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Why context-insensitivity is costly and how to reduce its cost
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O(O(O(P$P$P$)*)*)*!"#!"#!"#34%34%34%+*+*+*232323"!#"!#"!#5$65$65$67)07)07)0'('('(<L<L<LFGFGFGQ*Q*Q*6786786789!#9!#9!#:)#:)#:)#+*+*+*&#'&#'&#'%)&%)&%)&*$+*$+*$+9!#9!#9!#MNMNMNR*R*R*+*8+*8+*8S(S(S(. 2T2T2TU*U*U*&#'&#'&#'!!"!!"!!"!#$!#$!#$!"!"!"#$#$#$"!#"!#"!#
%&%&%&$"%$"%$"%'('('()*)*)* !"#!"#!"#&#'&#'&#' $"%$"%$"%%&'%&'%&'JKJKJK898989 ,9-,9-,9-:+;:+;:+;'('('(&#'&#'&#' VWVWVW,<=,<=,<='23'23'23-.>-.>-.>?/0?/0?/0DEDEDE;<=;<=;<=DEDEDE 01"01"01"XIXIXI898989 @>"@>"@>"YZYZYZ C$C$C$DEDEDEFGFGFGA.BA.BA.BJKJKJK
?26?26?26[\[\[\898989]W]W]WS(S(S(/C0/C0/C0<L<L<LU*U*U*(̂̂(̂(D3ED3ED3E%40%40%40_1_1_1<L<L<L,+*+*+*DEDEDE01"01"01"XIXIXI$"%$"%$"%%&'%&'%&'Q*Q*Q*678678678232323:;:;:;B7B7B7$"%$"%$"%+*+*+*.#'.#'.#'<L<L<LU*U*U*232323<L<L<L4(04(04(04F.4F.4F.9!#9!#9!#
à̀àa4G54G54G5'('('(1"1"1"b(b(b(6H76H76H7Q*Q*Q*_1_1_1<L<L<L58I58I58I6?@6?@6?@9!#9!#9!#/"0/"0/"099-99-99-'('('(JKIJKIJKIS(S(S(. +*+*+*JKJKJK:;:;:;+*8+*8+*8XIXIXI?66?66?66L.$L.$L.$c"c"c"DEDEDEdedede1"1"1"'%M'%M'%MfTfTfT(̂̂(̂($"%$"%$"%%&'%&'%&'_1_1_1g*g*g*
R*R*R*:;<:;<:;<=7N=7N=7N hihihi, $"%$"%$"%%&'%&'%&'9!#9!#9!# j(j(j(k*k*k*<L<L<L U*U*U*OA"OA"OA"=7N=7N=7N )*)*)*4F.4F.4F.9!#9!#9!# l(l(l(DEDEDE g*g*g*J&'J&'J&''%M'%M'%Mc"c"c"DEDEDEmnmnmn VWVWVW,<=,<=,<=<L<L<LU*U*U*DEDEDE 01"01"01"XIXIXI
,9-,9-,9-:+;:+;:+;'('('(&#'&#'&#' 5)#5)#5)#8P68P68P6כpכpכp+*8+*8+*8 à̀àa4G54G54G59!#9!#9!# :)#:)#:)#+*+*+*&#'&#'&#' !">!">!"><L<L<LU*U*U*B?@B?@B?@9!#9!#9!# qrqrqrs̀̀s̀s'('('(<L<L<L ,-,-,-C4%C4%C4%qrqrqr!"!"!" C$C$C$DEDEDEFGFGFGA.BA.BA.BJKJKJK
:;:;:;+*8+*8+*8%40%40%40DE8DE8DE8'Q&'Q&'Q&?H7?H7?H7'23'23'23DRSDRSDRS?66?66?66t@t@t@"!#"!#"!#uEuEuE<L<L<L+*8+*8+*8S(S(S(. ?H7?H7?H7678678678C$C$C$DEDEDEFGFGFGA.BA.BA.B$"%$"%$"%%&'%&'%&'g*g*g*01"01"01" SparrowJKJKJK4F'4F'4F'678678678'('('(dvdvdv
'23'23'23DRSDRSDRS+*8+*8+*8 ?66?66?66t@t@t@ !">!">!"><L<L<LU*U*U*B?@B?@B?@9!#9!#9!# 4F'4F'4F'678678678'('('(g*g*g* @>"@>"@>"JKJKJK Q*Q*Q*XIXIXI898989 T)0T)0T)0F1'F1'F1' S(S(S(%9=%9=%9=wIwIwI232323 $"%$"%$"%%&'%&'%&'()*()*()*5-5-5- 'Q&'Q&'Q&?H7?H7?H7+*+*+*
58I58I58IJ&IJ&IJ&IS(S(S(.

1 #$!!"

4(0,!-5-(̂ )"*34% $"%%&'+* ,-.*/0 à4G5AQ&+* xy B"#9!# fT 58I6?@34% !">/0z{ 58I)*CG5 [4, 11] FGJK:;+*8
4(0,!-+*8 +*23|( XI?66L.$34% !">/0z{ 58I)* !"#S(. J}"!# ;<=de, Martin [4]34% !!"!#$!"#$"!# %&$"%'()*
!"#&#'(context-insensitive) $"%%&'+* %&$"%'(&#'(context-sensitive) $"%%&'uES( ')&?H7 O(P$)*&#' !"#6?@
9!# uE<L'(JKI<L, Rival [11] 34% '23-.>?/0DE(trace)"!# %&$"%'()* !"#9!# ?/02T, '23-.>?/0DE"!# %&$"%'(&#'
?/02TuES( à4G5AQ&+* xy B"#9!# fT 58I6?@9!# uE<L'(JKIS(. 2TU*5- Sparrow[12, 13, 14, 15] "!# GH8XI
89 '23MNC$DEFGA.B;<=9!# $"%%&''(UI"89 Q*(EJ+*8 ?/0DRS9!# '(JKI&#'~�, !!"!#$!"#$"!# %&$"%'()* !"#&#' $"%
%&'9!# 4F'678'(xyb(5- .KLDE*$6 $"%%&'34% C$DEFGA.B23 �"g*(̂ ]W,8.JK l(b( Q*678+* .KM()*.* B?8(̂'(
JKIS(. :P6DC04F'c"DE +*/e+*8 VNW?H734% $"%%&'23 4(0,!-5-(̂ )"*9!#fTOHP '23MN C$DEFGA.B23 '23-.>t@&#' /"0
àX$Y&#' VW,<=à4G5(spurious computation)+* B"#�()*g* hi2+'+*b( =7NfT58IS(. '()*CG5 +*4$ /"0ZI"
+*8 %&YZ4F'01" 5$67)0+*|( +*"!# XI?66'(dv %40DE89!# 92#;[\fT 58I&#')* dvB7QE834% !">/0z{ 58I)* !"#S(.
+* &*'2+'34% '%MfT��R)#9!# B74(0,!-'(�̀ $"%%&'=7N ?/02TJK B"#34% VW,<=à4G5+* EF ,9-:+;'(&#')*"!# 5$6
7)0'(<L, GH�"U*!"#$ g*DC023 <L4(04F. à4G5 !"><LU*B?@9!# fT4(0'(dv :;B7$"%23 VW,<=à4G59!# MNVW
'%Mc"DEmn $"%%&'23 %40DE89!# ,"-g*4F'c"DE s̀]A"=7N fT 58I6?@9!# uE01"S(.

1S3% 11"%&&#' <=TUPt@'%,g*VW=B7/+*8XYZt@'%,�IIG5 2TfT11"%&<[̂@A TUP%40�(X$+23 )*#$4(t@MN_A"��:R11-2008-007-01002-0)t@
<=TUP01"4F'�(#$4B7 �T�1+*8XYZ21�(X$+23 )*#$4c"DE fT-.>'(JKIS(.
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f

return1

return2

call1

call2

entryf

exitf

xentryf = Fcall(xcall1 ) ! Fcall(xcall2 ) · · · (1)
xexitf = Fbodyf

(xentryf ) · · · (2)

xreturn1 = Freturn(xexitf , xcall1 ) · · · (3)
xcall2 = xreturn1 · · · (4)
xreturn2 = Freturn(xexitf , xcall2 ) · · · (5)

[)&%$) 1] %&'4523&'()*( 67*&#!&"89:; !"!"#89+## +'#<5 entryf → exitf → return1 → call2 → entryf → · · · =( ),*,##
>?()-@AB/C9 .*/>DE9:; '(#F9.

1.1 $%#01: 01(234G&H&-.( IJ/0189./ +,,+## /01567K/ L/-./ K/<M

'%MfT��R)#9!# B74(0,!-'(�̀ $"%%&''(UI" VW,<=<LU*;<=+* :+;V�JG5S(. FG=KS 134% 11"()*5#0 �T '%MfT��R)#9!#
!!"!#$!"#$"!# �TR*+*8�I pLM<+*8כ 11";[+%)&4(0>8'23 J}+*S(. %)&4(0>8' (1)34% '%MfT f"!# ��R)#=7N hi �T '%M
fT��R)#)*4F.23 :P+à'9!# �-6?@9!# 23�*'(�0, %)&4(0>8' (3)t@ (5)&#' �T U*OA")*4F.JK N"O34% N"כ(xexit)+*
\#]/eQ;R9!# 23�*+*8S(. hi2+'JK 11";[+%)&4(0>8'9!# >7&#' t@4(0+* <LU* (4) → (1) → (2) → (3) →
(4) → (1) → · · · 9!# l(b( ?1"-.>_1�0, +*23 <L4(04F.9!# %&XI�� +*8S(. '()*CG5 +* <LU*&#' C$DEFG
A.B23 '23MN '23-.>t@&#' ?H7/"0X$Yg* hi2+'JK '23-.>23�*"!# à4G5'(&#'~�&#' 5)#8P6כp'(S(.
2TU*&#' +*/e+*8 <LU*;<=+* $"%%&'Q*6789!# �"�̀ B?8(̂R*-8.9!# ,9-b̂"c.dS(. FG +*23&#' +*/e+*8 <LU*
;<=+* C$DEFGA.B Q;< B7$"%JK89 ,9-:+;'(�0 +*;<=+* 89DE =7e[\z{89 ]WS(/C0 '(|(23 <LU*"!# D3E%40'(
g* hi2+'+*S(. +*fA" +*23DE, ,-C4%qr!"C$DEFGA.B;<=9!# +*678'(dv '23DRS+*8 ?66t@ @>"YZ C$DEFGA.B23
80-90%(̂ '(|(23 <LU*JK ��'%M_1J&IS(. FG ?66t@, +*;<= C$DEFGA.B9!# $"%%&''(&#' 34%=כ? .#' VW,<=<L
U*"!# $"%%&''(&#' @t=כ? VW23 N"O�()*�0, +* t@4(0JK89 DC0_HP4F'01" à4G5+* :P6de|(�̀ 5#0S(.

1.2 NO8+9:04: >?()-:P1./)*( 23(K/+## +,2@AB/456

5-R)#5#0$"%%&'%)&4(0>8'9!#_I"?/0'()*!"#c"UI"89,<L4(04F. à4G5!"><LU*B?@9!#fT4(0'%Mc"DEmn+*/e+*8VW
,<=à4G5;<=9!# ?H7SH7B7$"% MNVW=7N fT 58IS(. FG=KS 123 %)&4(0>8'9!# >7&#' t@4(0:)̀ :P6B701" · · · → (4) →
(1) → (2) → · · ·9!# :+;Q;<'(�(. S(6?@23 =7N :P634% %)&4(0>8' (3)t@ (5)"!# à4G5'(&#' ,�~"01=כ? +* hi
(3)9!# à4G5'(&#' 34%=כ? VW,<=à4G5+*S(. EF|�'(UI" %)&4(0>8' (4)&#' '%MfT��R)#)*4F. call29!# 23�*'(<L
C$DEFGA.B23 '23MN '23-.>34% return1DE (̂)* !"#g* hi2+'+*S(. l(b(89 2TU*&#' +* ?H7,$%JK89 (5)CG5
9!# $"%%&''(<L (3)c"DE23 à4G534% :+;ATU=7N fT 58IS(.
<L4(04F. à4G5:)̀JK VW,<=à4G59!# VWX)*'(&#' %)&*$+34% '%MfT��R)#$"%%&'9!# R*:;<=7Nhij(S( FG )*4F.JK
:;6?8'(&#' U*OA")*4F.9!# Q;< '%MfTj(S( g*J&''(&#' .)S*+=כ? FG �� '%MfT(̂ U*OA"=7N hi g*J&'5#0 U*OA"
)*4F.c"DECG5 U*OA"'(<L, |(�e)* )*4F.c"DE23 à4G534% :+;ATU+*8S(. Q;< '%MfTj(S( U*OA"4(0uE"!# 92#�(
P$�̀ g*J&''(g* GYXI89 Q;< '%MfT23 $"%%&'34% Qa*4F.4F'c"DE(mutually exclusive) +*�7de)*5-OHP �-
gA6+*8S(. B?P, '(|(23 '%MfT(̂ $"%%&':)̀01" ?/02TJK S(b4% '%MfT23 $"%%&'9!# R*:;<'()* !"#&#'S(. $"%%&'23
ZG5@>"%40(soundness)9!# GYXI89 �I[\'%MfT(̂ �(B1" ?/02TJKCG5 +* %)&*$+9!# 4F'678+*8S(.
MNZG55#0 !"><LU*B?@23 ?66t@&#' %)&4(0>8'23 <L4(04F.34% �(�*)*CG5 C$DEFGA.B23 '23-.>23�*JK :;XI89
&#' ZG5@>"+*8 .)pLM<?66t@+*Sכ %)&4(0>8'23 <L4(04F.9!# à4G5'(&#' t@4(0JK89 :P6B7 à4G59!# :+;ATU'(g* hi
2+'JK à4G5?66t@(̂ <L4(04F.+* �(C23 fT 58IS(. '()*CG5 2TU*(̂ MNVW'(&#' à4G5t@4(0;<=34% �-�T C$DE
FGA.B23 '23MN '23-.>t@&#' /"0ZI"X$Y&#', pLM<c"DEכ 01"XI B7�(4F'c"DE :+;V�|(&#' '23-.>t@ /"0ZI"58I&#' =כ?
;<=+*g* hi2+'JK +*;<=t@ /"0ZI"5#0 à4G59!# :+;ATU+*8S( '(xyb(5- '23MN '23-.>23�*"!# ��5$+'(&#' ?66t@
"!# J&h�̀5#0S(.
?H7678]̂5#0 C$DEFGA.B $"%%&'g*01" Sparrow[12, 13, 14, 15] JK 4F'678'(dv ,-C4%qr!"C$DEFGA.B;<=9!#
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01(234G&H&-.(IJ/0189./+,,+##/01567K/Q$R/STU&,;(K/<M=(-78#$-.(9$:K/+##3<4=." –Q$%&5V5 ·K/%"&;<= · 3

C$DEFGA.B #<LU*JK()*+*8'%MfT/#@>"YZ'%MfT #<LU*JK()*+*8)*4F./#@>"YZC$DEFGA.B)*4F.
spell-1.0 24/31(77%) 751/782(95%)
gzip-1.2.4a 100/135(74%) 5,988/6,271(95%)
sed-4.0.8 230/294(78%) 14,559/14,976(97%)
tar-1.13 205/222(92%) 10,194/10,800(94%)
bison-1.875 410/832(49%) 12,558/18,110(69%)
proftpd-1.3.1 940/1,096(85%) 35,386/41,062(86%)
apache-2.2.2 1,364/2,075(66%) 71,719/95,179(75%)

[W" I]>?()-@AB/C9 XY%&'89+## %&'()&>6? ./*@)>*(Z[ %&'45:+4578 L/?'(. %&'()&>6?78 \]67/0178 _̂*@)>*(Z[ %&'45>*(K/ 89E978
@AB/à XY%&')(*)*( b(,c@%#F9.

:;?H7c"DE '23DRS+*8 ?66t@ T)0F1' 84.17%23 ()*5-'Q&?H79!# J&hJ&IS(. 2TU*&#' !!"!#$!"#$"!# 6%0@>".* %&$"%
'()* !"#&#'(context-insensitive) $"%%&'23 %40DE8'Q&?H7JK :;XI89 '23DRS'(JKI)*CG5, MNZG55#0 !"><LU*B?@
34% :P6DC04F'c"DE !!"!#$!"#$"!# de1"4(05- %&$"%'(&#'(partially context-sensitive)$"%%&'23 ?/02TJK5-
4F'678(̂DE8'(S(. �-+*8 g*c7% $"%%&'23 4(0,!-5-"!# iD6de�"U*)* !"#&#'S(.

1.3 )+*A/%$0%IJ

C$DEFGA.B $"%%&'JK89 _">daJ5#0 '%MfT��R)#?/0DE (invalid paths)"!# �*'(&#' 11"%&&#' B"#)*CG5 [1, 3, 7],
+*;<=34% �-�T xy 4(0<=+*8 $"%%&'%)&4(0>8'9!# �N2T&#' %)&*$+JK :;+*8 *(*+=כ? %)&4(0>8'9!# >7&#' t@4(0JK89
,9-:+;'(&#' VW,<=à4G59!# :)#dv67)*&#' !"#&#'S(. !!"!#$!"#$"!# %&$"%'(&#'(context-sensitive) $"%%&'34%
%&$"%'()* !"#&#'(context-insensitive) $"%%&'JK Q*XI89 xy 4(0<=+*8, B?P #!pLM<9כ jE6 +*8, %)&4(0>8'9!# �N
2T<L >7&#' %)&*$+c"DEmn, $"%%&'23 4(0,!-5-"!# +$,+*&#'~� da*4F'+* 58IS(. 2TU*(̂ MNZG5'(&#' %)&*$+34%
%)&4(0>8'9!# e)# hi ,9-:+;'(&#' 23�*X$Y&#' VW,<=à4G5;<=9!# MNVW'(dv $"%%&'23 ��-8#9!# +$,+*&#'~� da*4F'
+* 58IS(.
g*c7%23 C$DEFGA.B $"%%&'g*;<=23 ?/02TJK VW,<=<LU* hi2+'JK ,9-:+;'(&#' $"%%&'��-8#23  A'("!# %&YZ
4F'c"DE 5$67)0+*8 �(¡}(̂ X$YS( [1, 8, 10, 9, 6]. 2TU* !"><LU*B?@34% fT¢AFGHIC$(supergraph) [3]DE
£¤VNW5#0C$DEFGA.BJK:;XI89<L4(04F.à4G59!#'(&#'$"%%&'g*;<= [6, 10, 8, 9]JK,8'gA+4F'678(̂DE8'(S(.

2 >?()-@AB/'( 1;(9B: 52#ABC_̂89 $%#01

VW,<=<LU*(̂ $"%%&' ��-8#9!# iD6de�"U*&#' +*23&#' 1) '23MN C$DEFGA.BJK |(¥(|(&#' <LU*23 �"g*(̂
¦I2T �"�0(@>"YZC$DEFGA.B �"g*23 80-90%) 2)<LU*(̂f<=fTOHP<L4(04F.9!# à4G5'(g*GYXI89&#' xy
TgP B"#34% DC0_HP4F'01" à4G5+* 8P6כp'(g* hi2+'+*S(.

2.1 3C901 C %&'()&>6?à E9d9E9+## >?()-@AB/78 e&f/

VW,<=<LU*;<=34% �"�̀ S(6?@t@ N"O34% �T (̂)* +*23DE 89DE =7e[\z{89 �"g*(̂ ]W)*�̀ 5#0S(.

(1) '%MfT��R)#YZ01"23k23+*(̂k23fTOHP<LU*23�"g*(̂ ]W?1"S(. S(6?@t@N"O34%'%MfT��R)#YZ01"9!#:+;
Q;<'(�(.

F0 →t0 F1 →t1 · · · →tn−1 Fn

Fi →ti Fi+1 34% '%MfT Fi (̂ Fi+1 "!# ti s̀23 89DES(b4% )*4F.JK89 ��R)#'%M9!# 23�*+*8S(.
j(< n) "!# Fj →tj Fj+1 and tj ≥ 2 "!# CG5BhP'(&#' (̂:H7:;<34% 01"Flm!"b(<L '(UI" <LU*&#' j_A"
§i '%MfT��R)#JK89 :+;b1"S(. FGU*<L +* <LU*&#' '%MfT Fj+1, · · · , Fn "!# �-�T ��'%M'(�̀ 5#0S(.
hi2+'JK <LU*(̂ '%MfT��R)#YZ01"23 &'9IG5àJK89 :+;%40:(;fTOHP <LU*23 �"g*(̂ ]W)*&#' .)S*+=כ?
CJK89&#' N"O34% '%MfT"!# dv/e_A" ��R)#'(&#' *+=כ? i<j'(g* hi2+'JK YZ01"23 &'9IG5àJK89B7@A <L

컨텍스트를 구분하지 않는 분석이 오히려 느린 이유와 속도를 높이는 방법   49
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spell-1.0 sed-4.0.8
(2,213 LOC, > 30 repetitions) (26,807 LOC, > 150 repetitions)

[)&%$) 2] /0156778 g9;<. /01567K/ 4;(D5E#$%456D8 L/E5F9B: hOF$%78 =>#G."K/ :P-78 ?./7D8@A@A !BHF9. K/+## %&'4523&'(+'#'(-.(
IJ/0189./ +,,+##\ij_ C,2.*/9B: >?()-@AB/à 789B: :P1./DI4 4BCC9à f/1;(9B:F9.

U*(̂ :+;k23 (̂DE8%40+* �"S(. +*n$o�̀ :+;%405#0 <LU*&#' k==!"#$=GE9!# +*678'(dv !!"!#$!"#$"!# %&
$"%'(&#' $"%%&'9!# +*678XI5- MNVW'(g* deH̀+S(. EF|�'(UI", k==!"#$=GE23 k23+*(̂ 101" ?/02T"!#
:+;Q;<'(UI", !!"!#$!"#$23%&$"%+*YZ01"23�(AIpIG5àB7@A+*�7de)*g*hi2+'+*S(. l(b(89 (̂:H7
&'9IG5àJK89 :+;%405#0 <LU*"!# k==!"#$=GE9!# +*678'(dv MNVW'(/0UI" k23+* n23 k==!"#$=GE9!# +*
678'(&#' $"%%&'+* 8P6כp+*8~�, :;B7$"%23 $"%%&'JK89 +*&#' ©̈�T �T?2+S(.

(2) N"O34% '%MfT"!# dv/e./lJK89 B7"!#fTOHP �"g*(̂ ]W?1"S(. c1, c2, . . . , cn9!# N"O34% '23-.>?/0DEGYJK
89 N"O34% '%MfT"!# ��R)#'(&#' dv/e )*4F.;<=9!# GY?H7m+'89DE 4(0H̀\+*8 .)�)'b(<L*+=כ? +*;<=DEB7
@A :+;%40_1&#' VW,<=<LU*;<=34% c1t@ cn�(+*23 �-n#' C$DEFGA.B )*4F.;<=9!# ��'%M'(�̀ 5#0S(. CG5
LM< +*;<=�(+*JK S(b4% '%MfT;<=9!# ��R)#'(&#' )*4F.;<=+* c7%�I+*8S(UI" ��R)#_1&#' �-n#' '%MfT;<=5-
+* <LU*JK ��'%M:(; .)S*+=כ?

+*/e+*8 +*23DE 01"XI89 '23MN C C$DEFGA.BJK |(¥(|(&#' VW,<=<LU*&#' @>"YZ C$DEFGA.B23 80-
90%"!# ��'%M=7N 4(05-DE ]W)*�̀ 5#0S(. £¤ 1.3 34% ,-C4%qr!" C$DEFGA.B;<=JK :;XI89 @>"YZ C$DEFG
A.B23 '%MfT4$ )*4F.23 fTJK:;XI <LU*(̂ ��'%M'(&#' '%MfT4$ C$DEFGA.B )*4F.23 s̀fT23 Q*-8#9!# uE
dvo"%S(. :;B7$"%23 C$DEFGA.B )*4F. JPq '%MfT;<=+* '(|(23 <LU*JK ��'%M>?@9!# !"> fT 58IS(. l(b(89
+*;<= C$DEFGA.B9!# $"%%&''(g* GYXI89&#' C$DEFGA.B23 :;B7$"%9!# ��'%M'(&#' ]WS(/C0 <LU*23 <L4(04F.
9!# à4G5XI�� +*8S(.

2.2 @AB/78 e&f/à k9GH# /01567L/8IC78 4BCC9

�"g*(̂ .#' <LU*:P6fTOHP FG?9=כ!# $"%%&''(/0UI" xy B"#34% DC0_HP5#0 à4G5+* 8P6כp'(g* hi2+'JK C$DEFG
A.B23 �"g*(̂ ]WKP6fTOHP VW,<=<LU*DE 01"+*8 %40DE8 A'((̂ >8.XI?1"S(. FG +*23&#' VW,<=<LU*23 �"g*
(̂f<=fTOHPFGZG523N"כ;<=�(+*2323c7%%40(dependence)+*QH7XI)*g*hi2+'+*S(. _I"fT;<=G̀523!!"#$
"2#JK l(b4% 23c7%%40(control-dependence)"!# :+;Q;<XIuE�(. CG5LM< derp" <LU*ª;JK k23+* l01" 23c7%%40
YZ01" v1 # v2 # · · · # vn+*c7%�I+*8S(UI", :P6DC04F'01"sLt.*g*11"4G5 [13, 2]t@ (̂)*k*g* [13]9!#+*
678'(dv FG <LU*23 <L4(04F.9!# %&'(g* GYXI89&#' <LU*9!# l(b( n + 2]a+*?H7 DC0_HP4F'c"DE ;$=UI"89
$"%%&'XI�� +*8S(. <LU*"!# «¬6?@ ;$=hiJK&#' _I"fT v123 N"כ+* _I"'(<L |(�e)* _I"fT;<=23 N"34%כ _I"'(
)* !"#g* hi2+'+*S(. B?P, _I"fT vi&#' <LU*9!# i_A" DC0_HP4F'c"DE $"%%&'+*8 ?/02TJK N"כ+* _I"'(�̀ 5#0S(.
C$DEFGA.B23 �"g*(̂ xy �"<L, VW,<=<LU*ª;JK xy b1" 23c7%%40 YZ01"+* c7%�I'(�̀ _1UI", xyTgP dv
/e_A" DC0_HP5#0 à4G5+* 8P6כp'(�̀ _1<L, $"%%&'23 ��-8#+* iD6deKP6 .)S*+=כ? FG=KS 334% ,-C4%qr!" C$
DEFGA.B9!# $"%%&'=7N hi +*/e+*8 VNW?H7+* '23MNDE :P6de|(<L 58I6?@9!# uEdvo"%S(. Q;< FGHIC$23 (̂DE
qgP34% $"%%&'23 ?1"-.>t@4(0(iteration)9!# �NDEqgP34% XISH7 R*G̀5JK C$DEFGA.B23 de1" '%MfT(̂ $"%%&'_1
<L 58I&#')*"!# uEdvo"%S(. 6&0rhP FGHIC$&#' spell-1.0 ,-b4%rhP34% sed-4.0.89!# $"%%&''(&#' ?/02T+*S(.
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sed-4.0.823 ?/02TJK&#' @>"YZ $"%%&'t@4(0+* �(B1" :)̀G̀5 200,000 iterationCG5 FG"#( ?66t@+*S(. �T ?/0
2T�-�TQ*(EJ+*8­IOA"+* à()*DC0_HP_1&#'Lu7?H79!#uE01"S(. FGU*<L+*8­IOA"34%C$DEFGA.B23:;B7$"%
23'%MfT"!#��'%M'(<L58IS(. t@4(0+*'(|(23.#'<LU*23<L4(04F.9!#%&'(g*GYXI89FG'&%%"34%$=כ?*+
<LU*"!# dv/e�(¡} DC0_HP4F'c"DE $"%%&''(<L 58IS(&#' B?8VW(̂ 5#0S(. spell-1.0t@ sed-4.0.823 ?66t@"!#
89DE Q*<=XIuEUI" xyTgP s4t�*DEu"% ?66t@"!# !"> fT 58I&#'~�, ­IOA"+* DC0_HP_1&#' ,'AfT(̂ sed-4.0.823
?/02TJK(150dv]a) spell-1.0uES((30dv]a) )*+M1" B"#S(&#' .)S*+=כ? +*&#' sed-4.0.8+* spell-1.0uES(
C$DEFGA.B �"g*(̂ xy �"�0, l(b(89 VW,<=<LU*23 �"g*5- xy �"g* hi2+'JK <LU*23 <L4(04F.9!# à
4G5'(&#'~� xy B"#34% DC0_HP+* 8P6כp'(g* hi2+'+*S(.

3 B/F$%./*@)à 9;(E>F9B: GHe&B/G&H& +,2@AB/456

3.1 %&'()&>6?78 W"J:%

C$DEFGA.B34% S(6?@t@ N"O34% ®-"̄;<=DE %&%405#0 fT¢AFGHIC$ [3] DE £¤VNW5#0S(<L '(�(.

n ∈ Node = entryf | exitf | callg,r
f | rtnc

f | cmdf

vw.�( f&#' Q;< ®-"̄(̂ ()*+*8 '%MfT"!# 23�*+*8S(. entryf , exitf &#' '%MfTj(S( '(|(N8' (̂)*<L 58I&#'
R*:;<)*4F., vKw)*4F.+*�0 callg,r

f &#' '%MfT g"!# ��R)#'(&#' ®-"̄01"~� :;6?8'(&#' U*OA"®-"̄(̂ r 58.9!#
23�*+*8S(. rtnc

f&#' U*OA"®-"̄DEmn :;6?8'(&#' '%MfT��R)#®-"̄(̂ c+*S(. cmdf&#' :P6DC04F'01" 7)0)̀0
2+'+*S(.

3.2 l9K/m/,-

X

R1

R2

R3

spurious

spurious

current work item

next work item

butterfly return

$"%%&'+* VW,<=<LU*"!# l(b( DC0_HPà4G5'(&#' #!9=כ? %)&)*'(g* GY+*8 @>"YZ4F'01" �(+*°*de&#' GY23
FG=KSt@ N"OS(. VNW�I X"!# $"%%&''(<L 58Ic"�0 S(6?@ =7N:P6+* R1, R2, R3b(<L '(�(. +* hi, X →
R2, X → R3&#' VW,<=<LU*"!# CG5"̄&#' à4G5t@4(058.9!# !"> fT 58IS(UI" +*;<= à4G59!# :+;ATU'(<L X →
R1DECG5 ?1"-.>'(&#' .)S*+=כ? FGn$oS(UI" VW,<=<LU*"!# CG5"̄&#' à4G5t@4(09!# deiDx�̀ 99b�(ª;&#')* c">
¢{uE�(. GH�"U*!"#$ !"><LU*B?@23 fT-.>t@4(0JK89 S(6?@23 �N(̂)* IG5à"!# GH8XI89 VW,<=<LU*"!#
99b�(OP̂S(.

(1) '%MfT g"!# ��R)#'(&#' '%MfT��R)#)*4F. c"!# $"%%&''(&#' ?/02T, g"!# $"%%&'+*8 �� rDE U*OA"'%M9!# g*J&'
+*8S(. +* hi, r34% cJK :;6?8'(&#' U*OA")*4F.+*S(. g"!# �-�T $"%%&'+*8 �� !"><LU*B?@34% U*OA")*
4F.c"DE g*J&''(<L58I&#' rDECG5 U*OA"+*8S(. B?P, S(b4% U*OA";<=34% �-�T VW,<=<LU*"!# CG5;<= (̂DE8
%40+* 58IS(<L dC0IG5+*8S(.

(2) Q;< '%MfTj(S( U*OA")*4F. r9!# 92#�(P$�̀ g*J&''(g* GYXI89, GH�"U*!"#$ !"><LU*B?@34% '(|(23
'%MfTf"!# $"%%&''(<L 58I9!#hiJK&#' f"!# ��R)#'(&#' '%MfT��R)#)*4F.9!# S(R* $"%%&''(&#' ?/02T(̂ X$Y
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Algorithm 1 U*OA")*4F.9!# g*J&''(&#' GH�"U*!"#$ !"><LU*B?@
1: W ∈ Worklist = 2Node

2: T ∈ Table = Node → State
3: R ∈ ReturnMap = ProcName → 2Node

4: rss basic : Worklist× Table×ReturnMap → Worklist× Table×ReturnMap
5: = λ(W, T ,R).
6: repeat
7: F := first(W)
8: n := choose(F )
9: W := W − {n}

10: (W ′, T ′,R′) := process one(n,W, T ,R)
11: (W, T ,R) := (W ′, T ′,R′)
12: until W = ∅
13: return (W, T ,R)

14: process one : Node×Worklist×Table×ReturnMap → Worklist×Table×ReturnMap
15: = λ(n,W, T ,R).
16: m := F T n
17: if n = callg,r

f && isnotrecursive(g) then
18: R(g) := {r}
19: end if
20: if m () T (n) then
21: if n = exitg ∧ isnotrecursive(g) then
22: W := W ∪R(g)
23: else
24: W := W ∪ succof(n)
25: end if
26: T (n) := T (n) ,m
27: end if
28: return (W, T ,R)

5-OHP uE:H7XI67de�� +*8S(. 2TU*&#' '%MfT(̂ U*OA"'(g* @>"JK S(R* $"%%&'_1&#' :P6+* X$Y5-OHP '(
&#' GH�"U*!"#$ ,-xy"!# 4(023'(dv +* %40KP69!# uE:H7+*8S(.

(3) �I[\��R)#23 ?/02TJK&#' GY23 !"><LU*B?@9!# 4F'678'()* !"#&#'S(. �I[\��R)#JK :;XI89&#' '(|(23
U*OA")*4F.9!# 92#�(P$�̀ g*J&'=7N fT X$Yg* hi2+'+*S(.

3.3 %&'4523&'()&*+%&78 GK7IJK<4J%#j_'( GHe&B/G&H&-.( no=>#

2TU*&#' 92#�(b4% '%MfT$"%%&'m+'89"!# GYXI89 GH�"U*!"#$ ,-xy ≥r.t.o"!# 4(023+*8 �� GH�"U*!"#$ !">
<LU*B?@+* +* m+'89:;DE =7N:P6;<=9!# «¬U*'(5-OHP +*8S(. GH�"U*!"#$ª;23 �T ®-"̄ n, m(̂ 58IS(<L
=7N hi �T ®-"̄(̂ ()*'(&#' '%MfT"!# Q;<Q;< f, gb(<L '(�(. n ≥r.t.o m &#' f(̂ guES( '%MfT��R)#FGHI
C$JK8923 JK'GY?H7m+'89DE !"e89VW|(, +* m+'89(̂ N"OS(UI", '%MfTª;23 '23-.>±²O?@FGHIC$?H7JK89 LM<
+*8GY?H7m+'89DE [5] !"e5$6hiDE 4(023+*8S(.
�I[\��R)#9!# MN4f'(UI" ≥r.t.o&#' '%MfTj(S( g*J&''(<L 58I&#' U*OA")*4F. 4(0uE23 92#�(O?@9!# uE:H7
XIo"%S(. EF|�'(UI" +* m+'89&#' ��R)#5#0 '%MfT(̂ ��R)#+*8 '%MfTuES( ')&?H7 UA" A $"%%&'>?@9!# 23�*'(g*
hi2+'+*S(. J}"!# ;<=de89 '%MfT f, g"!# :+;Q;<'(<L f(̂ g"!# ��R)#+*8S(<L '(�(. g23 ®-"̄;<=+* f23
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®-"̄;<=uES( '%MfT��R)#FGHIC$?H723 JK'GY?H7m+'89(̂ xy +$,g* hi2+'JK �T'%MfT23 ®-"̄;<=+* GH�"U*
!"#$JK Qa8R*JK c7%�I+*8S(<L XI5- ')&?H7 g23 ®-"̄;<=+* UA" A $"%%&'5#0S(. +*&#' fª;JK g ��R)#'(&#'
)*4F.;<=+* dvy9=+*b(<L XI5- g(̂ U*OA"=7N )*4F.34% ')&?H7 '(|(DE 92#�(P$�̀ g*J&'>?@9!# 23�*+*8S(.

3.4 0+Lp%&'45 qrB/

GY23 %)&>8'34% �I[\'%MfT(̂ 58I9!#?/02TJK :;<Qa8'()* !"#&#'S(. g(̂ �I[\'%MfT:P6?/02T g"!# $"%%&''(&#'
5-:)̀JK �(Q1"9!# ��R)#=7N fT 58Ig* hi2+'+*S(. +* ?/02T Q;< '%MfTj(S( '(|(23 U*OA")*4F.9!# g*J&''(
UI", +*@>"JK g*J&''(<L 58Izx" U*OA"4(0uE"!# :P{de³eU*�̀ 5#0S(.
l(b(89�I[\'%MfT(̂ �(B1"'%MfT"!#��R)#'(&#'?/02TJKCG5U*OA")*4F.9!# A:H7'(<L,�I[\'%MfT&#'�-
n#' U*OA")*4F.c"DE ;$=�((̂5-OHP +*8S(. 34%=כ?*+ 2TU* !"><LU*B?@+* �I[\'%MfT ��R)#DE :+;g*&#' VW,<=
<LU*&#' MNVW'()*!"#6?@9!# 23�*+*8S(. '()*CG5 '23MN CC$DEFGA.BJK89:;B7$"%23'%MfT&#' �I[\'%MfT
(̂ �(�*g* hi2+'JK !"><LU*B?@34% :;B7$"%23 %40DE8 A'(2+'MN"!# XI?66=7N c"DE=כ? J}?H7+*8S(.

3.5 +,2@AB/456

Algorithm 134% GYJK89 5$67)0+*8 !"><LU*B?@+*S(. @>"YZ4F'01" %&�-&#' g*S3%4F'01" GH�"U*!"#$ !"><L
U*B?@t@ 23�('(S(. UA" A '%MfT first(̂ GH�"U*!"#$B7@A ≥r.t.oDE ®-"̄;<=9!# Ẃª;,-&#' JK'=7N9!# '(
�0, S(6?@t@ N"O+* 4(0235#0S(.

first(W) = {n ∈ W | ∀m ∈ W. m (.r.t.o n, m (= n}
GH�"U*!"#$DEB7@A Ẃª;33% ®-"̄23 à4G534% process one+* S;RSH7+*8S(. 23j('%MfT F"!# +*678'(dv
R)#à'¦N�-U*"!# µsDE à4G5+*8 ��, VNW�I à4G5:)̀01" ®-"̄(̂ '%MfT��R)#®-"̄+*�0 �I[\'%MfT"!# ��R)#
'()* !"#9!# ?/02T U*OA")*4F.9!#  A:H7+*8S(. R34% Q;< '%MfTj(S( $"%%&'9!# vKwª;<L ;$=�((̂�� =7N U*OA"
)*4F.9!#  A:H7+*8S(. GH�"U*!"#$JK µsDE à4G5=7N ®-"̄;<=9!# ¶7(̂=7NhiJK&#' =7NhiJK&#' '%MfT23 vKw
)*4F.01")*"!# ,!-01"+*8 �� �I[\'%MfT(̂ �(�*b(UI" R+*  A:H7'(<L 58I&#' U*OA")*4F.CG5 ¶7(̂+*8S(.

4 3C9LMN

2TU*&#' g*c7%23 SparrowDEB7@A GY23 !"><LU*B?@9!# 4F'678+*8 RSS"!# CG5;<=J&IS(. l(b(89 Sparrow4$
RSS&#' GH�"U*!"#$ !"><LU*B?@t@ GH�"U*!"#$ ,-xyJK89 �(+*(̂ )">y"% |(�e)* B7$"%34% zhPN"OS(.
Sparrow23 ?/02TJK&#' GH�"U*!"#$ ,-xyDE '%MfT��R)#FGHIC$JK8923 GY?H7m+'89, '23-.>±²O?@FGHIC$
JK8923 LM<+*8GY?H7m+'89DE 4(023_1&#' ,-xy"!# �(678'(JKIS(. EF|�'(UI" 2TU*23 '23DRS;<=JK89 +* ,-
xyDE $"%%&'=7Nhi T)0F1'4F'c"DE (̂:H7 à4G5AQ&+* 4F'J&Ig* hi2+'+*S(. RSS&#' 3:H7JK89 5$67)0+*8 GH�"U*
!"#$ ,-xy"!# �(678+*8S(.

4.1 sa;##

Sparrow4$ RSSDE 7s̀23 ,-C4%qr!"C$DEFGA.B9!# $"%%&''(dv %40DE89!# Q*<='(JKIS(. £¤ II34% '23DRSJK
�(6785#0 qrC$#$ghde;<=23 4(0uE4$ $"%%&'?66t@"!# uEdvo"%S(. LOC&#' ·̧"̄23 b(01"fT, #procs&#'
'%MfT23 s̀fT, #nodes&#' C$DEFGA.B )*4F.23 s̀fT"!# 23�*+*8S(. +*;<=9!# $"%%&'=7Nhi&#' �-�T .KL
DE*$6$"%%&', B?P mainB7@A R*:;<XI89 @>"YZC$DEFGA.B9!# $"%%&''(JKIS(. '23DRS34% �-�T 01"RS| T{}¹*J&. 4
3.2GHz C$DE�N894$ 4GB¦N�-U*"!# N"*|"% U*}~*!" 2.6 R*!"!#BJK89 fT-.>'(JKIS(.
$"%%&'?66t@23 Q*<=JK&#' S(6?@ �T(̂)*"!# +*678'(JKIS(.

– #iters $"%%&'9!# Bh8º»'(g* GYXI89 GH�"U*!"#$ !"><LU*B?@23 ¦N01" �7C$(̂ fT-.>5#0 ,'AfT+*S(.
$"%%&'JK 8P6כp+*8 ,8'gA+4F'01" à4G5AQ&9!# 23�*+*8S(.

– time $"%%&'JK qrכp5#0 ¼�IG5GY R*G̀5+*S(.
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Properties Sparrow RSS
Software LOC #procs #nodes #iters time(s) #iters time(s)

spell-1.0 2,213 31 782 24,442 33.21 6,163 12.76
barcode-0.96 4,460 57 2,634 43,573 181.92 14,462 52.46
httptunnel-3.3 6,174 110 2,757 235,494 816.37 45,849 747.45
gzip-1.2.4a 7,327 135 6,271 361,875 1838.86 85,840 672.19
proxyknife-1.7 7,744 113 2,893 101,339 364.80 6,958 25.11
sed-4.0.8 26,807 294 14,976 2,650,218 30037.06 303,970 4118.47
tar-1.13 28,333 222 10,800 2,225,255 26391.10 299,076 18357.36

[W" II]3C9LMN\]K<4 to%&H&MN,-=( /015678+9Z[
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(a)à4G5AQ& Q*<= (b)_HP_"i5- Q*<=

[)&%$) 3] 3C9LMN8+9Z[. 01u/9B: +,2@AB/456)*( *@78IC89O<H)*(vO /0156778 :P1./DI4Z[ 7D8=,O#$ E>Fto-.( b(,c@%#F9. :P1./DI4,## Spar-
row78 :P1./DI4)*( 100w&'( PPQ vO RSS78 :P1./DI478 L/?'()*( b(,c@%#F9. 7D8=,O#$ )&*+%&+## %&'()&>6? e&f/C9 4BCC9%&'à
k9x9 :P1./DI4K/ 4BCC989+## !I4K<4)*( b(,c@%#F9.

4.2 8+9Z[

FG=KS 3(a)&#' Sparrow4$ RSS+* qr�-+*8 à4G5AQ&9!# Q*<='(dv uEdvo"%S(. T)0F1'4F'c"DE RSS&#'
Sparrow23 à4G5AQ&9!# 81.15%CG5BE�:)#JKIS(. +*JKl(b($"%%&'R*G̀55-T)0F1' 60%(̂:)#de;<=J&IS(. J}
"!# ;<=de89 gzip9!# $"%%&''(&#'~� 58Ide89 Sparrow:;Q* RSS23 à4G5AQ&34% 24%+*�0, $"%%&'R*G̀534%
37%+*S(.
FG=KS 3(b)&#' RSS23 R*G̀5_HP_"i5-(̂ SparrowJK Q*XI89 'Q&?H7_1J&I6?@9!# uEdvo"%S(. Sparrow23
?/02TJK&#' C$DEFGA.B�"g*(̂ ]WKP6fTOHP à4G5AQ&+* .KM+*8 ./Z]A"c"DE 92#b((̂&#'~� Q*XI89 RSS23 ?/0
2TJK&#' :;<34% g*-)#g*23 ,8']A"c"DE 92#b((̂&#' �-�<�9!# �2# fT 58IS(. +* ?66t@&#' Sparrow23 $"%%&'JK
89&#', 2.2 :H7JK89 5$67)0c.dQEJ+*, C$DEFGA.B23 �"g*(̂ f<= fTOHP VW,<=<LU*23 �"g*5- ]W,8.JK l(b(
$"%%&'23 ��-8#+* 4F.4F. xy |(O()*<L 58I6?@9!# B?8VW+*8S(. RSSJK89&#' +* ��-8# A'( #$401"9!# MNVW'(
JKIg* hi2+'JK $"%%&'23 à4G5_HP_"i5-(̂ 'Q&?H7_1J&IS(.

5 8+9KL#

+* &*'2+'34% 4(0,!-5-(̂ )"*34% $"%%&', G?P.* '%MfT��R)#?/0DE"!# %&$"%'()* !"#9!#?/02TJK ,9-:+;'(&#' $"%%&'
23 ��-8# A'(23 #$401"9!# 5$67)0'(<L XI?66L.$9!# MNR*'(JKIS(. +* 2+'MN&#' G̀5IG5+*8 C$DEFGA.B9!# $"%%&'
=7Nhi&#' �+'JK _"> jk)* !"#)*CG5, ,-C4%qr!"QE823 '23MN C$DEFGA.B9!# $"%%&'=7NhiJK&#' $"%%&'g*23 %40DE8
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