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Abstract  Pointer analysis is the basis of program analysis and compiler optimization. Improve-
ment of inclusion-based pointer analysis is one of the most important research areas in pointer
analysis. This paper summarizes two classes of improvement methods of inclusion-based analysis
in recently twenty years, including: on-line optimizing technology such as online cycle detection
and elimination etc, off-line optimization such as variable substitution. The authors compare sev-
en principal analysis algorithms and three offline optimizing algorithms by significant experi-
ments; evaluated each algorithm from performance and memory consumption. The authors also
discuss some further improvements and research points of inclusion-based pointer analysis in the

end of this paper.
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3 =112
q=&r; p=xq; - Q{TT:%;T]};*T [derefl] q2{r} p2*q p=2r

1=21473
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1. Input; directed graph G=(V,E)
2. Output: graph G after constraint solving
3. Let W be an empty worklist;

4, W<V

5. while W & do

6.  choose n from W

7. for each v& pts(n) do

8. for each constraint a= *n do
9. if v—>a@E then

10. E<EU{v—>a}

11. W<WU/{v}

12. for each constraint *n =256 do
13. if b—>v€&E then

14. E<EU{b—>v}

15. W<WwU{b}

16. for each n—>=z2€ E do

17. pts(2) < pts() U pts(n)

18. if pts(z) changed then

19. W<WU{z}
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HB 2 T 45 (field-based) 1.

BEJ5 s Pearce 55 A 4 7 — Fol A6y 00 548 3% 5 4
B E Y, LR AR PKHL 59k, 8 5 R 5
S HIFATE Y A B BRI A— 08 2 5 st A
SR 38 43 A TR B0 S L 4E RE — A 2 R BT S R
FMF . W A G B T A AR N
LYo L W] BEAEAE 9 I A i BU I A BEA T A DU L O
SIS OO AT U A N - NN = DO
Fahndrich & 1, Pearce 2 A 32 44 1) OCD & &
XF TR R AR 2 BT R 4R TSGR I L {H
SRR S A T HT 2088 5%

Harderkopf &8 A" 8 7 5 P 5if 3% 30 40 o 4
lj (Lazy Cycle Detection, LCD) % ¥k, LCD & ¥ [
BB TR b — R R — A Ml b
AR A 25 a5 F ) B R[] L D5k 2% 30 W] BB FE — A R 0%
oy b R e R I R R R L e s
ST 4 I ST Ak P A 1) 320V i TR PR A ) R A A
(] o 35 4 BT 1) 5 SR A A 9 3% 3 0 e A A DU {H R X
AMERBIFAIEAE T A 1 DL B ST f5e AR 1 1% 10
S BB B A6 ) 2 58 % 5 S A A5 U AR O 2 4 T ik
A 1) S TS B — ARG DUEE 2 )5 ik U R
o AT (R A — ok B T s PR IR R 6%
For 0 HR 24 o3 BT b BT ) SR O 5 3

Pereira 2 A" I Hardekopf & A\ 1 T/ Jy 3
filt » $2 HE TR A% 1 AN ) 4% B 5 1 (Wave Propa-
gation, Deep Propagation, L\ T & ff WP & &5 1 DP
. oA iy DP ST 46 %6 R Hl Nuutila (158 %
Ay B A Bk FE A AR E i OCD, Z 5
Xf i1 RRAT 98 1) S AR b R AR R R AL B A R Y
WTEBINE BN Z 5 50125 USR58 1R IR 19 R
BT AR BE I S 3k T () B A S T ) o AR A 0
e . I T REIRAHR p=>q.LL p HEIHTT A
AL 1E 1 RO A e ik P 0 2R B RE A% 2138 s
DU BB S S 0 i B TR Y o G 4y i R DA
HoG IF s 1 W AUA AL 3 4 1) 2L TR B X T2 R 2
Wop=q  JNLL p P B AR ML IR NS g H
Ze i [y Sk E A BR AL IR BN AR R U

T3 b — KRB R TR A Y R K E AT OCD,
— PR P T e g Rk AR T — Y, R A 3] 2 i 2
AP B A s R e AR PR AR

Pearce % A4 H 1 55 — A B alb B30 L LR )
PRy PKH2 50k, 52 4w & W 2 16 B0, S0 2106 35
UE AT IR Z BB 0 IE E i e AT — il 5 3%
il ig Al RNl s LNV S G T o ]
FHENT s ZJ5 N 2106 BF 4 BRI 7 38 A Ak 31 2
S W RS s N N o= B O S BT K = Rl B
JEARHE , —ERRE B2y 1 B e BRI A 42 T
ZSa]. B2 b, Pearce 48 A b NI B M UE— 4
WE5E T OCD [ 5 ek F AR

Harderkopf % AN b #2 7 IR & 2 9 58 3%
4y #  ( Hybrid Cycle Detection, HCD) & .
HCD 5312 i AR 18 20 AOR i Z Wi, 5 T B 2k 2 )
] S Al — i FUAL . TR 0 B R KR HT 537k
JIT B B 1 AR IR 2R AL L i 7E B R 2y IR B S R
A BEAFTE (5 34 38 43 12 O I S5 1) 249 SRR ik 42 A1k 4l 1)
R RIXEIN *p = q (B H ¢=*p) XFEWMERY
W TEBS R AR 19 5 p R g R — A 3R,
WA FETE LR B p W48 1 4 v (%) fir G JC R 6
F T K 23 AT R g P BB % 38 A3 i DR I AE 2 R
SRAGWEFE ALK p 48 10 3 AP B9 U R T AUR A 1
AT R g HEERIE XA 25 7 i I 29 ) 1K A ko
38 43 T A HCD Bk i BT Z Ab A it | 7T LA
oy — RS R R AL A 2o R B R (5 B &2
R T ARK M PR OCD, A S 98 4%
HIHH—F OCD 5, HCD Bk dw ] UL 5 HEH
EAHEE A .

Pereira 55 AN #& i) WP Bk S0 bR |2 7E
PKH2 Bk py 3k mty bt Kb 47 7 el ik, vk &
S SEAEL R A B AT e 2 TS IR 3 Y R A R
AR S B, Bk EE L IRYE DP & %%k
L AR ES 3 B e AR RHARZIEAR
AT IR L 638 Py, B UL, WP B 5 DP 553k
RORZ A AN /) Z Ab 75 T DP 53 68 6% DL /i
AR TE B TS N 22 )5 50 RE AGL I ) — S 7 7 1Y) 9iR i
i
3.2 EmEREIRPHIRK

TE ) FOR il B UGE AR 1 T SRR i i fe b A
IRp AN T SR 2 T R 58 B A 1] 4R 1% 88 45 LS 4k
B8 v T T A% 088 A YRk AR T ks 4RO 4 n
A 0] 45 o0 & B AT, 3 8t 2 22 7 1% 4 (Difference
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Propagation) [ B AH. Pearce % A7E PKH1 & pk8
g T 2R AR EOR. FTiE 25 R AT DA N AR
SR AL TR AR A UGE AR Z 4R [ ST R 1Y)
AL AR A YR AR YR AR 2 A2 A A 1)
B T0 R AT SR L T 1) HL IS 4K A 1 4 ) 4
25 ARG AT UL — @ FREE Bl TR 8] IR 4
Tii) B 2 388 A R 0 B 25 TR L A B TR T A A Bk
IR, 1 S K e BRI B AR B 4 B SR 2
Lhotak 1 Hendren™", . 4h. 8 PKH2 5 3 DI &
WP 535 A DP 533 bt 24 4l .
3.3 TEETARERIRF

TR T4 5 B4R £ o0 A L i AU R PR
ME & B0 AR 1 s 1Y 3k RO 2 5% W 43 B 1 4.
DL 1 5 B Ca) H (0] i 249 o 181 S 461 G SR AE SR iR 2
HIN AR R R ¢ A i g—>p #q
FRIH8 ) 4 {0 AL B 50 p o A HE — A 21 24 254K
HEAT B L B e MR Z A i r—>q 53T 3K
TR g AYFE ) BT PR O Bk SR Ak B — 5k Y
g ISR AN P S8 J5 1 5 g p AT LU
G FRITCRITE M. s B C AT EZR T
VB J& 56 T an ol 76 A 1] [ b 4% BRI Fh 5 Ak 21 Y
ST (X B R SR B TR A A A 1 L &5 A
B TAL & IR B3 AT AR AL D TR IR AR AETE
S CAP BN AU NI S TR UY) | ANPE: 3=
LY R E AR 2 3 A AR A R R A Uk RS
HOB A BRI S DU 23532 i S50 W AT RO — ke
AT BT R ) 8 3 T 2 B T e D 8 FH R W (Least
Recently Fired, LRF) , il /2 #% it f5¢ 2 5 7] 1) (1)
W B w10 0 . I B S AR B Ab B
Pearce''™™ Hardekopf'*! | Pereira® &% A f% 43 #7 2
P ARR T T IX R RS
3.4 % I

BT AR R B, O T X
Ph RSB — Ay A ) A A SORE B AR
HT"  PKH1M®  PKH2MY | LCDM | LCD+ HCD' |
WP [ DPY 7 AN 43 B S8 10801 48k 4 THT 1 X L 52
B, A TR B RS 25, B8 R SUR K
VR N ) e B VT Rl M /N o ol ol e 3 TS o
PKH2 & 8o 8 U 5250

Jo A I 3 ] R 3 2 B s 66 S IR T
Emacs /& Linux & 4t 9 % F ) SCA 45 %5 28 » Ghost-
script g&—~ PS AW Y T. A, Gimp J& Linux &

Gerp i — 22 B Insight S22 T GDB il 4%
(1 — A~ BB AL P 216 2 )5 . Wine & Windows
PERGERIBLALLAR 10 Linux J& Linux #A/E RGN .
TP 3 B A R MR, b Linux Al Wine 2
PSR T AT AR . 2R 4 B0 A% KRR 0 R
20 R 45 B SCRE BN BT A 4 20 SE i
P o 24 B A R A3 B RO AR ORI T S LCD
DP S5 B0 A LA Jad i ik 26 24 G 3 CTL iy
Ui A2 B s ) IS HE T 1 SR RCR BB R —
ALy AL B RN B — A B TP B A R Y 2
WA SR T A 22 1) 1) 29 RO AR LR RN 2R
AL Z )5 254~ 73 50 15 B2 SR S ik
(RO EN

*® 2 SKIFTRANGK A

WA o M, wRAR ELiia

Es) LA 2 A
Emacs-21. 4a emacs 16.9 83213 27122
Ghostscript-8. 15 gs 24.2 169312 80071
Gimp-2. 2. 8 gimp 55. 4 411783 125203
Insight-6. 5 inst 60. 3 243404 99245
Wine-0. 9. 21 wine 133.8 713065 199465
Linux-2. 4. 26 Inx 217.2 574788 231290

SEIG T A 4 F- 4 o8« Intel P4 CPU E5430
(2.66GHz) x 2, 16GB DDR3 W 17, #:/E &R 5% N
Redhat fixl bz 5. 1. M Z AT ] gee g 38 4% 55 125 U4
Y R AL L T R O3, [’ B B T 325 bl a8 2 64
BLHY 5 Gt 6 B 50 B e 0T — m327 IR AR AR 32 7 AR 2K
AT RAT A L LA A R i SR R R S 5 O s R
FE—30 A B ) A2 7 AR OE R . T A
DU BT 75 55 i R 2 B 3 RS AT 45 R i B AR SF- 241.

0 AR R 2 SR R K T % B R K
BN — X F KA R 7, e 5k AT RE Tk 58
BEAY BT, B S B R TR R AR R
BRI R AT T B AR A (R AR S 1 29 T R
g 2 55 5 B ) DU o A B B RO L 5
ML 25 R B T

3B T BIR T R BT B AT IR A
B, B 4 2 DL HT Sk B, & B A F HT
B A B R LR B B R R s HT 5Bk
IH— A5 B GeoM R JUATE 214

R4 BT BIR T R BT B AR TR N
s 18 5 2 DL HT Sk e, & S A F HT
BN HBN LED R B L& R s HT Bk
H—1b )5 s,
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x3 THMOWMEENEBEIFHT

. IS (8] FF 4 /s
»‘n >
HERF HT PKH1 PKH?2 L.CD LCD-+HCD WP DP
emacs 0.92 31. 85 1.57 2.04 0.68 0. 80 0. 68
gimp 52. 64 651. 09 92. 18 30. 15 12. 92 34. 93 65. 98
as 9. 20 167. 92 13. 82 9. 60 6. 35 7.88 18. 66
inst 35. 23 977. 70 102. 79 51. 10 15.10 94. 42 48. 49
Inx 342.13 8998. 36 1048. 23 218. 91 83.10 697. 73 414. 03
wine 1408. 66 12650. 30 1848. 37 822. 33 150. 65 707.55 1674. 91
x4 THOMEEINANEFHETLE
W71 44/ MB
Sl 3
WERF HT PKH1 PKH?2 L.CD LCD+ HCD WP DP
emacs 21, 81 20.37 22. 91 20.63 20. 11 26. 15 17.81
gimp 353. 66 409. 65 433. 97 425. 14 422. 88 549. 73 356. 69
as 96. 41 94. 06 105. 35 94. 98 95. 30 146. 11 96. 43
inst 261. 21 234. 63 246.51 235. 54 234. 86 377.93 233.56
Inx 998. 04 981. 83 1012. 21 1002. 60 985. 66 1473. 82 1011. 04
wine 2093. 43 1675. 02 1776. 78 1750. 16 1735. 54 2420. 19 1561. 18
|44 12.37 1825 27.75 26.30 19.27 X 5 8 30 4 ARG I AR A L EL R R T
9 iig; AR R AR SE Y L MR BE AR X TS E A AN R T
8 " " N NN
. DP EWNAFTRES LBy WP Zabh, He Bk 2z E L
= . W § .
£6 s Je22 5 R RLE T WP 3 3L 78 40 B i 72 b 29 R [ v
€5 DR e fh
= LCD+HCD B BE — 1 SO B R A T 4 - AR UGB AR R Y 4 )
- HT o o e e s 2
3 SE RN T UL AR S B 3 4 T DA B Ok AR 2 (]
2 N L
N am I ....... J ....... | IlI ____________ I FRmENES . —ERE LI T NI
) . IO T T
emacs gimp gs inst Inx wine GeoM
B4 BV AT I DR B CRE T HT 383 A0 — 4 4 Bl
2.0
Frig Bkt A8 1E A R A i 2 5 20 oK i
» PKHI _ \ ) \
L.o¢ + PKH2 ZHT R 2 R ARORS T P A T BAR S DLAR R )

LCD
= LCD+HCD
DP

emacs gimp gs  inst Inx wine GeoM

Bl 5 BN L CEF HT B —1k)

Ph b B0 G 1T 00 2 24 JROK A i B S R L N
8 SCAF 1R U R R T .

Ak E L PKHI HERE B 2 T HER S, HE
PRI PE T 0303 B AT 2 RIDAG: 0 i 3 38 4 £ 3 HL 3
A I B TE S R LA DGR R AG I 24
W LW BT AT T s . HT Bk Bk R i
R 10 e A R 0, TR TR 32 B A 1 Bk O AR 3 4R )
B AETERA AT IR PR AR IR 1) 4 1 1] 5] R 615 o Xt A
B FAE B b 48 R 4y o 3% 38 4y . LCD fil LCD+
HCD 8 8 R 24 F HT Bk, Hd LCD+
HCD B i i i Xt E 4 /R 7 HCD B4 fl
R FE . WP 3L AE it PKH2 S35 i ot . mAR

X Z B AMEEM RN 28— 12
718 5 DT Ul 20 24 SR A 5 1 B ASE A B 5 22 A DG 1 2 O
B B R 1) d D I 6 2 SRR R A F RS B H
). LR AR Z 5 BT B R 4 Z BT R T 9 46 £ o b
TR FUTG i — A R e i 5 R BT g R R
o 1) 3ok A 3 2ok A R — A 7RG S O AR BT S L
AL AT e 1 AR Y JE Ik A R R A SN
(pointer equivalent) F 1 & %5 #t (location equiva-
lence).
4.1 E5EM

PR R vy, Gt AV HOR G R AR
x MR I PR TR FMZ & y MR 1A R TR A
6] FR x F1 oy S48 51 58 0 /9. il B A 4R BT 0 Y
e A B R 2 AR S PR O 48 £ SF A B (pointer
equivalence sets). 8 £ S5 B WK & 0 € T 48 5 S50
Erp R EMIE M Wl EZES T HE
7 i ) 4 [ B BRI RTS8 R R 4 4 B A f
SRR AR R B 22 0 2 R Y R I 3
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AT HA AT DL b d ] SR TE R AT SN S R AR
[B) ) TO A A4 3 2 DRl 98 51 45 4 4 v 9 3 40 A% 1
WA BETE — ol oy b bSO E] L 7E— iR
iy b S A R ] 4R A [ B O BT S A S
A R TE 5 OCD 25 o, &P 200 i 58 % 38 43 5 19 K
T N Lol R TI i Rp  E P BT W Sk = (NS -7
M) 24 SRR A 45 SR 1) L 1

Rountev 25 A\ P48 1t 7 B 28 4% 2 B 4 (Offline
Variable Substitution, OVS) B ¥k, iZ Bk B E N
AN OGo e n R IR Fr op 1 42 0 8 B ik 3k
T T A 2 AR 1 4R 8] (subset graph) , F4E &
S MR AR RE A 2 TR TR B 24 TR T A A A 2 R A Y
A 1) B 18 Y R A o B ik ) A R DA
fe et g R A2 & X — sl 5 AR EOR A AN [H] T
R HT 3k ey - B AH 21 S Z R
Tt P 56 28 5 i 9 2 — 0.

OVS Bk |56 It 74 KB v iy 5 % i 4y L 15
A [ T KL Z 5 T e B D Y B A Ak
A R AU B — AR BB AR T AR R
SBE X HAR T AUMAE B AL B EE T AL R

B H AR 1) S A5 R 58 2 e T e AE AR B T i A I
BT . an 2RO AR B SO0 R R B AR S,
TR BT A5 W oA BT E - 2R e B A K, )
BfF AR O an SR A BT 9K H 9T A A5 5K 15 5 10 AR A
(6] o DU 25 2 i S K () A B9 B 55 4 R AT i 9K AE
ST AR RS A AR AN — 5 D 25 X Y SR BT A
AR S A [E] Y AR SRR T IR 48 B A A AR
eAh, OVS B33 38 B8 [t & P 25 45 £ (Non-Point-
er), R4 M A2 A8 & A brs ol 0 i As & B &8 T
X —25. 55 A DG I 29 ST DL S M B, R oA O
& S E S L BT A2 HOR fif o B I 2 24 U SR
AN RGN B 1E 1%, OVS L AR H B8k &bkt
[ S 24 R T34 REAEH 29 AR /D 64 %%,

Hardekopf 2 AP 72 OVS 19 36l b i 7 3 —
S et 32 T 2T Hash Y {E#R 5 (Hash-based
Value Numbering, F (A HVN) J5 ik, Bk
PE 29 0 2 57 Ar 1S 1Y B £k 2 3R B (offline constraint
graph) . IR K 5 OVS FHE KDL, M — A
[FZ A 7EF % FIR U p Dq BT R, F LK
R LA A (g p) (xg—> *p) L 1T LY
AP A AL Y S LA A 1 i1 (g — p) » B TE 2
FOERAREMAE ST /N, HVN k5 OVS &
BB KRR Z AT T BB B R A R & b i 5 A 45
KT p g BT R p 1Y A AT AT SRR S
HESG NS, WA ¢ ITA T SR S E S

NS, RS, =S, W5 & p AT R g A AR B bR
SOEETE OVS BB P A p A A g O 1
TARFEMERS ik HVN A7 T OVS gz 8 £
TR EFSF U (2 & 8] B, Hardekopf i& 4y 7 HRU
(HVN with deReference and Union, HR #1 HU &
POy HRUD B . HR B35 2 Bk T 46 512 i 5 51
FHAR 5 2Z [8] B0 WO A 5 T HU B33 ) 02 36 T B 46
Lo B b Bl G AR ] AR 0 AR L R BT 2 X HVN
M9 X HVN 1 43 B 25 5 A58 T8 2 I 8 1k,
HRU W E 2= R O(n'). BARE J4 B o 5, {H AR X
T OVS il 5 . HRU W80 T % 998 5 5540748 4
rHLZs.

M4 Hardekopf 56 N5 [ 4347 . 26 56 F 05 1)
F BT B e a5 2R b AT A K il A IR AT A R AR
ORI DU L O L 45 B S R I A R BEE IR A
R $& Tt 23 1] o A 22 05 AT 9K A8 56 B AF 98 AR B
J1F 9 ORRE A2 4 R e b 4R BE AR A B S Ll
Simon Z& APY & % 7 [&] L ¥ ( Bisimilarity, & #&
BSNMD (i M 2 FEARS L $2 T — RO B R T
A AR S U 1 A L Ml ] &R TR 4 BT (Superset
Graph) FIHL# [K (Simulation Graph) 3 H| W 18] # 45
A 2 [ B Y (Bisimilar) o 8005 5l A2 1% 4 1, U
FUITARR Y 2 S gl 45 BT S5 A Y . BSMLBRVE Y R 2%
FER Oy, BSM WA A /] e i 1 25 a] ) an 2 5
BB e SRRSO 0 2% AT AR T S 5 22 46 S
SE M T B AE AN Y AR B AR . BSMOR X RE B8 1E Ty
— M E LA A FEZ DTk d el 5 OCD —
FEAE 2 AR fifp a8 b SRUAT (B2 i T A e 1 A2
B FCPRAT 0 B 00 25045 1 45 BE /N, &K |, Simon Y
TP AU T HRU S50 40 1 5 29541 55
()72 g, T H— o BB bR 0 T B 2 1k B ek
FOPYi

(BT — 42 10 2 98 BT 55 o 1 SE AR AU AE 2k T
A5 BB B A o B e U0 Ak Y SR B R A FE
EEor M Uk A T il
4.2 HEEH

X TAL B oy, R 2 € prs() W —EH
yE prs() BT RZ IR y € pts () W — & H
x € prs() WAL FATFRMG L RSB E = Fl
S P X VAT i 71 N = Il VAN i D A
SE (] I TE T A B0 247 5 A 4 1] 46 o TR
A BN AR R E WS T TR, —
AN 1] 4R P T A L B AN AR B AT DU AR R
7« AT AT LA S 2 0 /0 B8 3 i 2 o) R4 (HO2 S 4R 4
SR AR S T R TR R A S H T
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Ag e (A4 5 | 2 (8 2 B A B9 A8 A AT RE L A $6 BSEEMLELRHTEFTE
MG 24 SRR A i e S P02 Bl e e - T H/ME
B, Wy 0Ovs HRU HRU+LE
540 T4 00 A i BB CRTAR O LE 2350 il emacs 2201 29l 208
Hardekopt A # feditih, LE Stz ey " 00
On) , BEARG I AL 2, B HT HRU & 5 H4 inst 69. 57 141. 05 143. 25
Mot B s R E BB &a W S Inx 175. 68 358. 63 364. 96
P15 Ak BRI 5 e 4 1 - - e v
R A B A K AR R A SE A bR 45 BSM B ®7 RALCD ST E KL MR
UV R R O A R RORAR  LE WP S
Bk, AEREER AT Z 50 s Liang %5 A7 o (7 2% 4 T
F BP0 4 KO0 T 43 T A e imp s 2998 515 o.040
4.3 '29"'; Eﬁ gs 28.49 9.63 7.11 0. 24
ESINBIEIRIA S b S E Tk R - o e
F kAR 3E AT X E, 2 85 OVS® | HRUP | wine OOM 820.31  469. 60 2.25
HRU-LE™ 3 F 53 45 161630 0 52 T 90 16 ) 2 - T
S 701 . 2 F B 956 R FH LCD 55 AR b b
AT R A LCD R RAE T 2 TR 1 WHEF ORIGIN ()\Ts ’ HRU  HRU+LE
SRR bRV B SRR T LCD S AR A emcs  195.61 2063 252 212
I 5 . o R i T 00 45 I A6 43 1 T e e e s
AN TR O s AL ROR L S5 Rl in A inst 2071. 40 235. 54 111. 25 13. 16
%}]ﬁﬁ Egg@ﬂgjc{q:gﬁﬁ»*ﬁ (E%% 7 ﬂsn%g 8 I:':l LA Inx OOM 1002. 60 389. 40 37.07
“()RIGIN”*/]?/?\‘) X 1@%@%‘36} EE] ?{Qﬁ1ﬁ%é§ﬁﬁ wine OOM 1750. 16 1120. 93 42.79
b+ L FUA 437 19 F 4. 50
92 1 LB PR 0 5 5 3. 4 AL 5 ol
S A R e CL S 4 R A W0 32k P 0 0 ~
[ 249 3K 5 L5 A SO P 3 22 SR S [ g = 50
B9 0 20 AT AL IR G0 A 3ok 72 o i % o0}
TFA 5 7E B R Ak WO FE Rt b L3R T LCD 513k 647 44 Sl
SRR ARG R A A G TF . % 5 RIS 6 R
T4 SET AL R AR I 2 . T o i NP T
8 B T ST HR T NMEIE, KT b TARMR 06 B0 I 5 B LA T B 2 He B

A6 ) 1 2 RS 3 K, X linux Fl wine P A
FH ) B 9] 46 25 R0 43 B B8 R BE 52 i (OOM 38R
Run-Out of Memory).

Kl 6 Bon TS A A Z )5 1Y 20 SR
XT3 AR Ak 09 2 A SO B B A9 B 518/ 33
WA AL SR B .

RS BEEZMUEZIERE

WA GBI
OVS HRU HRU-+LE
emacs 0.15 0. 33 0. 37
gimp 1.08 3.21 3.56
gs 0.32 1. 97 2.22
inst 0.58 4.26 4.61
Inx 1.42 8.79 9. 65
wine 2.48 9.48 10. 60

B 7 R T LCD 438 Bk 45 6 A [l i B Ze
PO B8 B 32 A7 B [B) 6T B 7 28 5 8 1 2 D Ak A 5[]
FEE R 25 B 2R A A0 B8 1 i A A B R) I | LCD 43 By
SEVE W PAT B B) 9T 41 BR. 4% s F LCD+ HRU

7

ol LCD+OVS
= LCD+HRU_LE
Sr --- LCD+HRU
2 4t
=
2+
1 L
0

wine GeoM

emacs gimp  gs

&7

Inx

) 18] I 45 X L2

inst
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8T 5 — Ak an & 2R BT R L B T4 linux Al wine
PR DU 7 09 70 s 249 B S A 1 43 T oA g 56
A ¥ LCD+ ORIGIN B4 4 %1 A B . B/
1) 249 5 PR FE R A B /N T 4 11 2% XK ik o DAL v m]
DLB 0 25 0 A 0303k T 415 1) P e 4 T

g 8 s AHXT T OVS,HRU &3 I H A5 If
THEZEEM AR R, B T NI
RN R A OVS Frfli iy 57%. T3 T
X7 B A A8 Y 5 0T R 4, HRU + LE 875 48
XFF HRU B d > 7 — 3 50 N A7 TF 8 (2 BR
TR AR T (AN wine) 2 4h . W20 14 18 )3 5 R
Kol T B A AR TE 2k 43 Bt 1 A 2ok #2 AT DLk Sy
115 BT LA A G 11 1) PN A7 T 2 TR 1 9 358 43 19 e K
. HHeAEAR M . HRU+LE Skt 72
Hh ) 25 ) 5 S R T A A R 43 Y S TR T L X
JEE 8 R Ik Z N WA T R AL

w

LCD+OVS
n LCD+HRU_LE
--—-LCD+HRU

[k

wine GeoM

emacs gimp  gs inst  Inx

[ 8 =S [ IFH X

5 BERAMEHEEAR

AR T TR] B2 A 2R A8 BT o A I SRR
AL AR L 42 TH RIS ) £ FOR . X BE R TE — E PR
B E M NG TR T AL I 4R B 43 A [
FEALE AT T 48 By k.
5.1 BERA

Andersen"" fIT $8 tH (9 9] 46 B 1k AR R R AN
RG] B, 2 3 T 3 (field-based) A9 F0 3¢
AU BT LSS A S UR L b SCRIUR SR S T
S TR EE.

IS SRR A3 A B A X 40 A A AR (B
T X 55D B AN ) 3 eRBSCHR B A AL B HE L 4R
BRIz B i i b P A 25 G v de O B 118 i) RS 2 ] X
43 FIAL B 284 (A R ) 728 B A O [l 38K 7 48 £
BT ST % T 2 A A (gl A X 5 45 dal i Ak 2 R
WA 3 A

(1) 3 A UK (field-insensitive). X 38 A il X

Oy IR s.as 5.0 SETRIRL A ] — A8 s 5

(2) FEF 1LY (field-based). X 433, fH & AR X
3 5% A R T 3R A T 45 A R (s IB 5 44 S5 43 45
¥ sl.a Fs2.a KR —ZF & ¥ sl.a Fsl.o 1N
PSS ] A2 45

(3) R AU (field-sensitive). X433 . [l i X 43
A [l S 4 i 2 491,

BET AL E R 8 BT 3T 1 22 B T AR 2 A Uk
e SR I DO TR € O Bl (UK R7 55 o1y
P iy U o A W L W S I
X T A A IR O RIS R C 35 5 0 k. 78 41 xF
C 3k T4, &5 14 S AR AE B 20 B BIF 5 U5 Il Pearce
N A S A B ) 32 R A IR Oy
T A PR 3 A TP A P T T - B SG X T eR AR
AL P, 7E Pearce W4 J& B0 o, A8 1 in b i B 1HL
S0 AT LA XoF b7 380 AN [ 7 A G v R B B —
AT S 3t ik AR 3 2 A1 R BRI AR 5 44 14
F18 35 bl 565 — > it ik 6735 ) [ A 4 0 0 o
X i B H 3 FELVE 1 BRE - LLBIT Ik oRi £ 95 51 22 18] 1 28
TR0 A5 7 415 R 19 2 BOAS DE TG Y [ 80 5 G O X 42 2
SR AE 1) 200 ] 2L ) 3 TR b ik 33 A 1) 48 A 0 20T
ABCRS TR AL TR 249 TR ET o B A 1) 32 4 Sy i A )
LA EH E N R B . Pearce W E 22 E N
O ) o n 3R 29 1T vy B0 SOk b iy
S AR R BUEURRE R L 4R THE TS B R A
SR BT RS B2 A L S BURGE T — 2P RS AL, Ttk i
SRR B DX 43 5 ML AR A 1) B A SR 45 Rk
A5 SRR 0 BT A R 8 ML b BE 3K B B ARG
JEZBR BAREE T Steensgaard f5 5170 #r . (H A AT
PR L ELRE Mk,

R SCHURCR AR THE B MRS A BT 1k
AE A A 2 B AE T el b Bl T DX 43 R R Y
BRSO R B A AR AE R L )RR B SO
SRS BT A T o S 3 5 =X

5 1 A 37 PR 8 U A 4% Ccalling-string) B,
H k-CFAL o8 B0 A9 98 AR A5 8 A A 7] 1Y
P T R S B b 9 O A o R AR R Y
— R KT B AR 52 B R AR R X R BE A K
(B =) FEATFEH L B 20 B B 00 4 1) & A 98
SR L RUARAS 70 A 803 FI0KS B2 22 18] 9 3 v %52
B T5 G55 FEE B AT AR A 5 4 ) A% 3 FORG BE
I Whaley 8 AN 30 T 5 Tt 2 sE By R 3C
B8 BT oy BT B L BB S A BT SO BURRY 2
Brik 2 bR SCBUB I BOR.



1234 it "

Bl

e 2011 4

L
&

5 2 Fp sz B0 7 2CRR b 55 F% R 31 (transfer func-
tion) ARSI |- S id B A X (region) 43 #r 6] 4 72 5]
A e, e B pR B W T BB D S HORIE 12 8
ZIAOCFR L 4508 A 1 S50 b S5 48 A SC 1 M5
B R RS R B BT I R B 1 S B0 BT L Y
TREHE B B 20 A Z Wi i 7 R T BT % A — > R K
F g LR AL pR B, 2 05 DL eR O W) A 8 T i) B
SCAF B A AN T % ek BSOS R BT A A R
PLSEB B SCRIUBR Y 43 Bt K8 4 1 F SCRUBR ) 48
RN PO NS S S i 8/ & N
T — RS BT 1) {5 B LR AR A A AL 1 T kL %
V5 20 3 0T R KPR T R AL AR B A R N Y R Uk
F7hR 0 B SR W — VPR SR A 2 i S 380 B3k ok K0 Y
REFEMEE. ERERE R ZTESIEES
Wilson 48 NS00 AH Y. ok, 0 st | ph it ok 4
NPT b SCHURAR B AR T SR ek T A
fii 22 1.

B Sl SR B SCBUR Z A i A e iR TR
B MR BE A 7 3% A0 SR S A ) G AR
ELRR T HL Al A SO R 58 B9 O I DY AN
BR.

5.2 fE@EERTR

TEAR ST 70 A v s — R JH AL ] £ (bit vector) 8,
# — oK 18 (Binary Decision Diagram, BDD) 3 #
AR 1) AR T AR RE AT RO eI AE i T B L (H T A i
FIHRAERCE Pk A — 28 22 S5, ) 2 T2
ML SR B E 454 . A A IT IR S 8L, I GCC
H1) bitmap.Open64 %% 4% i1 (1§ SPARSE_BV 4.
Berndl % AW 8 748 &1 43 H7 Hh 51 AT BDD, H
F RN ANE R 1 4 . Z 5 Whaley 58 AW RL K
Hardekopf 4§ A i, 76 48 £t 43 #r v fifi i BDD.
BDD J& — i LS 28 X307 ot 0 Kot 465 4 . HLRE
g JEAT LE B g B4 H AT E A VR 2 A [W /Y BDD
FORFSE B, BDD W)z TR 4 B 9
o ARG R T g A

9 W 1 0B R A BDD AL ) 4 78 45 £
R AR B4R o BDD A8 73 O A . A8
asbic JBT ARV I8 WX R o, y. 2 J& T 15 10 5
P 3% By fRf BGE DL AN bit R — A In R . ] 4
F 00 ZFm a fMla,01 TR b H y,10 TR ¢ M <.
PR 1 SC 2R a 46 18] = W] LL 4B 2l 0000, ¢ 45 19] =
52 1010, e 48 [ 08 & LA 2R e, 5 & 1 ROR 45
RanrE O s B BS54 BDD 35 i (45
0 F1 1 )2 7n BR &), AL 1] £ 2 7 4 1) 5 20 5 ]

(b) fIis s B 4 — A A — bR 5, IR s AR
oy AR S0 9N 24.25.26. M X1 5 . BDD %
7 B AR AN UNASE i) o U8 6 AEL S A7 i O 65 S /N

a=>{ny) b=l = >{zye)
32 lbits
Bit 3 (V,) ? 0 f— .
Bit2 (V) a [0]~T0 ‘% [11-10]
A7 LY ' .
Bir1cp,) Q ) 31 25 24 0
2 \ /)‘0‘,..‘0‘1‘1‘”"0‘
4 y X
Bit 0 (P)

31 26 25 24 0
c[o[~TITITIT--T0O]
z Yy X

,,

(a) (b)
&9 F BDD FI [ & 43 51 2% 78 98 7] 48

BDD 271 8 K /N Bk i 2R 1 10 A2 4 19 P
HkE BDD 7R A2 B 1 S L0 J& — 4> NP
(i T R0 BT AR R S B0 0 B A% L AR A R — A
R X B FRO I P S i 2 2 ) T e KRR R
% BDD A /E . SCik (487 b it o ) 5504 1 1 40
i ids.

— BT T oC PSR AR TR AR R AR A
FERCR BT R & AR RCR EA IR 9 R
MAEAif TS 1 AT ) 00 B P 22 M) Y LA 22 S
AT RAZ 2 SCHRL19 .30, 48 1 45 Y A AH SC X L Hicdis.

6 SEMEE

5 B0 M J2 ¥ 20 B R 2 3 G AL B R Al s —
LR o M U PRl g L. 2 3Ty Ik B
ST S Z T TS A 56 T i A 20 A 1 R B
i s WD 0 B S 4 e [ W VNG RPN B
IR AU B o0 M7 580 1 09 i gk AR S 3 2 [ Jit R
SVES T A AR R OG T IR AN SRR Y R T A A B
S Fr AR P71 A AR LU B e Ak  JF ik
BOCHE R 7 5 55 0 7 9 AE SR A AL 3 A 3 Al i 26
ULk I S AT T EE AP A,

BIREE A A AR BT & 45
oMk AR 2 25 8 TR KT HEE T
SEMUAE PR (9 A 8 AR R 194 384 4 L K R T o oK 1)
ARA SRR BT o AT B BEOR B AR O FRATIN L T
A5 B8 BT 20 BT AR AT AE (AT 9T 07 [ A 45 4 R LA
Ji

(D o Hr s8R i ot — 22 38 TF. — 5 il 2 8 4R AL
S AEL I T 9 454 HCD 2 —AME A i 4 i3
1K B RIS 23 A BT A 3 A A5 S0 T AR i Ak
s 75— 05 T+ B LR B AL A 38 A AT 4R T 4 2 18] L R )
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S AT DA B R O 3k 4K B B 22 4 BT AR A 1 AR L AE
X 77 1, BSMP 1 [ ) (bisimilarity) 48 & 15 45 £
SR LR IR R SR T —Fh B A A B
T BLAN, JOIe R B L A R SR AE LR A A, FL A R
I ABIRAE — A 1w B CZY D e A 4R R R e
(RGBT S M A B 540 L5 3 43 850D (947 o8 3 I
HAIFEM LR B I Rk W 58 17 7T LSS & B e
H I S R AR B R AR AT IR A AR AL

(2) B RIR 8. — B & - 35 4 ks
JIE A X S SR & P 43 BT (client analysis) 80A F).
{EL ) A F — T 4 RO (R UK L T SCRIURR &
AU AR B AT I TR A K 55— T 1T R [ Y
% P15 TR L o3 AT RS BB 1 B SR A T RE = R [ 9.
TEX AP 0L R 7 5K 3K 3 (demand-driven) 1948 41 43
B mT DI — R o O R RER P o
2R Cquery) 14 I 8006 ZE 1) 43 BT » e B K1 1 #47E
TRk G 1 x4 AR R AT 43 AT T O I B R e 23 O
B IR A AT A 2 25 A AR 1 AR B o T X AS TR
(0 % P i SRR FH S [l RS B 189 43 AT I & A TR) 75 2R 1
O3 BT 25 8 ] LR A R Ok 52 DL 2 E 2 A Y
Rt

) BE T IEAT k. 28 R IFAT R T R 8R
N R DS i W A=A N i 05
RETHH N B X TR T AT OEE S E
RS AT Ak A O 5 ) 850 2 B2 At e 2 ] Ak LR AR
e (1 5 4[] B R IR Ao O A7 O 2 DAk 4 A7 A
% Z 8] BB AR 6. Meéndez-Lojo 4557 X} Java FEJ7
T AL R BT T O AT AR 2L ZE N
ML S 2 m ok e BE Ik B 3 A2 Ay, FR AT Al ok
R0 3R 4 T AH 24 T .

(D FFATRE T 1 48 B 40 7. IFATRE T 09 46 £ 43
T A AT R P 43 B RUAG: 0 174 36 ik o a0 0 25 50 0l 5 4
(race condition) B4 I &5 , 1% J7 [n] A A S5 SR 58 R
AR SR A T A% AR B Sk i TS A5 25 a
). S2BR b O R G 0 A R IR AT R T 48 & 4 BT 1 B
F8 AN SCHRLS8 12 B if 2 R iy CILK & 3 fir i i
(46 o BT D 3+ 12 B0 A AR T BRI L (L2 X T
FAT DRI g D D) A T AS U Y Ak B R Sk 11
G TR WA 25 A IR AT AR T 1 [ R s — 2 4
TEo3 AT RG5O I A7 B2 3 14 38 40 AT E 28 A 45
A AT RE 2 — AT R

(5) FR AT 43 B 5 R . B B AT SE R H 2%
32 ENE A DRG0 R 6 A 45 9 40 A H
i A AR G PR BT A SR KRR T BT RE

A DU D CPF R ) — A R I SCEE T . 5 g
TAEGE M G U A [ I 55 3 S A6 DU 4 45 20
BT HT A R o, Xk R L B
ST IR 45 2R 1 S e 0 IE W DL DR IR A8 AR 19 TE 5 DR T
TEER AR SF (9 s (O T PR R T 5 45 £ 20 M7 10 45
SR DR LA X 8 ik — 86 (R Ry 7 A AT RE Il 20 U 412 19
[F] P 34 o0 — LE R 4R A5 BN S R WA A I T B AR B
Jifie.
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Background

Pointer analysis is the basis of other static program anal-
ysis, it was one of the most important research areas of pro-
gram analysis in the past 30 years, and it is still very active
nowadays. The basic research of pointer analysis focuses on
the trade-off between precision and performance.

Inclusion-based pointer analysis and unification-based
pointer analysis are the most important two algorithms of
flow-insensitive pointer analysis. Inclusion-based pointer
analysis has a higher time complexity compared with unifica-
tion-based pointer analysis, but it also has better precision,
and there’s more improvement room for inclusion-based
pointer analysis. A lot of research in pointer analysis is about
improving the performance of inclusion-based pointer analysis
and a lot of improving techniques and algorithms have been
proposed. We introduced and evaluated several important im-
proving algorithms in this paper mainly from two aspects,
which were online optimization and offline optimization,
these algorithms were the most representative work in related
research, in addition. representation of points-to set and pre-
cision promotion were also discussed. We compared seven
online optimizing algorithms and three offline optimizing
algorithms by significant experiments. We also discussed
some further improvements and research points of pointer
analysis in this paper. To the best of our knowledge, this
paper is the first optimization techniques survey of inclusion-

based pointer analysis.

This work is supported by a Chinese National High Tech-
nology Research and Development Grant (2008AA01Z115),
a Chinese National Basic Research Grant (2011CB302504) . a
Chinese National Science and Technology Major Project
(20097X01036-001-002), a Project supported by the Foun-
dation for Innovative Research Groups of the National Natu-
ral Science Foundation of China (Grant No. 60921002). These
projects aimed at improving software reliability and security
by program analysis, program analysis methodologies inclu-
ding: control-flow analysis. data-flow analysis, program sli-
cing and so on. Most of these analyses are based on the result
of pointer analysis.

We have been focusing on static program analysis for
several years, while pointer analysis is one of our most im-
portant research areas. We have improved the precision of
unification-based pointer analysis by combining low level data
layout information within a specified machine, we also pro-
posed an new flow-sensitive and context-sensitive pointer
analysis algorithm which was accepted by CGO’2010. Since
inclusion-based pointer analysis algorithm is commonly used
in most open-source or commercial compilers, such as GCC,
LLVM etc, and the primary improvements related to this
pointer analysis are optimization techniques for reducing anal-
ysis overhead in the recent twenty years, we believe that a
survey of these optimizations will really make sense, which

also can be the basis of our future research.



