 20, (0t cpua) WL A F N 2 48 16 5 R
JG S Z IR A

ne Lo 71+(‘pm1~ ne Lo, n+ (3logn+10)
Cexp Cmul Cexp Cmul
2nn n,logn
= T2
Cexp Cmul Cexp Cmul
0. 08n.n

—AEE RN A Toffoli I'THUH K -
(it cpua) — 12507 — L=y 20 T —2
W £ PR EE N
2(n+ Cpag) — 1 2000 T — 1= 2914 2, g 250 i — 2
Bl S 3 18 Toffoli T8RN R B2 43 1) A
0. 08,1 *+ (ncppq 200 m —2)
0.12n.n°+0.00031nn"logn

0.08n.n * (2n+2(md+2“““’+“"’” —2)=
0.2n.n*+0.00031nn"logn
T HRE 2R & AR A ANk 1 R,
F 1 ACBF R T LR T LARFE S A
Table 1 Distribution of quantum bit consumption in modular

exponentiation

to % o A B FEMNFEE
mMELZABEATHOERFTEE OClogn)
R Tk F B n+Oogn)
HfE kAR B n+OClogn)
BERTHEH n+OC(logn)

4 fFEXRK

ACX) Gidney BNk 2k A0 B 4 2 7m 1O ik, 28
HAEER 75 3 1 vk 4R R IR A B B B /N B R

K SR U 1) B TR) 2 i) 7 22

AFHH QB FERF L T H AGE 3 Wikl
ﬁ?ﬁ%ﬂﬁLﬁ%E#ﬁ%ﬁ%&ﬂﬁ@?ﬁ% Toffoli '] 44 & i 17
giit.
4.1 MEETF&BHERN

2019 4F, Ekera SF 48 1 —Fp Jr ik a7 8 h W I T3 A~
M A A7 R OR A0 R 2048 HLAFR A RSA BB 3% SCH Y
Ik & Cuccaro #2 H Mk #475 . A U Gidney 2 H 11
BRI SRR BN E R AT RN ' T A R
AT A5 T B SRR 15 ] A 25 9 IR 3T R AL 10 B T iR 4R
W HEEE X ANk 2 Bral .

F 2 BURE LTS B SR FE X L

Table 2 Comparison of resource consumption in modular

exponentiation
A X Gidney
Qubits %t H 3n+OClogn) 3n+OClogn)
Toffoli I1%t B 0. 1873 40. 00046573 logn 0. 373 40. 000 523 logn
K HBRE 0. 3n%+0.000465n° logn 500n2 +n?logn

MFR 2 FTLLUE A SCHY & 32 58 2k % L SCHRC15 ]9 &
F L HEAE Toffoli 140 H ML BRI B F A L

R THEFX B 1— B 4 RS EA R LTS
PR n DL RS TR AR P A I B H k=200, AR
S L ERATECA=1.5 + 2=3, Shor 388 43 it 532 RUIR R AN 75
FHATRIME B E N 2n » 2n=4n* , Ekera-Hastad 5 35 i it
JEHRESATHMELCE A 1. 50 « 2n=232. R SCHR[12]%
4 B 7 % AR B XT L 25 SR i 1— 18 4 s,

=~ Via ripple-carry(Cuccaro)
~—— Via ripple-carry(Gidney)
= Via carry-lookahead(Draper et al)
= Via haner(Haner et al)

= Via jianmei(jianmei et al)

-
S
2

10°

Measurement depth per
modular addition/V (k)
5]

10 10* 10* 10°
Register size/n

BT R T SR BT H
Fig. 1 Comparison of depth per modular addition in modular

exponentiation



652

Computer Science TEPE#  Vol. 49,No. 6A,June 2022

—— Via ripple-carry(Cuccaro)
1— Via ripplecarry(Gidney)
= Via carry-lookahead(Draper et al)
| = Via haner(Haner et al)

= Via janmei(jianmei et al)

15
S
>

-~
S
=3

I} w
S S
S S

per register size/(V/k/n)
g

Toffolis per modular addition

S}

10? 10° 10* 10
Register size/n
2 MR T4 Toffoli 11 FE WX L
Fig. 2 Comparison of Toffoli per modular addition per register

size in modular exponentiation

—— Via ripple-carry(Cuccaro)
—— Via ripple-carry(Gidney)
= Via carry-lookahead(Draper et al)
= Via haner(Haner et al)

= Via jianmei(jianmei et al)

per register qubit/(V/k/n)
"
(=1

10

Qubitseconds per modular addition

10* 10° 10* 10°
Register size/n
3 MR T LR AR 1L
Fig.3 Comparison of volume per modular addition per register

size in modular exponentiation

8 \
~
&€
@5 10% 4 _—
—_ —— Via ripple-carry(Cuccaro)
_§ N —— Via ripple-carry(Gidney)
B8 — Via carry-lookahead(Draper et al)
-8 = Via haner(Haner et al)
& o 10! = Via jianmei(jianmei et al)
E o
)
> 5
<
10°

10° 10° 10*

Register size/n
4 R T LR KO8 LU I RE X L
Fig. 4 Comparison of average logical qubits during modular

addition per register size in modular exponentiation

M AT L AR S BT3B 2R I 7 B ) 23 ] TR
A6 T By W E A R, SR BB RS R R R AR AL SE
BB (B AL 25 R 7R, AR KR T &= T 1140 H (B
Toffoli 136 H5) IF KR R A% T 4% % K BE L BT A1 0 A 040 2
BT OB (0 B A LR LTI T — S AR R (A R R
Wi 25 SEL 75 HGRR A0 3 o 22 8 AR A
4.2 BYIMERETFEILZBRFELER

AT 45 N B Y R T R 0B Y BE R (Legacy) LA K
Karatsuba & #: 1% 22 [A] (i 4 F 92 U8 (Toffoli T4 H it F It
Frd B R MR D AR S b R s ), gk 3 g . 3
Hn=[logN |.N NEs M. £ 35 HaRk 8,15,
16,30,60,64 W 3 i 3fe 1 & #8 2k % 09 & + % IR H FE1H
. 3P AECHE KR LA N R Y T AR L At
Wi Pl TR ik B T R L B A 0 B RLASEB 38 h, Toffoli 114k K
RIS S 2 I VR B KR B AIS . 2 T — 5 1 i T L AR
.

F 3 Mot TR BB URIH AR 1L
Table 3 Comparison of resource consumption in modular

multiplication

n Window Legacy Karatsuba
Toffoli 1% H 216.0 116. 6 97. 4
8 EFhEHE 43.0 32.9 32.3
%o E 952.0 529.5 442.3
Toffoli 1% H 720. 0 367.5 337.0
15 EFHAHE 78.0 61.0 60.9
&R E 3119 1662 1524
Toffoli 1% H 480.0 342.0 387.8
16 EFHARE 84.0 63.3 65.5
E3 394 1752.8 1546.1 1752.8
Toffoli 1% H 1530.0 1404.5 1229.0
30 EFHARE 154.0 121.5 120.3
E3 394 6274.8 6335.5 5544. 3
Toffoli 1% E 4180 6172 17346
60 7k 305 241 634
&R E 16524.5 27807.5 54049.0
Toffoli 1% E 4064 6321 18414
64 EFHARE 326 257 642
&R E 14271.0 28476.5 56301.0
HERE AET Gidney ik, 54 HA SCHOC T &

T2 JR R TAE R4 T Shor 2 M Y #5043 1) 8 7 44
PR A 4R R L a0 — 5 A SRR 25 (R 22 T
A 2 SLFE AR R E (R0 2 48 BRI L SEEL T R ] A )
BEUEARA AT R P T AR A 1R 22 T LU A B n 1 X
B ) TS RS B L DL F AR T B oA Al K 3R
B SRR 2,

Ji 252 T AT Sk A TR b 2 s R I ) A 3 R s
FEF AR A A0 B R 0 B R R DL B AR R 4 R R T
2 hE LR BT SRR AR TR It 2R B RO BRI
2RI I X 2k I T SR A VR R AT A AN AT

2 % X #

[1] SHOR P. Algorithms for quantum computation:discrete loga-
rithms and factoring [ C] // Proceeding from the 35th Annual
Symposium on Foundations of Computer Science. Santa Fe,
NM,IEEE Computer Society Press,1994:124-134.

[2] BARENCO A,BENNETT C H,CLEVE R, et al. Elementary
gates for quantum computation[ ] ]. Physical Review A, 1995,
52(5):3457.

[3] GRIFFITHS R B,NIU C S. Semiclassical Fourier transform for
quantum computation [ J ]. Physical Review Letters, 1996,
76(17):3228.

[4] FU X Q.BAO W S. Research on the quantum algorithm with
high probability[ D]. Zhengzhou: PLA Information Engineering
University,2011.

[5] ZALKA C. Shor’s algorithm with fewer (pure) qubits [J]. ar-
Xiv:quantph/0601097,2006.

[6] BEAUREGARD S. Circuit for Shor’s algorithm using 2n+3 qu-
bits[J]. Quantum Information & Computation, 2003 (2);175-
185.

[7] HANER T.ROETTELER M,SVORE K M. Factoring using
2n+2 qubits with Toffoli based modular multiplication[ ] ]. ar-
Xiv:1611.07995,2016.

[8] EKERA M,HASTAD J. Quantum algorithms for computing
short discrete logarithms and factoring RSA integers[ C] // Post



X 38 , 45  Shor BB/ i 505 B0 22 B AL 1L

653

9]

[10]

[11]

(12]

[13]

[14]

Quantum Cryptography(PQCrypto 2017). LNCS, Cham: Sprin-
ger,2017:347-363.

GIDNEY C. Halving the cost of quantum addition[]]. arXiv:
1709. 06648,2018.

CUCCARO S A,DRAPER T G.KUTIN S A.et al. A new
quantum ripple-carry addition circuit [ J]. arXiv: ph/0410184,
2004.

BABBUSH R,GIDNEY C,BERRY D W,et al. Encoding Elec-
tronic Spectra in Quantum Circuits with Linear T Complexity
[J]. arXiv:1805. 03662,2018.

GIDNEY C. Approximate encoded permutations and piecewise
quantum adders[ J]. arXiv:1905. 08488,2019.

GIDNEY C. Windowed quantum arithmetic [J]. arXiv:1905.
07682,2019.

KENJI K, YUKIO T. Speeding up elliptic crypto-systems using
a signed binary window method[ C]J // Proceeding of the 12th
Annual International Cryptology Conference on Advances in

Cryptology. Berlin: Springer-Verlag,1993:345-357.

[15]

[16]

GIDNEY C,EKERA M. How to factor 2048 bit RSA integers in
8 hours using 20 million noisy qubits [ J]. arXiv: ph/1905.
09749,2019.

GIDNEY C. Asymptotically efficient quantum karatsuba multi-
plication[ J]. arXiv:1904. 07356,2019.

LIU Jian-mei, born in 1988, doctoral
candidate. His main research interests
include quantum computation and quan-

tum information.

WANG Hong, born in 1985, Ph.D, pro-
fessor,is a member of China Computer
Federation. His main research interests
include quantum computation and quan-

tum information.

(B35 494 T

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

ZHU Y W,ZUO Z Q,WANG L Z,et al. C Program Memory
Leak Intelligent Detection Method [ J]. Journal of Software,
2019,30(5).

FURR M.FOSTER J S. Checking type safety of foreign function
calls[C]// PLDL 2005 :62-72.

FURR M,FOSTER ] S. Polymorphic Type Inference for the
JNILC]// ESOP. 2006 :309-324.

JIANG T Y,WANG P, YANG S, et al. NI Memory Leak De-
tection Based on Intermediate Language[ J]. Journal of Comput-
er Research and Development,2015,52(4).

TAN G,APPEL A W,CHAKRADHAR S, et al. Safe Java N-
ative Interface [ J]. IEEE International Symposium on Secure
Software Engineering,2006:97-106.

LIS L, TAN G. Finding bugs in exceptional situations of JNI
programs[ C]// CCS. 2009:442-452.

LIS L, TAN G. JET:exception checking in the Java native in-
terface[ C]// OOPSLA. 2011 :345-358.

LI S L, TAN G. Exception analysis in the Java Native Interface
[J]. Science Computer Program,2014,89:273-297.

TAN G,CROFT J. An Empirical Security Study of the Native
Code in the JDK[J]. USENIX Security Symposium, 2008 ; 365-
378.

LI S L., TAN G. Finding Reference-Counting Errors in Python/
C Programs with Affine Analysis[ C]//ECOOP. 2014 :80-104.
MAO J J,CHEN Y, XIAO Q X,et al. RID: Finding Reference
Count Bugs with Inconsistent Path Pair Checking[C] / AS-
PLOS. 2016:531-544.

HU M Z,ZHANG Y. The Python/C API:Evolution, Usage Sta-
tistics and Bug Patterns[ C]// SANER. 2020:532-536.

TAN G,MORRISETT G. Ilea:inter-language analysis across ja-
va and c[CJ// OOPSLA. 2007 :39-56.

GHANAVATI M,COSTA D,SEBOEK ]J.et al. Memory and re-

[29]

[30]

[31]

[32]

[33]

[34]

[35]

source leak defects and their repairs in Java projects[ ] ]. Empiri-
cal Software Engineering,2020,25(1) :678-718.

FULOP E.,PATAKI N. A DSL for Resource Checking Using
Finite State Automaton-Driven Symbolic Execution[ J]. Open
Computer Science,2021,11(1):107-115.

SINGH S,KHURSHID S. Distributed Symbolic Execution using
Test-Depth Partitioning[ ] ]. CoORR.abs/2106. 02179. 2021.
YAN H,SUI Y L,CHEN S P,et al. Automated memory leak
fixing on value-flow slices for C programs[ C] // SAC. 2016
1386-1393.

ROYCHOUDHURY A,XIONG Y F. Automated program re-
pair:a step towards software automation[ ] ]. Science China In-
formation Science,2019,62(10):200103:1-200103:3.

GUPTA R,PAL S,KANADE A.,et al. DeepFix:Fixing Com-
mon C Language Errors by Deep Learning[ C]/ AAAIL 2017:
1345-1351.

SCOTT A,BADER J.CHANDRA S. Getafix: Learning to fix
bugs automatically[J]. CoRR,abs/1902. 06111,2019.

LI Y. Improving bug detection and fixing via code representation

learning[ C]// ICSE (Companion Volume). 2020:137-139.

JIANG Cheng-man, born in 1995, mas-
ter. His main research interests include

network and information security.

HUA Bao-jian, born in 1979, Ph.D, as-
sistant professor, graduate supervisor.
His main research interests include pro-
gramming language theory and imple-
mentation,computer and network secu-

rity s etc.





