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⌧ 1•⌧`

1.1 lXDî1

å⌅∏Ë¥Äù [1]@å⌅∏Ë¥X‡∞1 (reliability)¸H⌅1 (safety)D•¡‹

§0 ⌅t, å⌅∏Ë¥� ¸¥ƒ Ö8 (specification)| ÃqXî¿ Ä†X‡ Ux

Xîë≈<\,t|Ï1X0⇠Ë<\låå⌅∏Ë¥L§⇧0ï¸��Äù

0ït t¨\‰. å⌅∏Ë¥ L§⇧@ �¡ å⌅∏Ë¥X Ö%✓‰D ›1XÏ,

�¡å⌅∏Ë¥–‰⌧\⇠âh<\h⇠X⌧ú%✓‰t0�ú%✓¸|XX

î¿UxXî¸�<\$Ö⌧‰.��Äù0ï [2]@å⌅∏Ë¥|‰⌧\⇠â

X¿Jî�‡¸¥ƒÖ8|⇠Y�x®x\¿XX‡�¡å⌅∏Ë¥�Ö8|

ÃqXî¿XÏÄ|⇠Y�<\ùÖXî0ït‰.�\�<\å⌅∏Ë¥®x

¥π0ï [3]tt¨\‰.

å⌅∏Ë¥ÄùD®(�<\⇠âX0⌅t⌧î,Äù�¡å⌅∏Ë¥@¡

8ë©Xî xÄ |t�Ï¨ ®»/ÙÏ�∏– �\ Äù XΩ l1t D⇠�t‰

[4].�|‰¥,Ë⌅L§⇧‹Äù�¡h⇠�⌘¸XîxÄ|t�Ï¨ÙÏ�

∏/®»D ‰⌧\ �ŸXt⌧ L§∏| ⇠âX0–î Äù D©t Œt åî⇠î

8⌧�t¨\‰.0|⌧,L§∏XΩlïD⌅t|⇠�<\¨©⇠î)›@§

A (stub) [5]X¨©t‰.§A1@ÄùD©D⌅t0⌅txÄ|t�Ï¨®»D

�¥X‡TË⌧Xå‹¨�tXXîT‹\,¸\π�â⌅✏¡‹ÃDÄùX

0⌅t‡�⌧✓D⇠X\‰.

tÏ\ §AD êŸ ›1Xî ƒl\ © �¥ ⌅�ÑÃl� t¨\‰. �\�

<\ JavaD ¿C<\ \ Mockito [7], EasyMock [8]� à<p, C∏¥| ¿–Xî
1D∑\ ©¥\, © �¥ (mock object) [6]� à‰. ¯ |8–⌧î §A¸ © �¥| ⌧\ ⇡@

X¯\��X‡¨©\‰.
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Mimicc [9], Cgreen [10], CMocka [11]Òtà‰.tÏ\⌅�ÑÃlî§A/©�¥

|›1X0⌅\�� (Dîtò§/T⌧‹�X,⌧¥ APIÒ)|⌧ı`–,‰⌧\

⇠â⇠îâ⌅î¨©ê�¡⌘ë1t|XîÒ,Ï⌅àî��xx%tDîX

‰. © �¥X â⌅| Ï¸≠ ‰â (symbolic execution)D µt êŸ ›1Xî 

l [12, 13]� ƒâ⇠»<ò, Ï⌅à π�⌧ áá Ö%– �t⌧Ã ò¨` ⇠ àî

Ò, $¡ π� L§∏–⌧Ã ⇠â �•X‰. â, ›1⌧ © �¥X ¨¨©t pX

à�•X‡»\¥L§∏–fi∞‰‹›1t|Xî8⌧�t¨\‰.

tÏ\ Äù XΩ l1X ¥$¿@ å§ T‹ ⇠�X �� Äù 0ïD �©`

Lƒ »,�¿t‰. t˘ 0ïD �©X0 ⌅t⌧î Äù �¡ å⌅∏Ë¥X ®‡

å§T‹|��Äù0ït⇠Y�®x\¿X`⇠à¥|\‰.¯Ïò,�¡

å⌅∏Ë¥@¡8ë©XîxÄ|t�Ï¨XΩ∞�¡å⌅∏Ë¥@Xå§T

‹@î‰x∏¥\ë1⇠»D�•1tà<p,πàå§T‹�ı⌧⇠¿J@

Ω∞ (â, ‰â �|Ã ⌧ıXî Ω∞) ⇠Y� ®x\ ¿X` ⇠ ∆¥ �� Äù 0

ïD �©X0 ¥5‰. t| t∞X0 ⌅t |⇠�<\ xÄ |t�Ï¨ ®»–

�tÑXX✓D⇠XXî§AD›1✏�¥h<\hÄù`⇠à‰.‰Ã,t

Ω∞xÄXΩ–�\¥†\⌧}ƒt¨X¿J0L8–$– (‰⌧‹§\–⌧

î⌧›`⇠∆î$X)ÃD>Dº�•1t‰∞l‰ [14].

1.2 ⌧H:⌅\¯®i10ïDt©\§AêŸ›1

¯ |8–⌧î, C ⌅\¯®D �¡<\ PBE (Programming-By-Example) 0⇠ ⌅

\¯® i1 0ï [15]D t©t ‰ë\ Ö%D ò¨` ⇠ à‡ –¯ h⇠/®»¸

D∑\â⌅|⇠âXîT‹|i1h<\h,‰ë\Ö%–�tò¨�•\,â

¨¨© �•\ §AD ›1Xî 0ïD ⌧H\‰. PBE i1 0ï@ ¸¥ƒ Öú

% �⌧\Ä0 |�\ (4D >D |⇠T⌧ ⌅\¯® T‹| >D¥î 0ï<\,

ÿ�\¸¥ƒÖú%�⌧–�t⌧Ã|@ 100%X�Uƒ|Ù•Xò,ÿ�\¸
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¥¿¿J@‰xÖú%�⌧–�\�UƒîÙ•`⇠∆‰.0|⌧i1ƒl–

¥†\Öú%�⌧—iD⌧ıXî¿–0|i1⇠î§AT‹X�Uƒ,ú%

î⌅, ı°ƒ (T‹ ¨tà)– p �•D ¸p, ¨©êî \�X t (\�X �Uƒ

✏ ú% î⌅, \åX ı°ƒ| �ƒ T‹| i1Xƒ] Xî Öú% �⌧ —i)|

|⇠�<\L⇠∆‰.

tÏ\Ë⇣–ƒàlX‡,å§T‹X�Ù|LDî�∆t$¡Öú%�

⌧Ã<\ ⌅\¯®D Ã‰¥º ⇠ à0 L8– §A êŸ ›1– à¥ p •⇣t

 ⇠ à‰î ›�t ‰»‡, ⇣\ Ë⌧à ‡�⌧ ✓D ⇠XXpò á ⌧X Ö%–

Ãò¨�•\|⇠�x§AÙ‰îT�U\â⌅|⇠âXî§ADi1`⇠

à‰î›�–⌧¯l|ƒâXå⇠»‰.⌅\¯®i10ïD¨©XÏ©�

¥|êŸ›1Xî)›DDt¥⇠�–⌧⌧H\l [16]|¸p\‹ëXÏ,

¯lî (1)i1�¡h⇠X‰ë\â⌅|‰Ñ`⇠àƒ],ÏÏL§∏�t

§›10ï (|’ [17]✏Ö%✓§LtX)Dt©XÏ‰ë\⇠� (‹§\,Ë⌅

h⇠)–⌧X Öú% �⌧| ⇠—Xî )ïD $ÖX‡, (2) ⇠—⌧ Öú% �⌧|

¨©t i1 ƒl– ⌧ıXî �⌧X ⇠| ⇣ù�<\ ò$�p i1D ‹ƒXÏ

DP� í@ �Uƒ| �¿‡ ‰ë\ Ö%– �t ò¨ �•\, ¨¨© �•\ §

AD êŸ ›1Xî L‡¨òD ⌧HXp, (3) 2⌧X Ñ†‹ å⌅∏Ë¥ �⌧@

SV-Comp 2022 [18]–¨©⌧§X»l⌘á⌧|Ë|i1�¡h⇠| �X‡

⌧H\i1)›D�©\‰ÿ∞¸|ÙÏ�‰.

1.3 ¯|8Xl1

ò8¿|8¥©@‰L¸⇡tl1⇠¥à‰: 2•@<�å⌅∏Ë¥ÄùXΩ

lïD⌅t§At‰⌧\¥ªå�©⇠î¿¯�‹|ÙÏ�‰.¯‰L⌅\¯

®i10ï–�tTê8à$ÖX‡, PBE–¨© Öú%�⌧|›1Xîp

¨©⌧å⌅∏Ë¥L§⇧ (L§∏�t§›1)0ï‰–�t⌧ƒ��$Ö\‰.
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»¿…<\,�(l–�t⌧ƒ$Ö\‰. 3•–⌧î<�¯|8–⌧⌧HXî

⌅¥�x⌅\8§–�t$Ö\‰.¯‰LÖú%�⌧|⇠—Xî)ï–�t⌧

$Ö\‰. ‹§\/Ë⌅ ⇠�–⌧ Öú% �⌧| ⇠—àD LX •Ë⇣D $ÖX‡

l¥�<\¥ªå⇠—Xî¿$Ö\‰.»¿…<\í@ú%‰Ñ¨¿|�¿‡

|�⇠�X�Uƒ|�¿î,¨¨©�•\§AD›1X0⌅\i1⌅\8§

|$Ö\‰. 4•–⌧î 2⌧XÑ†‹⌅\¯®¸ SV-Comp 2022X§X»l⌘

|Ä⌅\¯®‰D�¡<\,�⌅\¯®–�X⇠¥àîi1�¡h⇠| �

X‡t⌅•–⌧$Ö\�⌧›1✏i1)ïD�©XÏ‰ÿ\∞¸|Ùt‡

å§T‹�ı⌧⇠»DLî��<\¨©`⇠àî�Ù|t©\�⌧⇠—✏

i1)ïDµtDP/Ñ�\‰. 5•–⌧î∞`✏•ƒl–�t$Ö\‰.
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⌧ 2•l0Ω✏�(l

2.1 å⌅∏Ë¥ÄùXΩl1

1 # i n c l u d e <math . h>

2 # i n c l u d e ” e c r o b o t i n t e r f a c e . h ”

3 vo id t u r n S e n s o r ( i n t edge ) {

4 i n t o f f s e t = 1 0 ;

5 i n t s s p e e d , deg ;

6 w h i l e ( f a b s ( o f f s e t ) > 3) {

7 deg = n x t m o t o r g e t c o u n t (MOTOR S) ;

8 o f f s e t = edge − deg ;

9 i f ( o f f s e t > 0) {

10 s s p e e d = BASE SPEED S + SENSOR P* o f f s e t ;

11 }

12 e l s e {

13 s s p e e d = −BASE SPEED S + SENSOR P* o f f s e t ;

14 }

15 s s p e e d = ( s s p e e d > 100) ? 100 : s s p e e d ;

16 s s p e e d = ( s s p e e d < 100) ? −100 : s s p e e d ;

17 e c r o b o t s e t m o t o r s p e e d (MOTOR S, s s p e e d ) ;

18 }

19 e c r o b o t s e t m o t o r s p e e d (MOTOR S, 0 ) ;

20 }

¯º 2.1:Ñ†‹å⌅∏Ë¥X⌅��xh⇠T‹

¯º 2.1@Ñ†‹å⌅∏Ë¥–⌧¨©⇠î⌅��xh⇠X�‹|ÙÏ¸
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‡ à‰. turnSensor h⇠| D⌅à ÄùX0 ⌅t⌧î π� X‹Ë¥@ Öç⇠¥

àî nxt motor get count h⇠@ (|x 7), ecrobot set motor speed h⇠ (|x 17,

19)h⇠|ÏhXÏÄùt|\‰.¯Ïò,t˘xÄ|t�Ï¨h⇠‰D8úX

t⌧ÄùX0–î‰⌧⌘¸⇠îX‹Ë¥XXΩL¿ƒÏhXÏÄùt|X0

L8–, Ë⌅ L§⇧D ⇠âX‡ à‰î ⇣D ‡$àD L Äù D©t Œt åî

⌧‰‡¸⇠à‰.tÏ\8⌧îå§T‹⇠�X��Äù0ïD�©`Lƒ

t¨\‰. t˘ xÄ |t�Ï¨ h⇠‰t X‹Ë¥– ⌘¸X¿ Jî‰‡ ��X

T|ƒ, `�– å§ T‹� ı⌧⇠¿ JX‰t t˘ |t�Ï¨ h⇠‰D ⇠Y�

®x\¿X`⇠∆0L8–,D⌅\X¯–⌧XÄùD⇠âà‰‡¸⇠∆‰.

1 i n t n x t m o t o r g e t c o u n t s t u b ( i n t f a k e p a r a m ) {

2 r e t u r n 0 ;

3 }

¯º 2.2: nxt motor get counth⇠XË⌅L§⇧©§AT‹

tÏ\ Äù XΩ l1¸ �(⌧ 8⌧| t∞Xî )› ⌘ Xò\, §A T‹

| ›1XÏ xÄ |t�Ï¨ h⇠ �‡ 8ú⇠¥ T ⌅ËXå ‹¨�tX ⇠ƒ]

Xî )ït |⇠�t‰. �| ‰¥, ¯º 2.2X Ω∞ π�\ Ë⌅ L§∏| ⌅t

Ã‰¥ƒ §A T‹\, Ë⌧à 0D ‡��<\ ⇠X\‰. tÏ\ §A@ ‰⌧ xÄ

|t�Ï¨h⇠|8úXî�‡⌅ËXå⇠â⇠îT‹�⇠â(<\hÄùD

©D ⇣å‹¨ ⇠ à‰. ¯Ïò, t⌥å ë1⌧ §A@ π� ¡‹| ÄùX0 ⌅t

m¡ ‡�⌧ âŸÃ ⇠âX0 L8–, ‰x ©�D �ƒ L§∏– fiî âŸD ⇠

â` ⇠ ∆‰. â, t˘ L§∏X ©�D Ï1X0 ⌅t ⇠ë≈<\ §A T‹|

¿Ωt¸¥|Xîàp\¿t⌧›\‰.

¯º 2.3@ å§ T‹ ⇠�X �� Äù 0ïD �©` L |⇠�<\ ¨©⇠

î§AT‹X�‹t‰.|x 3–⌧ SYM inth⇠î SYMbolic–⌧0(É<\,

Äù0� ¿⇠ ret– ÑXX �⇠✓D `˘XÏ ‹¨�tX` ⇠ à‰î X¯t‰.
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1 i n t n x t m o t o r g e t c o u n t s t u b ( i n t f a k e p a r a m ) {

2 i n t r e t ;

3 SYM int ( r e t ) ; / / or , r e t = no n d e t ( ) ;

4 r e t u r n r e t ;

5 }

¯º 2.3: nxt motor get counth⇠X��Äù©§AT‹

⇣\,å⌅∏Ë¥®x¥π–⌧î nondeth⇠�¨©⇠îp,tîNONDETermin-

istic (D∞��x)X }êt‰. Ã} Äù0| µt turnSensor h⇠� �¡�<\

ÖÃ ⇠ àî¿ ¯ ÏÄ| UxX‡ ˆ‰t, Äù0î turnSensor h⇠X �|¯

0x edge@ ¿⇠ ret– ÑXX ✓D `˘t Ùt⌧ ‹¨�tXD ⇠âX‡, Ã}

�•X‰t turnSensor h⇠� ÖÃ⌧ ‰â ∏�t§| ⇠X` Ét‰. ¯Ïò, t

⌥å⇠X⌧∏�t§ît˘xÄ|t�Ï¨XT‹@‰⌧X‹Ë¥XŸëL¿

⇠�`⇠∆0L8–,X‹Ë¥|ÏhXÏÄù\Ω∞–î¨⌅tà�•\∏

�t§ ($–)|�•1tt¨\‰ [14].

2.2 ⌅\¯®i10ï

⌅\¯®i10ï [19]@¨©ê�‰ë\�‹\⌧ıXîXƒ (9@,⌧}pt)

D �EXÏ t| ÃqXî ⌅\¯®D >D¥î 0ït‰. tÏ\ Xƒ–î �\

�<\ Öú% �⌧ [20], Öú% ⌅X �ƒ› [21], ¯D1⌧ ⌅\¯® [22]t �\

�tp, ¯⌘–⌧ Öú% �⌧ 0⇠ (PBE) i1 0ï¸ Öú% �ƒ› 0⇠ i1

0ïD ⌧\ DPXÏ §AD i1Xî p à¥⌧ PBE i1 0ït T ®(�x

t |$ÖXƒ]\‰.

2.2.1 SyGuS0⇠i1§ô
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1 ( s e t − l o g i c LIA )

2 ( syn th − fun g c d t e s t ( ( a I n t ) ( b I n t ) ) I n t

3 ( ( S t a r t I n t ( n t I n t ) )

4 ( n t I n t I n t (

5 −1 0 1 2 3

6 a b

7 (+ n t I n t n t I n t )

8 ( − n t I n t n t I n t )

9 (* n t I n t n t I n t )

10 ( / n t I n t n t I n t )

11 ( i t e n tB oo l n t I n t n t I n t )

12 ) )

13 ( n tB oo l Bool (

14 t r u e f a l s e

15 ( n o t n tB oo l )

16 ( and n t B oo l n t Boo l )

17 ( o r n t B o o l n t Bo o l )

18 (< n t I n t n t I n t )

19 (= n t I n t n t I n t )

20 ) ) ) )

¯º 2.4: SyGuS0⇠i1§ô⌘8ï⌧}ÄÑ
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∞ Pi10ïXÖU\DP|⌅t, SyGuS (Syntax-Guided Synthesis) [23]

D 0⇠<\ Xî i1 0ïD 0�<\ $Ö\‰. SyGuSî ⌅–⌧ $Ö\ ¨©

êX ⌧} pt–Ã D»|, i1 ⌅\¯®t ¨©` ⇠ àî �|¯0 (¿⇠),

∞ê, ¡⇠✓‰D Ö‹XÏ i10X ⌅\¯® –… ı⌅D ⌅Ï�<\h T ®

(�<\ i1` ⇠ àƒ] Xî 8ï ⌧}D ⌧‹\‰. p0– Tt, SyGuS 0⇠

i1 §ô (specification)D \�TXÏ PBE i1 0ï¸ Öú% �ƒ› 0⇠ i1

0ï®PŸ|\�›Xi1§ôD¨©`⇠à¥DP�©tX‰.

¯º 2.4î SyGuS 0⇠ i1 §ô ⌘ 8ï ⌧} ÄÑÃD Ö‹XÏ ÙÏ�‰.

|x 1@ Linear Integer ArithmeticX }ê\, �⇠@ �(⌧ 8ïD ¨©X†‰î

X¯t‰.‰xÖX\î8êÙ¸D∏°0 (bit vector)�à‰.|x 2î gcd test

|îtÑXh⇠|i1X†‰îÉDÖ‹X‡,t˘h⇠î�� a@ b|î�⇠

�X�|¯0¿⇠|�¿p,�⇠�X✓D⇠X\‰î�Ù|Ö‹\‰.|x 3-

12î�⇠�X¡⇠✓,�|¯0,∞ê|Ö‹X‡à<p,|x 13-19î Boolean

�›D Ö‹X‡ à‰. |x 5î ¨© �•\ ¡⇠✓‰D Ö‹Xp, |x 6@ ¨©

�•\ �|¯0|, |x 7-11@ �� ¨© �•\, ∞X ∞¸� �⇠x ∞ê

| Ö‹X‡ à‰. |x 11X iteî if-then-elseX }ê\, ntBoolt 8tt P à¯

ntInt ›D, p”tt 8 à¯ ntInt ›D ⇠X\‰. tÏ\ ∞êX �‹î h⇠�

⌅\¯ò�∏¥@ ¨X‰.�|‰¥ (3 + 1 - 2)|î›D⌅§ô–⌧\⌅X‡

ˆ‰t (+ 3 (- 1 2))\ \⌅` ⇠ à‰. ⇣\ |x 7X TX0 ∞X Ω∞, ’+’|î

08| �¿‡, ´ à¯ ntInt ›¸ P à¯ ntInt ›D T\ ✓D ⇠XXî X¯|

�ƒh⇠|‡›�`⇠à‰.

¯º 2.5î SyGuS0⇠i1§ô⌘X¯⌧}ÄÑ,πàÖú%�⌧|⌧}p

t<\\⌅\ÉDÙÏ�‰.�|x»‰⌧\‰xÖú%�⌧|Ö‹X�<p,

|x 1D¥¥Ùt^⌧$Ö\8ï�›D0x‰îÉDL⇠à‰. (= (gcd test

12 30) 6)X X¯î ‰‹ Ä¥t (gcd test(12, 30) == 6)@ Ÿ|X‰. SyGuS 0⇠

i1 ƒlî ¯º 2.4X 8ï ⌧}t Ö‹⇠¥ àî �\ Ã‰¥º ⇠ àî ⌅\¯
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1 ( c o n s t r a i n t ( = ( g c d t e s t 12 30) 6 ) )

2 ( c o n s t r a i n t ( = ( g c d t e s t 60 5 ) 5 ) )

3 ( c o n s t r a i n t ( = ( g c d t e s t 20 100) 20) )

4 ( c o n s t r a i n t ( = ( g c d t e s t 16 32) 16) )

¯º 2.5: SyGuS0⇠i1§ô⌘X¯⌧}ÄÑ (PBE)

® ƒÙ ⌘–⌧, t 4⌧X ⌧} ptD ÃqXî ⌅\¯®D >D ⇠XXî É<\

$Ö`⇠à‰.tÏ\⌧}ptD�¿‡ PBEi1ƒlx DUET [15]–i1‹

§t ’(define-fun gcd test ((a Int) (b Int)) Int (ite (< b a) b (ite (= b (+ a a)) a (/ b

(+ 3 2)))))’|î⌅\¯®t⇠X⌧‰. define-fun gcd testî–¯�\ gcd test|î

tÑX h⇠| �XX‡ à‰î X¯t‡, �|¯0 a, b ✏ ⇠X ¿Ö Intî ^⌧

8ï⌧}¯º 2.4¸Ÿ|\�›tp,¯‰LÄ0î‰⌧\i1⌧⌅\¯®t‰.

2.2.2 ⌅\¯®i10ïXDP

¯º 2.5ò¸,Öú%�⌧|⌧}pt<\�D‰tîÉD PBE0⇠⌅\¯®i

10ït|\‰. SyGuS-Comp [24]�⌧\⌧tò\, 2014D✏ 2015D–î [23]

–⌧å⌧⌧òÙ› (Enumerative)i10ït∞πD(¿à‰.òÙ›i10ï

@ bottom-up)›<\,8ï⌧}<\Ä0›1`⇠àî�•ë@⌅\¯®Ä0

‹ëXÏ,⌧}ptD®PÃqXî⌅\¯®D>DLL¿ƒÙ⌅\¯®X¨

tà| ò$�p –…Xî )›D D›\‰. òÙ› 0ï@ ë@ l0X ⌅\¯®

‰D‰∞`tåòÙ`⇠à¥Dî¨tà�ë@⌅\¯®@‰∞}å>Dº

⇠ à‰î •⇣t t¨Xò, ƒÙ ⌅\¯®X l0� ‰»⇠] –… ı⌅t 0X

 ⇠�<\ ◆¥¿0 L8– p ‹®X ⌅\¯®@ >0 ‰∞ ò‰¥¿î Ë⇣t

t¨\‰.

tÏ\ òÙ› i1 0ïX Ë⇣D ˘ıX0 ⌅t, Alur xX l [25]–⌧î

XòX \⌅›t ®‡ ⌧} ptD ÃqXî ⌅\¯®D >î 0t òÙ› )ï–
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¯º 2.6: EuSolverXi1)›

⌧, ÏÏ ⌧� \⌅›‰t �� ÃqXî ⌧} pt‰X i—it ⌅¥ ⌧} pt

—it⇠îÉD>‡,⌧�\⌅›‰DlÑXîpt›D0\>Dt|∞iX

î )ïD å⌧X‡ à‰. t˘ i1 ƒlX tÑ@ EuSolver\, ¯º 2.6–⌧ i1

)›D$ÖX‡à‰.0tòÙ›)ï–⌧îDî\pt› B1, B2@⌧�\⌅

› P1, P2, P3‰t∞i⌧�‹|\à–>D|à¿Ã, EuSolverîpt›¸⌧�

\⌅›‰D �� >Dƒ<\h ë@ ⌅\¯®D `tå >Dº ⇠ àî òÙ› )

ïX •⇣D t©Xt⌧ƒ t‰D ®¸�<\ ∞iXî )ïD ⌧‹h<\h T

®(�<\ p ‹®X ⌅\¯®D >Dº ⇠ à‰. ¯ ∞¸, EuSolverî 2016D ✏

2017D SyGuS-Comp–⌧∞πD(¿à‰.

LeeXl [15]–⌧î<�ë@⌅\¯®Äà(ÙÏ�∏)DÃ‰¥¥‡,⌅¥

Xp8⌧|ë@8⌧‰\ò ë@8⌧|t∞XîÙÏ�∏‰D⌧\∞iX

Ï\Ö�<\®‡⌧}ptDÃqXî⌅\¯®D>D¥î, DUETt|îtÑ

D�ƒi10ïD⌧HX�‰. EuSolver@ ¨\¥©D¿»‡à<ò, DUET

@ pt›D 0�<\ ⌅\¯®D ò⌅î )ï tx–ƒ 3�¿X î��x î`

‹YD�XX�‰. 2019D SyGuS-Comp–⌧∞πD(¿àX CVC4✏ EuSolver

Ù‰§X»l8⌧‰DT`t‡�UXåÄ¥¥¥‰x PBE0⇠i10ï‰

Ù‰∞⌅–àLtÖù⇠»‰.
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1 ( d e f i n e − fun f a r e ( ( me te r I n t ) ( second I n t ) ) I n t (

2 + 3300 (+ (* 100 ( / me te r 131) ) (* 100 ( / second 31) ) )

3 ) )

4

5 ( c o n s t r a i n t (= ( t a x i me te r second t ime ) (

6 i t e ( o r ( and (<= 0 t ime ) (<= t ime 4) ) (= t ime 24) ) (

7 + ( f a r e me te r second ) (* 2 ( / ( f a r e me te r second ) 10) ) )

8 ( f a r e me te r second ) ) / / e l s e

9 ) )

¯º 2.7:Öú%⌅X�ƒ›0⇠i10ïX⌧}pt�‹

Öú%⌅X�ƒ›D0⇠<\Xîi10ï@�\�<\ DryadSynth [21]

� t¨\‰. |⇠�<\, Öú% �ƒ› 0⇠ i1 0ï@ Ì� (deductive) i

1 0ït| à∞‰. ⇠t PBE 0⇠ h1 0ï@ ¿©� (inductive) i1 0ït|

à¨îp, tî ¸¥ƒ Öú% �⌧– �t⌧î 100% ÃqX¿Ã, ¸¥¿¿ J@

Ö%✓– �t⌧î �ıD Ù•` ⇠ ∆0 L8t‰. â, Ì� i1 0ï@ Öú

%⌅X�ƒ›D�Dt|¨l1XîÉ<\,⌅⌧ptx⌧}¨mt¿¨¿Ã

JX‰tÌ�t0L8–�U\⌅\¯®Di1`⇠à‰.¯º 2.7@Ì�

i1 0ïX ⌧} ptX �‹| ÙÏ�‰. |x 1-3@ taxi h⇠| i1X0 ⌅t

¨©`⇠àî‰l\h⇠x fareD�X\Ét‡,|x 5-9–⌧ taxih⇠X⌧}

ptDò¿¥‡à‰.Ì�i10ï@�¡h⇠Xå§T‹òîl¨m8⌧,

¸�<\ ⌧ $Ö ÒD �¿‡ π’D �E\ §– ¨©ê� ¡⌘ ⌧} ptD ë

1t| X0 L8–, §AD êŸ ›1\‰î ¯ lX ©�¸î fi¿ J‰. t–

�\ê8\|Xî [26]–⌧‰Ë‡à‰.

∞m §AD êŸ ›1X0 ⌅t⌧î, êŸT⌧ )ïD ⇠—` ⇠ àî Öú%

�⌧| 0⇠<\ Xî PBE 0⇠ ⌅\¯® i1 0ïD  ›t| \‰. Ë⌧Xå
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úd Ö% ✓‰D ›1t⌧ ‰âÃ tƒ }å ⇠Œ@ Ö/ú% �⌧‰D ⇠—` ⇠

à<p,å§T‹�∆t‰â�|Ãt¨XT|ƒ�⌧‰D⇠—`⇠àî•⇣

t t¨\‰. 0|⌧, ¯ l–⌧î PBE 0⇠ ⌅\¯® i1 ƒl ⌘ DP� 1•

∞⌅|ÙÏ¸»X DUET [15]Dµt¨¨©�•\§ADêŸ›1X‡ê\‰.

¯Ïò,^⌧∏ àÔ PBEi10ï@¸¥ƒÖú%�⌧–�t⌧î 100%

�Uƒ| Ù•Xò, ¯ xX ‰x �⌧– �\ �Uƒî Ù•` ⇠ ∆‰. πà t

Ï\ 8⌧� ÏT Ω∞, |⇠T� ⇠¿ ª\ D ⌧} pt<\ ¸¥ƒ Öú% �

⌧ÃD fiîå ⇠î ¸�i (over-fitting) 8⌧� ⌧›` ⇠ à‰. tî Ë⌧à π�

âŸD ⇠âX¿ ªXî É (under-approximation) –Ã D»|, XƒX J@ âŸ

(over-approximation)D ⌧`⇠ƒà‰îX¯t‰.

¸�i⌧§AD¨©XÏå⌅∏Ë¥|Äù`Ω∞, (‰⌧\î$X�t¨X

îpƒ) $X ê¥| >¿ ªXå ⇠pò, $X| >D¥T|ƒ $–t  ⇠ àî

�•1t t¨\‰. |⇠�<\ ¸¥¿î ⌧} ptX ⇠� ù�`⇠] ¸�i 8

⌧�t∞ ⇠îà<ò,tà‘⇠�\i1⌧T‹X¨tà (ı°ƒ)�ù�Xp

ò⌧\‹⌅H–i1X¿ªXîÒX8⌧�⌧›\‰.0|⌧,§ADi1Xî

p à¥⌧ �•D ⌅ ⇠ àî ÄÑ (¨© �•\ Öú% �⌧ —i, ⌧} ptD î

�Xî )ï, i1⌧ §AX …� ¿\ Ò)D ò �X` Dî� à‰. ¯Ïò, Ùµ

i1ƒlê¥XL‡¨òDlXîp–�ÏtàD–,i1ƒl|¨©Xî

¨©êÖ•–⌧i1ƒl|‰ËîlîpXt¨X¿Jî‰.

2.3 å⌅∏Ë¥Äù✏L§⇧0ï

¯9X–⌧îå⌅∏Ë¥L§⇧D⌅tL§∏�t§|›1Xî0ï (|’,X

\≠ L§⇧)¸, å⌅∏Ë¥ ÄùD ⌅\ ®x ¥π 0ï– �t $Ö\‰. L§∏

�t§|›1Xî)›–0|låúd/|’ (random/fuzzing) [17,27,28])›¸

Ï¸≠/X\≠ (symbolic/concolic) [29–31])›<\lÑ`⇠à‰.
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2.3.1 |’

|’tÄ,�¡⌅\¯®D|à (fuzz)Ö%DµtL§∏XîÉ<\⌧,|àÖ%

@ �¡ ⌅\¯®–⌧ �¡⌧ Ö% î⌅| ⇠¥⌧î, Ä�UXpò XƒX¿ J@

âŸD  ⌧Xî Ö%D X¯\‰ [32]. |⇠�<\ ¨©ê\Ä0 �¡ ⌅\¯®

–⌧ �¡�<\ ⇠â⇠î Ö%✓‰X —ix ‹‹| �D t|  ¿X‡ ��à

¿T‹¥<\h|àÖ%DÃ‰¥¥$‡‹ƒ\‰.

Algorithm 1|’L‡¨ò

Input: tlimit, C // fuzz configurations

Output: B // a set of bugs

1: B  ?

2: while telapsed < tlimit ^ Continue(C) do

3: conf Schedule(C, telapsed, tlimit)

4: tcs InputGen(conf)

5: B
0
,execinfos InputEval(conf,tcs, Obug)

6: C  ConfUpdate(C,conf,execinfos)

7: B  B [B
0

8: return B

L‡¨ò 1@ ⌅⇠�x |’ L‡¨ò– �t $Ö\‰. Ö%<\ ⌧\ ‹⌅

tlimit¸ |à l1 (configuration) —i CD Ö%<\ �D >D∏ Ñ¯‰X —i

Ñ BD⇠X\‰.|àl1@|’L‡¨ò–�•D¸îÏÏ�|¯0ò‹‹

�Ù|�¿‡à‰.<�|x 2–⌧î¸¥ƒ‹⌅¥–⌧, Continueh⇠|8ú

XÏt˘L‡¨òDƒçt¥�¿|∞�\‰.Ùµƒ `Tt∏�§|’–⌧

®‡‰âΩ\|–…àDΩ∞ÖÃ`L¨©⌧‰.

|x 3-7D µ¿¥⌧ |à ⇠ı (iteration)t| Ätp, <� Schedule h⇠|

µt ⌅¨ ⇠ı–⌧ ¨©` |à l1 confD  ›\‰ (|x 3).  ›\ |à l1
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confDµtL§∏�t§—i tcsD›1Xp (|x 4), tcsDµt�¡⌅\¯®

D‰âXÏÑ¯$|tObugD0�<\»må⌧¨⌧Ñ¯—iB
0D>D∏‰.

⇣\,tL‰âXt⌧ª¥∏�Ù‰x execinfosƒ⇠—\‰ (|x 5).⇠—⌧‰â

�Ù|†�\ ConfUpdate h⇠|µt|àl1—i CD≈pt∏Xp (|x

6),»må>D∏Ñ¯| B–î�\‰ (|x 7).

|’X ÖX\î lå ô�§ (blackbox), ¯�t�§ (greybox), Tt∏�§

(whitebox)�t¨Xp,ô�§|’@�¡⌅\¯®Xå§T‹�Ù|¨©X

¿J‡$¡Ö%�Dú%∞¸ÃDUxXî)›t‰.�\�<\ [28]�t¨

Xp,Ñ¯|Œt>D∏Ö%✓D⌅¸\§LtXXî)›D¨©\‰.¯�t

�§|’@⌅Ë\å§T‹Ñ�Dµt (ÙµT‹‰Ñ¨¿�Ù|¨©)⇠â

çƒ|lå⌅t¿J‡|’D⇠â`⇠àî)›t‰.�\�<\ AFL++ [17]

� t¨\‰. AFL++î »\¥ ‰Ñ¨¿| Ï1\ Ö%✓D ⌅¸\ §LtXXî

)›D ¨©\‰. πà ¯ l–⌧î C ⌅\¯®D �¡<\ ‰ë\ ‰â Ω\|

⇠â` ⇠ àî L§∏ �t§‰D `tå >Dº ⇠ à0 L8– PBE i1– ¨

© Öú%�⌧|⇠—X0⌅t AFL++D¨©\‰.»¿…<\Tt∏�§|

’@å§T‹�Ù|�•Œt¨©Xî)›<\,X\≠L§⇧tTt∏�§

0ï–Ïh⌧‰.ê8\$Ö@X\≠L§⇧D$ÖXîÄÑ–⌧ƒâ\‰.

2.3.2 X\≠L§⇧

X\≠ L§⇧@ Ÿ� Ï¸≠ (Symbolic) L§⇧<\ƒ à¨p, �¡ ⌅\¯® å

§T‹Xlp|Ñ�X‡t|†�\⌅\¯®X®‡‰âΩ\|��ƒÏ`

⇠ àî L§∏ �t§‰D ›1Xî Tt∏�§ L§⇧ 0ït‰. X\≠ L§⇧

0ï@ Ï¸≠ ‰â 0ï [29]D 0⇠<\ \‰. Ï¸≠ ‰â 0ï@ ⌅\¯®D

|¨›<\¿XXÏ⇠Y�<\Ñ�`⇠àî0ï<\,π�‰âΩ\–ƒÏ

`⇠àåXî|¨›Xt (Ö%✓)| SMTtï0 (Satisfiability Modulo Theory

Solver) [33]Dµt>D∏‰.
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¯º 2.8:X\≠L§⇧$Ö�⌧

¯º 2.8DµtX\≠L§⇧X•⇣D$Ö`⇠à‰.h⇠ fX|x 5–t¨

Xî Asserth⇠–ƒÏX0⌅t⌧î|x 2, 3, 4XptD®PÃqXîÖ%✓

x (a=2, b=3, c=6)D>D|\‰.Ã}t|ô�§|’ò¸údXåÖ%✓D

›1t⌧⇠â`Ω∞,�⇠�¿⇠x aX✓t 2�⇠î�•1t 1/232t¿\, 3⌧

¿⇠� Ÿ‹– Ãq` U`@ 1/296 = 1/232 ⇥ 1/232 ⇥ 1/232t‰. ¨‰¡ $X|

⌧¨`U`t‰∞Æ‰‡¸⇠à‰.

⇠tX\≠L§⇧@å§T‹X®‡Ñ0|⇠âXåh<\h 4à¯L§

∏�t§›1Ã–$X|>Dº⇠à‰.´Ö%✓ (9@‹‹)t (0,0,0)<\�

�àDL, fD‰âXt|x 2–⌧ a!=2XΩ\�⇠â\‰.tL,⇠âàXΩ\X

|¨› a!=2|�•\‰.Pà¯Ö%✓D›1`Lî,0t–�•àX|¨›D

Ä�\ (negation)|¨› a==2|l1X‡, SMTtï0�t˘|¨›DÃqXî

t|Ä¥¥t (2,0,0)xÖ%✓t›1⇠¥tà‘ a==2tt⌧ b!=3xΩ\�⇠â

⌧‰. tLî �• »¿…– ⇠â⇠»X Ω\Ã Ä�\ |¨› (a==1 && !(b!=3))

D Ä¥¥¥, Ö%✓ (2,3,0)D ›1` ⇠ à‰. t@ ⇡@ )ï<\ �• »¿…<

\ ⇠â⇠»X Ω\X |¨›D Ä�XÏ »\¥ Ω\– ƒÏ` ⇠ àî Ö%✓D

>D¥‡, t ¸�D ®‡ Ω\– ƒÏ` LL¿, $X| >Dº LL¿ ⇠ıXå

⌧‰.
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2.3.3 å⌅∏Ë¥®x¥π

å⌅∏Ë¥ ®x ¥πtÄ, å§ T‹ ⇠�X �� Äù 0ï ⌘ Xò\ Äù �

¡ å⌅∏Ë¥X ®‡ �•\ ¡‹| –…XÏ ¸¥ƒ Ö8| ÃqXî¿ êŸ<

\ ùÖXî Äù 0ït‰ [3]. ¯Ïò å⌅∏Ë¥ ®x ¥π@ �¡ å⌅∏Ë¥

� ƒÏ �•\ ®‡ ‰â Ω\@, �•\ ®‡ ¡‹ (� ¿⇠‰t ⌅¨ `˘⌧ ✓

X ®‡ pi)D ⌅Ä Uxt| X0 L8– Äù �¡ å⌅∏Ë¥X ‹®� ‰–

– 0| –…t| Xî ¡‹� 0X ⇠�<\ ‰¿î, tx ¡‹ Ì⌧ 8⌧�

t¨\‰. ¡‹ Ì⌧ 8⌧| t∞X0 ⌅t, ¸\ ⇠@ 0⇠ î¡T ✏ �⌧ 0ï

(Counterexample-Guided Abstraction Refinement, CEGAR) [34]Xl�Œtƒâ

⌧¡‹t‰. CGEAR0ï⌘πà Predicate abstraction)› [35,36]t�\�<\,

Äù�¡⌅\¯®X⌧¥lp (control-flow)îŸ|Xò,0tpt0|�•X‡

àX ¿⇠‰D ⌧pX‡ $¡ Boolean ¿⇠\Ã l1⌧ ⌅\¯®<\ î¡TXÏ

ÄùXî0ït‰.

¯º 2.9: CBMC��¡⌅\¯®D|¨›(®x)<\¿X‹§î¸�

C⌅\¯®D�¡<\Xîå⌅∏Ë¥®x¥πƒlî CBMC (C Bounded

Model Checker) [37]� �\�t‰. ¯º 2.9î CBMC� C ⌅\¯®D (1) SSA

(Single Static Assignment)⌅\¯®<\¿XX‡, (2) SSA⌅\¯®D SATtï0

(SATisfiability solver) [38]�t�`⇠àî|¨›<\¿X⇠î¸�DÙÏ�‰.

SSAî � ¿⇠� 1 \ àÃ `˘⇠ƒ] Xî ptD �ƒ �‹\, ¿⇠ x� ÏÏ
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à`˘⇠T|ƒ⌧\‰x¿⇠ (x1, x2, x3 Ò)<\��\⌅XîÉDUx`⇠

à‰.tÏ\)ï<\⌅¥⌅\¯®–�\|¨›®xx C,Äùç1 (Ö8)–

�\|¨›x PDl1X‡, SMTtï0@ ¨\ SATtï0|µt (C ^ ¬P )

x|¨›DÄ¥∏‰.Ã}|¨›t8t⇠ƒ]XîÖ%✓ (x, y)tt¨\‰t

t˘ Ö% ✓@ Äù ç1D ⌅⇠Xå ⇠î Ét¿\, t– �\ ⇠@ ∏�t§|

⇠X\‰. tÏ\ Ö%✓t t¨X¿ Jî‰t t˘ Äù ç1D ÃqXî É<\

∞`¿D⇠à‰.

2.4 �(l

§A/©D êŸ ›1Xî l� Œt ƒâ⇠»‰ [12, 13, 39]. Tilmann xX l

[12]–⌧î capture-replay )› (L§∏ ⇠â ⌘ ‰⌧\ ‰â⌧ Öú% ✓D �•

X‡ à‰� t| ¯�\ §A T‹\ ¨©Xî )›)D ¨©Xî Ét DÃ, Ë⌅

L§∏ T‹| Ï¸≠ ‰âD µt Ñ�XÏ §A T‹� ¥§ ✓t ⇠X⇠î¿–

0|Ë⌅L§∏T‹�¥§‰âΩ\|�¿å⇠î¿|ƒ∞\‰.tÏ\Ñ�

∞¸| �©XÏ, ‰ë\ pt– 0| ‰ë\ ú%✓D ¥î §AD ›1h<\h

Ë⌅L§∏T‹XT‹‰Ñ¨¿|ítî)ïD⌧‹X�‰.¯Ïò,t˘)ï

<\›1⌧§A@Ï⌅àπ�Ö%–�t⌧Ãò¨�•X0L8–,¯– (false

positive)tê¸⌧›XîÒ¨¨©�•\§AtD»‰.

Alshahwan xX l [13]–⌧î [12]@ D∑Xå Ï¸≠ ‰âD t©XÏ §

ADêŸ›1h<\hL§∏T‹X‰Ñ¨¿|ítî©�D�¿‡à‰.l

¥�<\îÏ¸≠‰âDµt§A<\�¥⌧®»X post-conditionDî�XÏ

»\¥ ⇠X ✓D ›1Xî )›D ⌧H\‰. ¯Ïò, t )› Ì‹ ¨¨© �•\

§AD›1X¿ª\‰.

TanejaxXl [39]–⌧î�¡⌅\¯®¸pt0†t§§§»�¸¥LD

L, Ï¸≠ ‰âD µt pt0†t§X âŸD Ï)X‡ t| †�\ pt0†t
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§X§AT‹|êŸ›1Xî)ïD⌧H\‰.t˘)›@$¡pt0†t§

ÃD ‰Ë0 L8–, ⌅\¯® i1 ƒl\ §A T‹| ›1` ⇠ à‰t ®P ¯

lX�¡t⇠0L8–©�t⌧\‰t‰.

FazzinixXl [16]–⌧î®|qD�¡<\⌅\¯®i10ïDt©

t¨¨©�•\L§∏©DêŸ›1Xî⌅�ÑÃl|‡HX�‰.t˘l

–⌧\�\ PBE0⇠⌅\¯®i10ïDt©Xî)ïD⌧HX�<ò,t˘

⌅�ÑÃl�¥§⌅\�∏–�© ⇠àî¿–Ã¨⌅–…DƒâàD–,l

¥�x§A›1∞¸–�t⌧îD¡⌧\⇠¿JX‰.

SeshiaxXl [40]:‹§\D®x¡X‡t|ÄùXî⌅�ÑÃl\,¯⌘

–⌧ πà Ì� ⌅\¯® i1 0ï [41]D ¨©XÏ ®xX ÄùD êŸTXî

)ïD ⌧‹\‰. ë1⌧ ®xt Ãqt| Xî Ö8| �XX‡ t| ÃqXî¿

®x ¥πD µt ùÖ\‰‡ ` L, ùÖ– ‰(` Ω∞ 0t Ö8Ù‰ T �%

\ ptD �ƒ »\¥ Ö8| ⇠ë≈<\ ë1X‡ ¨ùÖt| \‰. tL, t˘

l–⌧⌧‹Xî⌅�ÑÃlx UCLID5îÌ�⌅\¯®i10ïDt©X

Ï tÏ\ Ö8| êŸ<\ i1h<\h ¨©êX x%D ¡˘… ⌅| ⇠ à‡,

êŸ<\ Äù ⌅\8§� ƒâ⌧‰. t˘ lî ⌅\¯® i1 0ïD t©XÏ

Äù– ƒ¿D �‰î ⇣–⌧  ¨Xò, Ì� ⌅\¯® i1 0ïD ¨©\‰î

⇣–⌧¯l–⌧¨©Xî PBE0⇠i10ï¸î‰t‰.

Christakis xX l [42]–⌧î §A ›1 ‹Y 8ïD ⌧‹Xp, t\Ä0 ¨

©êî‰⌧§AT‹�DÃ§AXÖ8|ë1h<\h§ADêŸ›1X‡,

›1⌧§AD‰t¥˘Xå¸ÖXÏL§∏Xî)ïD⌧‹\‰.¯Ïòt˘

lî›1⇠î§At|ÄÏ$X| ⌧Xåh<\h�¡⌅\¯®X$Xò¨

T‹XÑ¯|>D¥îp¸HDP‡à¥\�\–¯h⇠@D∑\âŸDX

ƒ] PBE0⇠⌅\¯®i10ïD�©XÏ¨¨©�•\§AD›1Xî¯

lX©�¸î‰t‰.

19



⌧ 3•§AêŸ›1)›

3.1 ⌅¥⌅\8§⌧î

¯9X–⌧îÄù�¡⌅\¯®¸¡8ë©XîxÄ|t�Ï¨h⇠X§AD

êŸ›1Xî,⌅⇠�x⌅\8§–�t$Ö\‰.<��¡⌅\¯®–⌧8ú

X‡àîxÄ|t�Ï¨h⇠‰D�EX‡,‰ë\L§∏�t§›10ïD

µt xÄ h⇠‰X Öú% �⌧‰D ⇠—Xp, ⇠—\ Öú% �⌧\Ä0 ⌅\¯

® i1 0ïD �©XÏ §A T‹| êŸ ›1\‰. i1⌧ §A T‹î å⌅∏

Ë¥L§⇧D�©`LÄùD©D⌅t0⌅t0txÄ|t�Ï¨|Ë⌧X

å‹¨�tX`⇠à<p,å⌅∏Ë¥®x¥π–�©`Lî0t–ı⌧⇠¿

JXX |t�Ï¨ T‹| �¥Xî §A T‹| î�h<\h T ƒ�\ ÄùD

�•�\‰.

¯º 3.1:Öú%�⌧›1✏Äù©§Ai1¸�⌧î

¯º 3.1–⌧î¯l–⌧⌧‹XîÖú%�⌧⇠—✏Äù©§Ah⇠|

êŸ<\ ›1Xî i1 )›– �t �µ�<\ ÙÏ�‰. ⌧HXî )ï@ xÄ

®»X ‰â �| (Externals)t t¨X‡, ‰â �|\Ä0 Ö/ú% \¯| ⇠—`

⇠à‰î��X–‡H⇠»‰.9@,xÄ®»Xå§T‹ò‰â�|D⌘¸`
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⇠∆T|ƒxÄ®»h⇠–�\Ö/ú%\¯î0\î≠XÏ¨©`⇠à‰‡

��X�‰.

<�Äù�¡⌅\¯®T‹ (Target Code)@å§T‹�ı⌧⇠¿J@xÄ

|t�Ï¨X ‰â �|t Ö%<\ ¸¥» L, t�¨ T‹–⌧ƒ �© �•\

‹§\⇠�X|’D⇠âXÏxÄ|t�Ï¨h⇠‰t‰⌧\⇠â⌧Öú%�

⌧‰D⇠—\‰.⇣\,‹§\|’–⌧⇠—⌧Ö%✓‰D��à¿t (mutation)

XÏÖú%�⌧|©Ñà⇠—\‰.›1⌧Öú%�⌧\Ä0⇣ù�<\Xò)

⌧}pt–î�t�pi1DƒâXp,‰i1»‰›1⌧§AT‹X�Uƒ,

ı°ƒ, ú% î⌅ !t–⌧ §A T‹| …�Xp, …� ∞¸– 0| »\¥ ⌧}

ptt î�/⌧p⌧‰. \Ö�<\î �• í@ ú% ‰Ñ¨¿| �¿î, 9@ ú

%‰Ñ¨¿�⇡‰t¯⌘–⌧�Uƒ��•í@§AT‹�⇠X⌧‰.ê8\

)ï@ƒ `L‡¨ò 2–⌧$Ö\‰.

3.2 Öú%�⌧⇠—)ï

¯9X–⌧î PBE0⇠⌅\¯®i10ï–⌧⌧}pt<\¨© Öú%�

⌧|›1Xî)ï–�tl¥�<\$Ö\‰.¥†\⌧}ptD ›Xî�–

0| i1⇠î T‹X �Uƒ ✏ ®(1t å∞⌧‰î ÉD t⌅ •–⌧ $ÖX�

‰. ¯⌥‰t, ⌧} ptD  ›X0 t⌅– ¥†\ ⌧} pt‰D  ›` ⇠ àî

¿|‡$XîÉƒ⌘îX‰.Öú%�⌧›1)›DË⌧àúdXå›1Xî

É<\ ]¥t H ⇠î t î, Ë⌧à údXå ›1⌧ �⌧ —i@ π� Ñ0X

ptD ÃqX¿ ªt π� ‰â Ω\Ã ⇠â⇠î Ò, ∏•1t t¨` ⇠ à0 L

8t‰. tò¸ ∏•1t t¨Xî �⌧ —i<\ i1Xå  Ω∞, D�<\

∏•⌧T‹|i1Xå⇠¥‰x‰âΩ\–�\�Uƒ�®¥¿‡�•\â

Ÿ (ú%)î⌅�⇣åXîÒ,¨¨©t¥$¥§At›1 Ét‰.0|⌧,å§

T‹ �Ù� ∆î ¡i–⌧ \�\ ‰ë\ ‰â Ω\ ✏ ú% î⌅| �ƒ Öú%
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�⌧‰D⇠—XîÉD©\\t–�t|XXƒ]\‰.

��¡h⇠XÖú%�⌧|⇠—Xîpà¥⌧,lå⌅¥‹§\D‰â‹

⌧⌧⇠—XîÉ¸,Ë⌅h⇠|‰â‹⌧⇠—XîÉX•Ë⇣D$ÖX‡t|

DPX‡ê\‰.∞ ,‹§\⇠�¯�t�§|’D�©àDLX•⇣@‰L

¸⇡‰.

• \àX⇠â<\‰ë\h⇠‰XÖú%�⌧|Ÿ‹–⇠—`⇠à‰.

• ‰⌧ ‹§\–⌧ 8ú⇠î Öú% �⌧| ⇠—` ⇠ à‰. â,  ®\ Ö%

î⌅–⌧Ã⇠â⌧‰.

• AFL++XΩ∞,0¯5X0�<\⌧\‰x‰âΩ\|�ƒ‰â∏�t

§ÃD⌧ı\‰.â,⇠—⇠îÖú%�⌧�π�Ω\–∏•⇠¿Jî‰.

• AFL++X Ω∞, å§ T‹� ı⌧⇠¿ JXT|ƒ ‰â �|Ã �¿‡ à‰

t,t�¨T‹⇠�–⌧¯�t�§|’D⇠â`⇠à‰.

‹§\⇠�¯�t�§|’D�©àDLXË⇣@‰L¸⇡‰.

• ‰â Ω\ ⌧} pt (path constraint)D ƒ∞X¿ J‡ Ë⌧à §LtXXÏ

Ö%✓D›1X0L8–,Ñ0ptXı°h–0|ƒÏX¿ª\h⇠�

t¨`⇠à‰.

• AFL++X Ω∞, ⌧\ ‰x ‰â Ω\| �ƒ ‰â ∏�t§ÃD ⌧ıXî ⇣

t$à$Ë⇣t ⇠à‰.â,©Ñ\⇠X�⌧|⇠—X¿ª`⇠à‰.

�¨Xêt,å§T‹�ı⌧⇠¿JXT|ƒ‰â�|Ã�¿‡à‰t‰ë

\ ‰â Ω\| ⇠â\ Öú% �⌧‰D ⇠—` ⇠ à‰î •⇣t à<ò, Ω∞–

0|⇠—⇠îÖú%�⌧⇠��pò,π�h⇠L¿ƒÏX¿ª`⇠àîÒ,

‰ë\ ‰â Ω\| �¿ƒ] U‰Xå Ù•X¿ ª\‰î Ë⇣t t¨\‰. ‰L

@Ë⌅⇠�Ö%✓§LtXD�©àDLX•⇣DòÙ\‰.
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• ‹§\⇠�¯�t�§|’D�©àDL8úX¿ªàXh⇠‰D�¡

<\�h⇠|⌧ƒ�<\⇠âXÏÖú%�⌧|ÙD`⇠à‰.

• AFL++X Ω∞, 0¯ 5X 0�<\ ‰â Ω\ ⇠� �@ h⇠î ¡��<\

�@⇠X�⌧ÃD⇠—X0L8–Ë⌅⇠�§LtXDµt©Ñ\⇠X

Öú%�⌧|ÙD`⇠à‰.

»¿…<\,Ë⌅⇠�Ö%✓§LtXD�©àDLXË⇣t‰.

• Ë⌅ ⇠� L§⇧ ıµX 8⌧\, ›1⌧ h⇠X Ö%✓t ⌅¥ ‹§\–⌧

 ®\Ö%✓tD–⇠ƒà‰.â,‰⌧\î⇠â⇠¿JDÖú%�⌧\

i1Xå ⇠ƒà‰.tîË⌅L§⇧Ù‰î®x¥πÒX⌅¥‹§\

–⌧ƒ�ÄùD�©`Lπà8⌧�⌧‰.

• Ñ0‰Ñ¨¿�Ù|¨©Xî¯�t�§|’¸Ï¨,$¡Ö%✏ú%✓

ÃUxX0L8–‰ë\‰âΩ\✏ú%✓D�ƒÖú%�⌧|›1`

⇠à‰‡Ù•`⇠∆‰.

‹§\⇠�¯�t�§|’¸Ë⌅⇠�Ö%✓§LtXX•Ë⇣D¥¥Ù

t,‹§\⇠�|’Dµt ®\Ö%✓tt⌧‰ë\‰âΩ\|�ƒÖú%

�⌧‰D⇠—`⇠à<p,‹§\⇠�|’–⌧ƒÏX¿ªàpò⇠—⌧�⌧

⇠� �@ h⇠� t¨XT|ƒ t| Ë⌅ ⇠� §LtXD µt ⌧ƒ�<\ ‰â

✏ Öú% �⌧| ⇠—XÏ ÙD` ⇠ à0 L8– ⌧\X •⇣¸ Ë⇣D ¡8Ù

DXî �‹ÑD L ⇠ à‰. tÏ\ t \ t˘ P 0ïD ®P ¨©Xî Ét

��X‰. ¯Ïò, ¸¯�<\ P )ï ®P ®‡ ‰â Ω\– ƒÏ\ �⌧ —iD

⇠—`⇠à‰îÙ•t∆‰.

l¥�x Öú% �⌧ ⇠— )ï@ ‰L¸ ⇡‰. <�, ‹§\ ⇠� |’D ⇠

âXÏ ‰ë\ h⇠– �\ Öú% �⌧‰D ⇠—\‰. ¯‰L, ⌅¨L¿ ⇠—\

Öú% �⌧ —i–⌧ údXå |Ä|  ›XÏ � Ö%✓»‰ \å 1⌧, \� 3
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⌧X �|¯0– �t, êÃ�– 0| 0t ✓–⌧ \å ±8–⌧ \� ±64L¿ §

LtXXÏ»\¥Ö%✓D›1\‰.⇣\,\�⇠ıü⇠|¿�XÏt|0�

<\ ÖÃ\‰. Ã} �¡ h⇠X Öú% �⌧� Xòƒ t¨X¿ JD Ω∞, ®‡

�|¯0� 0xÖ%✓DXò›1X‡,t|0�<\§LtX\‰.

Ë⌧à Ö%✓X ®‡ �|¯0 ✓D údXå ›1X¿ J‡ |Ä| §Lt

XXî t î, π� ú%✓D ⇠XXpò π� ‰â Ω\| p\ Öú% �⌧X

©Ñ\ ⇠| Ù•Xî p à¥⌧ �⇣t t¨X0 L8t‰. �| ‰t, ú%✓–

lå�•D¸¿Jî�|¯0✓Ã}⌅¿th<\hŸ|\ú%✓D�¿î

�⌧|‰ëXå›1`⇠àî�•1tTù�\‰.t⌥å⇠—⌧�⌧î⌧}

pt–¨©⇠¿JT|ƒ�Uƒ|…�`L¨©⌧‰.<`‰ë\ú%✓D�

¿ƒ]XîÉƒ⌘îX¿Ã, PBEi10ïX¸�i8⌧|)¿X0⌅t⌧î

t˘ú%✓D⇠XXî⇣‰xÖ%✓‰tTDîX‰‡›�X�‰.

Öú%⇠—)ï–�\‰ÿ@\ 4.1¸\ 4.2–⌧Ux`⇠à‰.Ã}|t

�Ï¨h⇠Xå§T‹�t¨\‰‡��`Ω∞�©`⇠àî)ïxX\≠

L§⇧DÖú%�⌧›1‹î��<\�©XÏ\�\‰ë\‰âΩ\|�

¿îÖú%�⌧—iD›1X‡,ƒ `Öú%�⌧—itº»ò‰ë\‰â

Ω\|�¿î�–�\…�¿\|�XXÏå§T‹�ı⌧✏¯ı⌧‹��

⇠—`⇠àîÖú%�⌧—iDDPX‡êX�‰.

3.3 ⇣ù�i1⌅\8§

¯9X–⌧î¨¨©�•\Äù©§AD›1X0⌅t,i1§ôD›1X‡

§ô<\Ä0 i1⌧ §A T‹| …�Xp, …�⌧ �Ù| 0⇠<\ »\¥ ⌧}

ptDi1§ô–î�t‰‹i1Xî,⇣ù�i1⌅\8§|⌧H\‰.i1

�¡ h⇠X å§ T‹� ¯ı⌧⌧ Ω∞ i1⇠î §A T‹X ◆@ ú% î⌅|

Ï1X0⌅t‰i1»‰⌅¨i1⌧§At‰ÑX¿ªXîú%✓D�ƒÖ
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ú%�⌧Xò|»må⌧}pt–î�Xî)›D¨©\‰.

¯i1⌅\8§|⌧HXît îi1⇠î§AX1• (�Uƒ,ı°ƒ,ú

% î⌅)D |� ⇠� t¡<\ Ù•X0 ⌅ht‰. ⌧} pt‰X piD ÑX\

 ›XîΩ∞,‰i1»‰0ti1⌧§AX�Ù|¨©X¿J‡⌧}ptD

 ›X0 L8– i1⇠î §At ∏•⌧ ú% î⌅| �¿pò, �4 Œ@ ⌧}

ptD î�XÏ i1⇠î §AX ı°ƒ� Dî t¡<\ ù�Xpò ⌧\ ‹⌅

H–i1t⇠¿JîÒX8⌧�⌧›`⇠à‰.⇠t,⇣ù�<\0ti1�

Ù|t©XÏi1Xî)ï@ (1)0t§A–⌧¿∞ú%✓D⇠XàXÖú%

�⌧|⌧}pt–î�h<\h�Uƒ|í|⇠à‡, (2)0t§A–⌧‰ÑX

¿ªXîú%✓D�ƒ�⌧|⌧}pt–î�XÏú%î⌅|í|⇠à<p,

(3)⌧}ptX⇠| 1⌧Ä0p�)ò$�pi1h<\h§AXı°ƒ��4

Œt ù�Xî ÉD )¿` ⇠ à‰. ⇣\, ⌧} ptt ƒç î�⇠0Ã Xt ¿

Ì \�T 8⌧– xú ⇠ à<¿\, 0t ⌧} pt —i–⌧ ÑXX ⌧} pt

Xò|⌧xh<\h\�X⌧}pt—iD>ƒ]ƒç‹ƒ\‰.

‰L@¯•–⌧⌧HXî⇣ù�i1⌅\8§–⌧uÏ�<\¨©⇠î®

»D�¨\¥©t‰.

• i1§ô›1ê: SyGuS PBEi1§ô@lå¨©�•\Ö%¿⇠,∞

ê,¡⇠|⌧\`⇠àî8ï⌧}¸,¸¥ƒÖú%�⌧|®PÃqt|

XîX¯⌧}<\l1⌧‰.8ï⌧}@i1�¡h⇠T‹¥–⌧¨©

⇠î∞ê,¡⇠ÒD⇠—XÏî�`⇠à<p,Ö%¿⇠îh⇠X�|

¯0¿⇠‰¸h⇠¥–⌧¨©⇠î⌅Ì¿⇠‰DÖ%¿⇠\⇠—X�‰.

X¯⌧}@ (1)⌅¨X¯⌧}tXòƒ∆îΩ∞,¸¥ƒÖ/ú%�⌧–⌧

údXåXò ›Xpò, (2)⌅¨i1⌧§A–⌧¿8XÖú%�⌧⌘

Xò ›Xpò, (3)⌅¨i1⌧§AtÏ1X¿ª\ú%î⌅òÑ0|

‰ÑXî Öú% �⌧|  ›Xpò, (4) ¿Ì \�T 8⌧| )¿X0 ⌅t

⌅¨⌧}pt⌘Xò|⌧xXîÒX∞D⇠â\‰.
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• §AT‹›1ê:i1§ô›1ê–Xt›1⌧i1§ôDÖ%<\�

D¸¥ƒ⌧\‹⌅L¿§AT‹| PBEi1ƒl|µti1\‰.i1

⌧§AT‹î SyGuS�›<\⇠X⇠¿\,t| C∏¥–⌧Ù�|�•\

T‹\ ¿XX‡ t ¸�–⌧ ¡⇠ Ù) (Constant Folding)D ⇠âXÏ \�

T\‰.π�¡⇠✓D\⌅X0⌅t¡⇠⌅X∞Dê¸¨©Xîi1

ƒlXπ1¡¡⇠Ù)t ®X‰.

• §AT‹…�ê:§AT‹›1ê�⇠X\§AT‹X⌅¥8•⌧⇠|

µtı°ƒ|ƒ∞\‰.⇣\,¸¥ƒÖú%�⌧—iXÖ%✓D§AT

‹– ‰â‹⌧ �Uƒ| …�\‰. t| µt §A T‹X ¿∞ Öú% �⌧

—i ✏  ®\ ú% î⌅| ƒ∞` ⇠ à‰. t⌥å ƒ∞⌧ �Ùî »\¥

i1§ôD›1Xîp¨©⌧‰.

t⌥åi1§ô›1ê,§AT‹›1ê✏…�ê|µti1⌅\8§|⇠ı

Xp, ©\ �Uƒ (100%)D Ï1Xpò, ¸¥ƒ ⌧\ ‹⌅ ¥– i1⌧ ®‡ §A

T‹ ⌘ �Uƒ, ú% î⌅, ı°ƒ| ®P ‡$\ §A T‹|  ›h<\h \Ö

�<\–¯h⇠|�¥`⇠àî,¨¨©�•\§A<\⌧¨©⌧‰.

L‡¨ò 2îå§T‹�ı⌧⇠¿JXDLXi1⌅\8§|ÙÏ�‰.¸

î ⌅\‹�î IterativeSynthesistp, –¯ h⇠ f , fX Ö/ú% �⌧ —i X ,

t˘⌅\‹�X⌅¥⌧\‹⌅x tentire,¯¨‡�i1ƒl‰âX⌧\‹⌅x

tunittÖ%<\¸¥¿‡,¯⌘–⌧�•�Uƒ�í‡ú%î⌅�◆@§Ax

fbestD⇠X\‰.

• �• <� RandomSelection h⇠| 8úXÏ, Öú% �⌧ —i X–⌧ Ñ

X\ XòX Ö/ú% �⌧|  ›X‡ t| i1 §ôX ⌧} pt —ix C

–î�\‰. (|x 8).

• fbest, accbest, covbest, OD �0T\‰. accbest@ covbestî fbestX �Uƒ ✏
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Algorithm 2å§T‹¯ı⌧‹i1⌅\8§
1: procedure GETNEWCONSTRAINT(W : set of incorrect examples, Onot: set of not covered output values)

2: T  ?

3: for each (x, f(x)) 2W do

4: if f(x) 2 Onot then T  T [ {(x, f(x))}

5: if T = ? then return RandomSelection(W )

6: return RandomSelection(T )

7: procedure ITERATIVESYNTHESIS(f : original function, X: set of in/output examples, tentire: entire timeout,

tunit: timeout of each synthesis)

8: C  RandomSelection(X) // initial constraint set.

9: fbest  ?, accbest  0.0, covbest  0.0, O  GetOutputRangeFrom(X)

10: opbasic  {+,�, ⇤, /, ite,<,>=,=, and, or, not}, constbasic  {�1, 0, 1, 2, 3}

11: while telapsed < tentire do

12: fspec  GenerateSpec(opbasic, constbasic, C)

13: fstub  Synthesize(fspec, tunit)

14: if fstub 6= ? then

15: acc,W,Ocovered  Evaluate(fstub, X)

16: cov  |Ocovered|/|O|

17: if W = ? then

18: return fstub

19: if cov > covbest or (cov = covbest and acc > accbest) then

20: accbest  acc, covbest  cov

21: fbest  fstub

22: else if cov = 1.0 then

23: C  C �RandomSelection(C)

24: C  C [GetNewConstraint(W,O �Ocovered)

25: else

26: C  C �RandomSelection(C)

27: if C = ? then

28: C  C [RandomSelection(X)

29: return fbest
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 ®\ú%î⌅|X¯Xp, Oî X–t¨Xî®‡ú%✓‰X—it‰

(|x 9).

• å§ T‹� ¯ı⌧t¿\, h⇠ f–⌧ ¨©⇠î ∞ê ✏ ¡⇠✓D L ⇠

∆¥ ‡�⌧ 8ïD ¨©\‰. ¨© �•\ ∞ê —i opbasic@ ¨Y∞

✏ ite (if-then-else) ∞, ¯ x DP ✏ |¨ ∞ê� Ïh⇠¥ à‰. ¨©

�•\¡⇠✓—i constbasic@ -1, 0, 1, 2, 3t‰.¯xX¡⇠✓D¨©X‡

ˆ@Ω∞,i1ƒl�¡⇠⌅X∞Dµt¨©t|\‰ (|x 10).

• \� tentire t¥–⌧h⇠�⇣ƒ�<\i1⇠p (|x 11),‡�⌧8ï⌧

}¸,X¯�⌧}pt—ixCDµtë1⌧ SyGuSi1§ôDë1X‡

(|x 12), \� tunit ‹⌅L¿ PBE i1 ƒl| ‰âXÏ §A T‹ fstubD

i1\‰ (|x 13).

• i1⌧§A fstubt⌧\‹⌅H–i1⌧Ω∞ (|x 14), fstubD X–�t

‰âXÏ fstubX �Uƒ acc, X–⌧ ¿∞ �⌧ —ix W (⇢ X), ¯¨‡ �

U\�⌧—i (X �W )Xú%î⌅x OcoveredDƒ∞\‰ (|x 15).tL,

fstubX ®\ú%‰Ñ¨¿x cov Ì‹ƒ∞\‰ (|x 16).

• Ã} fstubX�Uƒ acc� 100%xΩ∞ (â, W = ?xΩ∞), X–t¨Xî

®‡ ú%✓ —ix O Ì‹ ®P ‰Ñà‰î X¯t¿\ (cov Ì‹ 100%),

fstubD⇠XX‡⌅\8§|ÖÃ\‰ (|x 17-18).

• Ã} »må i1⌧ fstubX ú% ‰Ñ¨¿ cov� ⌅¨L¿ �• í@ ú%

‰Ñ¨¿x covbestÙ‰ T ípò, �¥ƒ ⇡@ ú% ‰Ñ¨¿|  ¿Xt

⌧ fstubX �Uƒ acc� accbestÙ‰ T íD Ω∞, t| ≈pt∏\‰ (|x

19-21). â, »må i1⇠î §At 0tÙ‰ �Uƒ� ÆT|ƒ »\¥ ú

%✓D ‰ÑXpò, 9@ ú% î⌅� ⇡<t⌧ T í@ �Uƒ| Ï1Xî

Ét©\t‰.
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• |x 19X ptD ÃqX¿ ªXt⌧, fstubX ú% ‰Ñ¨¿ cov� 100%x

Ω∞, ú% ‰Ñ¨¿î ©ÑXò �Uƒ� T ÆDL‰î X¯t‰. 0|⌧,

⌧}pt—iC–⌧ÑX\XòX⌧}ptD⌧xX‡,‰‹»\¥⌧}

ptDXòî�XÏ�Uƒ�TíD»⇠àƒ] ƒ\‰ (|x 22-24).

• ⌧}ptDî�`Lî,¿∞Öú%�⌧—iW ⌘–⌧D¡L¿‰ÑX

¿ª\ú%✓D�ƒ�⌧|XòË| C–î�h<\h‰L–i1`L

Tí@�Uƒ@ú%‰Ñ¨¿|Ï1`⇠àƒ] ƒ\‰ (|x 1-6, 24).

• Ã}|x 14XptD©qX¿ªXîΩ∞, CX⇠��4ŒD⌧\‹⌅

¥– i1X¿ ªXî É<\ ⇣Ë` ⇠ à‰. t Ω∞ ÑX\ C–⌧ Xò|

⌧xh<\hi1Xútƒ|Æò‰ (|x 26).t¸�–⌧®Dàî⌧}

ptt t¨X¿ Jî Ω∞, ¯Lî X–⌧ ‰‹ Xò| Ë| Ù©h<\h

t∞\‰ (|x 27-28).

• »¿…<\, tentire ŸH �Uƒ 100%X §AD ›1X¿ ªàD Ω∞, ¿�

L¿ ›1⌧ §A ⌘ �• �Uƒ ✏ ú% ‰Ñ¨¿� íXX §Ax fbestD

⇠XX‡⌅\8§|ÖÃ\‰ (|x 29).

�¨Xêt,´à¯i1‹–îúdXåÖú%�⌧|XòË|⌧}pt

– î�XÏ i1Xp, ¯‰L i1Ä0î ⇣ù�<\ Öú% �⌧| Xò) ⌧}

pt–î�t�pi1\‰.tL ›⇠î⌧}pt@ (1)⌅¨i1⌧§At¿

∞ú%✓D⇠X\Öú%�⌧tt⌧, (2)⌅¨§Atú%X¿ªXîú%✓D

⇠XXîÖú%�⌧⌘údXå ›\‰.t|µt,§AXú%î⌅|\∞ 

¨m<\ XÏ ‰ë\ Ö%– �t ‰ë\ ò¨| ⇠â` ⇠ àî ¨¨© �•\

§AD›1\‰.§AX�Uƒîú%î⌅�®P©q⇠»DLÃ‡$\‰.
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⌧ 4•‰ÿ

¥� ⌧H\ i1 )›X ®¸| …�X0 ⌅t, ‰L¸ ⇡@ 3⌧X L§∏ KD

¨©X�‰:

TS1. Lego Mind Storms NXT [43]–⌧ ⇠â⇠î Ñ†‹ \⌥ êŸ(x Object

Follower [44],

TS2. Ñ†‹‹§\xÿ¨†t0Ë∏dÏX‹¨�tX⌅\¯® [45],

TS3. SV-COMP 2022 [18]X§X»l|Ä.

TS1@ tT|–⌧ !�⌧ <¥@X p¨| ƒ∞Xî ‹§l@, êŸ(X çƒ

✏)•D⌧¥Xî‹§l\l1⌧‰.i1�¡h⇠\î!�⌧<¥@Xp¨

|�¿‡ÏÏ⌅ò¨¸�D⇠âXîh⇠‰D �X�‰. TS2îÿ¨†t0–

ÏÏ Ö% (Ñº ⌅t0 Ò)t ‰¥TD L ÿ¨†t0| ‹¨�tXXî ⌅\¯

®t‰.i1�¡h⇠\îÿ¨†t0XÑºt�8î¿UxXîh⇠@á5

<\ �î Ñºt �8î¿ UxXî h⇠‰D  �X�‰. TS3î ‰ë\ ÖXX

⌅\¯®✏h⇠�t¨XÏ⌧H⌧i1)›D|⇠T`⇠à¥ ›X�‰.

⌧H⌧⇣ù�§Ai1)›D…�X0⌅t,‰LP�¿»8D⌧‹X‡

t|0⇠<\‰ÿDƒâX�‰.

RQ1. ⌧H⌧⇣ù�i1)›@�Uƒ!t–⌧⇠©�•\⇠�x�?

RQ2. $¡Öú%�⌧ÃD¨©Xîi1)›@®(!t–⌧¿˘\�?

RQ1X Ω∞, ⌧H⌧ )›D µt ›1⌧ §AX �Uƒ| L§∏ �⌧ —iX

0�⇠î‡��Uƒ (balanced accuracy)Ù‰íDΩ∞�Uƒ!t–⌧⇠©�

•X‰‡⇣ËX�‰.\òXt,⌅tXî SyGuS0⇠⌅\¯®i10ï‰X1

•!�D⌅\§X»lî SyGuS-Comp [24]�t¨Xò,…�0�@i1X1ı
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 4@i1‹⌅�ƒt‰.�ÄÑX§X»lî¯‰ÿ�⌧@DPàDLi1

útƒ� Æ<p, ⌅tXî i1 0ï ê¥X 1• 8⌧\ PBE ∏ôX Ω∞ �⇠

�D ⇠XXî §X»l� t¨X¿ Jî‰. ⇠t ¯ ‰ÿ �⌧î 18⌧ h⇠ ⌘ 10

⌧� �⇠| ⇠XXp, ò8¿ 8⌧� 8/p”D lÑXî Ä∏�t‰. SyGuS 0⇠

⌅\¯® i1 0ïD t©t h1⌧ ⌅\¯®X �Uƒ| !�Xî 0t lî

t¨X¿J<p,tÏ\⇣D⇣HXÏ�Uƒ|…�t|\‰‡⇣ËX�‰.

RQ2X Ω∞, i1 �¡ xÄ |t�Ï¨ h⇠X å§ T‹� t¨\‰‡ ��

\¡‹–⌧î��<\¨©`⇠àî�Ù (å§T‹¥XÑ0,∞ê,¡⇠✓

Ò)| t©\ i1 )›¸X DP| µt ⌧H⌧ i1 )›X ®(D �EX‡ê

X�‰.‰L–$Ö`¥©@å§T‹�ı⌧⇠»DLÖú%�⌧|⇠—Xî

)ï¸§ADi1Xî)›–�t$ÖX‡,t|⌧H⌧)›¸‰ÿ∞¸|D

PXÏå§T‹�t¨X¿JDLƒ§¿¿Jî1•ÑDÙt‡,9Ï1•t

§®¥ƒ‰‡tƒ¯–xD�EX‡êX�‰.

4.1 å§T‹ı⌧‹Öú%�⌧⇠—✏i1)ï

¯ 9X–⌧î å§ T‹� t¨` L X\≠ L§⇧ 0ïD î�XÏ í@ Ñ0

‰Ñ¨¿|�¿îÖú%�⌧—iD›1Xî)›D$ÖX‡,¯‰Lå§T

‹� t¨` L ªD ⇠ àî �Ùx (1) i1 �¡ h⇠ ¥–⌧ ¨©⌧ ∞ê ✏

¡⇠✓, (2)�Ö%✓<\�¡h⇠|‰âàDLÑ0X⇠â 4�Ù, (3)�¡

h⇠X�¡ı°ƒ�Ù|⇠�\i1⌅\8§|$Ö\‰.

4.1.1  €X\≠L§⇧Dµ\Öú%�⌧›1

Ñ0‰Ñ¨¿ (Branch coverage)îå⌅∏Ë¥L§⇧–⌧Äù�¡⌅\¯®T

‹� º»ò L§∏ ⇠»î¿| ò¿¥î ¿\ ⌘ Xò\, ⌅\¯® T‹ ¥– t

¨Xî pt8X 8/p” ptD º»ò Ï1àê–| 0�<\ …�Xî ¿\t
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‰ [46].0|⌧,Öú%�⌧—iXÑ0‰Ñ¨¿�©Ñàí‰t‰ë\Ñ0|

⇠âà0 L8– ¥ê �ƒ ‰ë\ ‰â Ω\| ⇠âà‰‡ …�` ⇠ à‰. ¯Ï

ò, Ñ0 ‰Ñ¨¿î Ë⌧à L§∏X …� ©�t0 L8–, i1D ⌅\ Öú%

�⌧›1t|î©�¸î‰t‰.�|‰t,Ñ0‰Ñ¨¿îË⌧àXòXÖ%

✓Ãt˘Ñ0|⇠â\‰tÑ0‰Ñ¨¿�ù�\‰.¯Ïò,i1D⌅t⌧î

π�\XòXÖ%✓<\îà©Ñ`⇠à‰. PBEi10ïX¸�i8⌧|)

¿X0⌅t,t˘Ñ0|⇠âXî⇣‰xÖ%✓‰tTDîX‰‡›�X�‰.

tÏ\ ‡0D µt, Öú% �⌧ —it º»ò ‰ë\ Ñ0 ⇠â �Ù

| �¿‡ àî¿| ⇠�Xî …� 0�D »(X�‰. t| U•⌧ Ñ0 ‰

Ñ¨¿| �XX�<p, h⇠ fX Öú% �⌧ —i (x, f(x)) 2 X– �t,

Bfull(X), Bscarse(X), Bnot(X)@‰L¸⇡t�X⌧‰:

Bfull(X) = {b 2 B |C(b) � ⌧},

Bscarse(X) = {b 2 B |C(b) < ⌧ and C(b) > 0},

Bnot(X) = {b 2 B |C(b) = 0},

C(b) =
P

(x,f(x))2XJb 2 B(x)K

Ï0⌧ Bîh⇠ fX®‡Ñ0—iD, bî�Ñ0|ò¿¥‡,t¥⇧h⇠ C(b)

î Ñ0 b| ⇠â\ Öú% �⌧X ⇠| X¯\‰. JP Kî DtÑ®(Iversion) ⌅8

\, P� 8t|t 1D, p”t|t 0D ⇠X\‰î X¯t‰. B(x)î Ö%✓ xD

h⇠ f–‰â‹0DL⇠â⌧Ñ0 bX—iDX¯\‰.â, Bfull(X)î�Ñ0

bD⇠â\Öú%�⌧X⇠�ÑXX©\x ⌧ t¡t¨Xî,©Ñà (fully)⇠â

⌧ Ñ0X ⇠| X¯\‰. Bscarse(X)î Bfull(X)– Ïh⇠¿ J<t⌧ C(b) > 0

xÑ0X⇠|X¯\‰.â,t˘Ñ0�⇠â⌧�@à<ò¯⇠�ÄqX‰î

(scarce)X¯t‰.»¿…<\, Bnot(X)îD�t˘Ñ0�⇠â⌧Ω∞�∆»‰

î;<\ (not), C(b) = 0xÑ0X⇠|X¯\‰.t|µt,U•⌧Ñ0‰Ñ¨

¿î (|Bfull(X)| · 2 + |Bscarse(X)| · 1 + |Bnot(X)| · 0)/|B| · 2\ �X` ⇠ à‰.
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tî |Bfull(X)|tltt⇠], |Bnot(X)|të<tëD⇠]T‰ë\Ñ0|Ã

qXt⌧i1X0–©Ñ\�⌧⇠�t¨\‰‡`⇠à‰.

t|µt,å§T‹�t¨`Lî‰L¸⇡@⌅\8§|�ƒ‰: (1)‹§\

⇠�|’¸�Ë⌅h⇠ƒ\ €X\≠L§⇧Dµt⇠—\�⌧|�¿‡à

‰. (2)å§T‹¥ÄXÑ0�Ù|t©XÏ,⌅¨�¿‡àîÖú%�⌧—i

–�tBfull(X), Bscarse(X), Bnot(X)\ÑX\‰. (3)Ã}®‡Ñ0�Bfull(X)

– Ïh⇠¥ à‰t, t˘ ⌅\8§| ÖÃ\‰. (4) ‰ ⇠ı»‰, Bscarse(X)– Ï

h⌧ Ñ0| ⇠âXî Ö%✓ ⌘ |Ä|  ›X‡ §LtXXÏ »\¥ Ö%✓D

›1\‰.§LtX⌧Ö%✓D‰âXÏÖú%�⌧|⇠—X‡ (2)\ÃD⌅‰.

4.1.2 å§T‹�t¨`LXi1⌅\8§

<� ¨© �•\ ∞êX Ω∞, å§ T‹ ¯ı⌧ ‹–ƒ ò8¿ ∞D ⌧x\

�ÄÑX∞tÏh⇠»0L8–p�•t∆‰.¯Ïò,¡⇠✓XΩ∞p�•

D⌅⇠ƒàîp,�|‰t‡�⌧¡⇠✓‰\ª¥¥0ò‡p¡⇠✓‰th⇠

¥ÄX¸îpt›–⌧¨©⇠îΩ∞,t˘¡⇠✓D¨©`⇠àî 4–0|

i1⇠î§AX1•–p�•D¯`⇠à‰.¯‰L,U•⌧Ñ0‰Ñ¨¿�

Ù| t©XÏ å§ T‹� ı⌧⇠¿ JXD L Öú% �⌧|  ›Xî )›Ù‰

T®(�<\⌧}ptD ›`⇠àƒ]X�‰.⇣\,§A@–¯T‹Ù‰T

Ë⌧Xå ‹¨�tX¸| X¿\, �¡ h⇠X �¡ ı°ƒ| �XX‡ ¯¨ �E

XÏ i1⇠î §AX ı°ƒ| –¯ h⇠X ı°ƒÙ‰ T Æå i1Xƒ] Xî

⌧}Dî�X�‰.

∞ ,h⇠ fXı°ƒ cmplx(f)î‰L¸⇡t�X`⇠à‰:

cmplx(f) = unit(f) +
P

C
g
k2down(f) cmplx(g)

Ï0⌧ unit(f)îh⇠ fXpt (branch),`˘ (assignment),h⇠8ú (call),⇠X

(return) 8•X �iD X¯X‡, down(f)î f� 8úXî h⇠ 8úX —it‰.
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C
g

k
X X¯î f–⌧ 8ú⇠î h⇠ gX kà¯ 8úD X¯\‰. 0|⌧ ⌅\¯®

PX ı°ƒ cmplx(P )î PX main h⇠X ı°ƒ cmplx(main)<\ \⌅` ⇠

à‰.⇣\,T�U\ı°ƒ|⇠�X0⌅t,Ë⌅ (loop)✏¨¿8ú (recursive

call)D¸¥ƒ\�⇠ıü⇠L¿Ã⇠â⇠ƒ]��\¡‹–⌧ı°ƒ|!�X

�‰. �| ‰¥ \� ⇠ı ü⇠� N àt|t, t˘ Ë⌅ ¥Ä–⌧ ⇠â⇠î 8•

⌧⇠– NDÒXÏı°ƒ|!�h<\h⇠ı8–X\ı°ƒÌ‹⇠�X�‰.

‰L@å§T‹�t¨`LXi1)›D$Ö\‰.L‡¨ò 2@‰∞ ¨

\�‹tò,á�¿‰x⇣tt¨\‰.L‡¨ò 2X�|x–⌧î�⌧¥©D

$Ö\‰.

• |x 12: SyGuSi1§ôD›1`L‡�⌧8ïtDÃ,h⇠ f ¥Ä–⌧

‰⌧\¨©⌧∞ê✏¡⇠✓D8ï§ô–î�`⇠à‰.

• |x 14: §At ‹⌅⌧\ H– i1⇠T|ƒ, –¯ h⇠ fX ı°ƒ

(cmplx(f))Ù‰ i1⌧ §A h⇠X ı°ƒ cmplx(fstub)t T Æƒ] ⌧}

D î�X�‰. §AX ı°ƒ� T íD Ω∞, 0t ⌧} pt —i C–⌧

ÑX\XòX⌧}ptD⌧xƒ‰‹i1XÏı°ƒ|Æò‰.

• |x 16: L‡¨ò 2@ i1⌧ §AX ú% ‰Ñ¨¿ÃD ‡$à‰t, å§

T‹� t¨` Lî U•⌧ Ñ0 ‰Ñ¨¿ �ÙL¿ ‡$\‰. ⌧} pt —

i C@ ÑXX ©\ �⌧ ⇠x ⌧– 0| � Ñ0| Bfull(C), Bscarse(C)\

ÑXX‡, t| †�\ U•⌧ Ñ0 ‰Ñ¨¿ covBD ƒ∞\‰. L‡¨ò 2

¸ Ÿ|\ )ï<\ ƒ∞⌧ ú% ‰Ñ¨¿ covO| µt \Ö�x ‰Ñ¨¿

cov = covO · 0.5 + covB · 0.5Dƒ∞\‰.

• |x 4, 24: |x 24–⌧ GetNewConstraint h⇠X �|¯0� Xò î�

⌧‰. 0t i1⌧ §A fstubt ‰ÑX¿ ª\ ú%✓X —i Onot– Tt,

(‰ÑXî) �⌧ ⇠� Äq\ Ñ0X —ix Bscarse(C)D ⌧} ptD î�

Xî⇣XòXpt<\h¨©\‰.|x 4–⌧¿∞�⌧—i⌘,D¡L¿
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‰ÑX¿ª\ú%✓D�¿t⌧,�⌧⇠�Äq\Ñ0|⇠âXîÖú%

✓D»\¥⌧}pt<\⌧î�\‰.

4.2 ‰ÿ)ï

4.2.1 i1�¡h⇠ �

<�, ®‡ h⇠� i1X �¡t  ⇠î ∆‰. ˘\ ò0¿Ã, Ö% ¿⇠� t

¨X¿ Jî Ω∞ (�|¯0ƒ t¨X¿ J‡, ¨©⇠î (referenced) ⌅Ì ¿⇠ƒ

∆îΩ∞)@ú%¿⇠�t¨X¿JîΩ∞ (⇠XXî✓t∆pò,�X/`˘⇠

î (defined/assigned) ⌅Ì ¿⇠ƒ ∆î Ω∞)î PBE i1 ƒl– ⌅Ï` ⇠ àî

»E\i1§ôDë1`⇠∆<¿\i1�¡t ⇠∆‰.t@⇡@t \,

i1�¡t ⇠∆îh⇠|¨⌅–ÑX`Dî�à‰.

• Ö% ¿⇠@ ú% ¿⇠–⌧ Ïx0 Ò Ÿ� `˘⌧ ¿⇠� t¨Xî Ω∞:

SyGuSi1§ôê¥î‰ë\êÃlp|¿–Xò,¯l–⌧¨©Xî

i1ƒlî�⇠✏Ä∏ (Boolean)¿ÖX¿⇠Ã¿–X0L8–0Ù✏

lp¥¿⇠|¨©XT|ƒ‡�⌧¨tàXΩ∞–Ãi1t�•X‰.

• Ö% ¿⇠@ ú% ¿⇠–⌧ ÄŸ å⇠⇣ (floating point) êÃ�D ¨©Xî

Ω∞: å⇠⇣ ê¨| ⇠,ºXÏ �⇠� ✓<\ ¿XXî ÒX )ïD ¨©

Xti1ê¥�à�•\É@D»ò,�Uƒ�‰∞®¥¿0L8–,¯

‰ÿ–⌧î�¡h⇠–⌧⌧xX�‰.

• ƒÙ h⇠ ¥Ä–⌧ ÏÏ ⌧X ⌅Ì ¿⇠� �X/`˘⇠î Ω∞� t¨Xî

Ω∞: SyGuSi1§ôπ1¡,XòX§ô–îXòXú%ÃD�X`⇠

à0 L8–, ú% ¿⇠� ÏÏ ⌧x Ω∞ i1 §ôD �� ë1t| \‰.

πà, ÏÏ ⌧X ⌅Ì ¿⇠� Ÿ‹– ¨©⇠t⌧ `˘⇠î Ω∞–î Öú%
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¿⇠‰ ⌅X �ƒ| �EX0 ‰∞ ò‰0 L8–, ¯ ‰ÿ–⌧î �¡ h⇠

–⌧⌧xX�‰.

• ƒÙ h⇠ ¥Ä–⌧ xÄ Ö% h⇠ (scanf() Ò) 8út t¨Xî Ω∞: tî

⇡@ Ö%– ⌧\ ‰x ú%✓t ⇠X ⇠ à0 L8–, ⌧} ptD ®P

Ãqt|Xî PBEi10ïXπ1¡i1�¡t ⇠∆‰.

⌅X⌅⌧pt‰D®Pµ¸\h⇠‰⌘–⌧,�‰ÿ�⌧ƒ\^⌧�X\

h⇠Xı°ƒ (cmplx(f))¡⌅ 5⌧L¿i1�¡h⇠\ �X�‰.�¡h⇠‰

@å§T‹�®Pt¨XÏL‡¨ò 2–�\‰ÿD⌅tå§T‹�ı⌧⇠¿

JX‰‡��\¡‹–⌧‰ÿDƒâX�‰.

4.2.2 ‰ÿ5X

®‡ ‰ÿ@ 3.3-GHz Intel Xeon Gold 6234 CPU@ 187 GB T®¨ X–⌧ ⇠â⇠

»‰.i1–Dî\Öú%�⌧‰@�� AFL++ [17]Dµ\⌅¥‹§\–�\

|’D 1‹⌅ ŸH ‰â‹⌧ ‹§\ L§∏ �t§| ⇠—X�‡, t| ‰âXÏ

ª@ ‰â ∏�t§–⌧ � h⇠X Öú% �⌧| ⇠—X�‰. tLX ‹‹ (seed)

îX\≠L§⇧ƒlx CROWN [31]D⌅¥‹§\D�¡<\‰âXÏ⇠—\

5⌧XÖ%‹�§|¨©X�‰.

h⇠X å§ T‹� t¨\‰‡ ��\ Ω∞, CROWND µt � Ë⌅ h⇠ ƒ

\\� 600�)‰âXÏÖú%�⌧|î��<\⇠—X�‰.tLX\�⇠ı

ü⇠ (iteration)@h⇠¥–t¨Xîpt8 (branch statement)XP0\$�XÏ

®‡pt8X8/p”D⇠âXƒ]à‰ (CROWNX‰â5X@ -dfs).tÏ\)

ïD¨©XÏÖ%✓§LtXDµt\� 10,000⌧XÖú%�⌧|›1Xƒ]

X�‰.

PBEi1ƒlî DUET [15]D¨©X�‡5X@ ”-max-size 256 -max-height

10”D ¨©à‰. ⌅¥ i1 ‹⌅X timeout (tentire)@ 1‹⌅<\ $�X�‡, ‰
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DUETX‰â timeout (tunit)@ 300�\$�X�‰.i1⌧§AX�Uƒ!�@

å§T‹ı⌧/Dı⌧–⌧��⇠—àXÖú%�⌧|Xò\i–t|L§∏

—i<\P‡i1⌧§AD‰âàDL0�ú%✓¸|XXîD(Dƒ∞XÏ

!�X�‰.å§T‹�t¨\‰‡��\Ω∞,U•⌧Ñ0‰Ñ¨¿|ƒ∞X

0 ⌅t Dî\ ⌧ (� Ñ0| ‰ÑXî Dî\ Öú% �⌧ ⇠)î (1) Öú% �⌧

⇠—Ëƒ–⌧î ⌧ = 10000/|B|\$�XÏ�¡h⇠¥XÑ0⇠–0|Ï|¿

ƒ]�XX�‡, (2)§Ai1Ëƒ–⌧î ⌧ = 2\$�XÏ�Ñ0|‰ÑXî

⌧}pt (Öú%�⌧)⇠�\å 2⌧)�»⇠àƒ]X�‰.

4.3 ‰ÿ∞¸

\ 4.1:‰ÿ�¡⌅\¯®X‹§\|’‰â∞¸
Program # of Traces Branch Cov (%) # of Cand Func. Cand Func. Cov (%) # of I/O ex.

Object Follower 30 55.4 6 100 70

Elevator Simulator 5 1.9 3 0 0

gcd 3+newton 1 4 17 87.5 1 100 10

email spec27 productSimulator.cil 139 42.3 26 100 360

Fibonacci05 17 83.3 1 100 13

pals lcr.7.1.ufo.UNBOUNDED.pals 59 55.8 2 50 48

token ring.05.cil-2 153 69.9 8 100 63

\ 4.1@ � ‰ÿ �⌧X ‹§\ |’D ⇠â\ ∞¸| ò¿∏ Ét‰. Ë |Ω

ÙÄ0 �¡ ⌅\¯® tÑ, ⇠—\ ‰â ∏�t§ ⇠ (‹‹ Ïh), tLX Ñ0 ‰

Ñ¨¿, i1 �•\ ƒÙ h⇠X ⇠, ƒÙ h⇠‰X h⇠ ‰Ñ¨¿, »¿…<\ �

⇠—⌧Öú%�⌧⇠|ò¿∏‰.

� 7⌧X ‰ÿ �⌧ ⌘, 2⌧ ⌅\¯® (Elevator Simulator (tX elev),

pals lcr.7.1.ufo.UNBOUNDED.pals (tX pals))th⇠‰Ñ¨¿ 100%DÏ1X¿

ªà‰. AFL++✏ CROWN®P�¡⌅\¯®t∏ �ÖÃ⇠îÉD⌅⌧\X

îp, elev�⌧XΩ∞‹¨�t0t0L8–|⇠�x¡i–⌧îÖÃ⇠¿JD
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‹§\|’✏X\≠L§⇧D�©`⇠∆î8⌧�⌧›X�‰.tΩ∞ÑXX

8tXÑXX✓t`˘⌧‹‹ 5⌧|êŸ›1XÏ AFL++D⇠âX‡êX�<

ò,t˘‹‹Ì‹⌅\¯®tÖÃ⇠¿JD¯�\ÖÃ⇠»‰.∞m elev�⌧–

�t⌧îË⌧à‹‹ 5⌧|⇠âàDLX∞¸|ò¿∏Ét‡,i1�•\ƒÙ

h⇠–ƒÏX¿ªtÖú%�⌧|Xòƒ⇠—X¿ªà‰.

pals �⌧X Ω∞, ƒ ` init h⇠ (50⌧X pt8 ®P 8<\ µ¸t| 1D

⇠XX‡, µ¸X¿ ª` Ω∞ 0D ⇠XXî h⇠)X ú%✓t 1t ⇠¥| ò8¿

h⇠‰– ƒÏ` ⇠ àî lpt‰. â, t˘ ∞¸î ∞ init h⇠– ƒÏXÏ 48

⌧X Öú% �⌧| ⇠—X�<ò, t˘ �⌧ ®P ptD µ¸X¿ ªX‡ 0D ⇠

X\DÖÃ⇠¥‰xh⇠–ƒÏX¿ª\Ét‰.tî‹§\|’XË⇣tê,

Ë⌅⇠�–⌧ƒÖú%�⌧|⇠—t|Xî¸p|¸⇠à‰.

¯ x–ƒ, AFL++–⌧ >D∏ ®‡ ‰â ∏�t§î ⌧\ ‰x ‰â Ω\|

�8| X0 L8–, ¡��<\ ⌅\¯® ‹®� ë@ Ω∞ (⌧\ ‰x ‰â Ω\

⇠��@Ω∞)⇠—⇠î‰â∏�t§⇠ê¥��0L8–Öú%�⌧|Œt

⇠—` ⇠ ∆»‰. gcd 3+newton 1 4 (tX gcd) ✏ Fibonacci05 (tX fibo) �⌧�

t–t˘\‰‡¸⇠à‰.⇣\,‰âΩ\�‰ëX‰‡tƒm¡ƒÙh⇠‰D

8úXîÉt©�tD»0L8–,‰â∏�t§⇠�Œ‰‡tƒ¡��<\

�@⇠X�⌧Ã⇠—⇠»‰.

\ 4.2î å§ T‹� ı⌧/¯ı⌧\ ��\ ¡‹–⌧, \ 4.1X ∞¸| 0⇠<

\Ë⌅⇠�XX\≠L§⇧✏Ö%✓§LtXD�©XÏ�i1�¡h⇠X

Öú% �⌧| ⇠—\ ∞¸| ÙÏ�‰. Ë |Ω ÙÄ0 �¡ ⌅\¯®X tÑ, �

�¡ ⌅\¯®X i1 �¡ h⇠ tÑ, � h⇠X �|¯0 ⇠, � h⇠X Ñ0 ⇠,

¯¨‡å§T‹�ı⌧✏¯ı⌧x¡i–⌧⇠—⌧Öú%�⌧XU•⌧Ñ0

‰Ñ¨¿ (Ex. Cov) ✏ ¯LX �⌧ ⇠ (# of I/O ex.)D ò¿∏‰. ⇣\, �¡ h⇠

¥–⌧Ñ0�t¨X¿JDΩ∞,U•⌧Ñ0‰Ñ¨¿|ƒ∞`⇠∆0L8–

N/A\\0X�‰ (getWidth, getHeight, getAreah⇠).
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\ 4.2:å§T‹ı⌧⌧/ı⌧⇠¿J@¡i–⌧�i1�¡h⇠XÖú%�⌧

⇠—∞¸

Program Function # Params |B|
With Source Code Without Source Code

Ex. Cov (%) # of I/O ex. Ex. Cov (%) # of I/O ex.

Object Follower

getbiggestrect 43 6 100 9,399 91.7 9,362

getWidth 42 0 N/A 9,308 N/A 9,331

getHeight 42 0 N/A 9,305 N/A 9,287

getArea 42 0 N/A 9,325 N/A 9,369

fisqrt 1 4 50 568 50 530

Elevator Simulator
isButtonPressed 12 6 100 9,888 91.7 9,867

floorIsOrdered 14 32 100 8,688 56.3 8,638

gcd 3+newton 1 4 gcd test 2 6 100 5,674 91.7 5,367

email spec27 productSimulator.cil

getEmailFrom 3 4 75 9,527 75 9,756

isReadable 4 8 100 9,890 87.5 9,890

isReadable role Encrypt 3 6 100 9,576 75 9,709

findPublicKey 14 18 100 9,934 83.3 9,923

isEncrypted 3 4 75 9,496 75 9,787

Fibonacci05 fibonacci 1 4 50 548 50 569

pals lcr.7.1.ufo.UNBOUNDED.pals
check 8 10 85 9,280 85 9,401

init 29 100 57 9,094 64.5 9,119

token ring.05.cil-2
is master triggered 2 4 62.5 6,614 62.5 7,466

is transmit1 triggered 2 4 62.5 6,564 62.5 7,400

⌅¥�<\,Ë⌅X\≠L§⇧D⇠âXÏ‰ë\Ñ0|⇠âXîÖ%✓D

⇠—\ §, t| 0⇠<\ §LtXXÏ Öú% �⌧| ⇠—Xî )ït �¡�\

Tí@U•⌧Ñ0‰Ñ¨¿D(DÙÏ¸»‰.Ñ0�t¨Xî 15⌧X�¡h

⇠⌘,U•⌧Ñ0‰Ñ¨¿�Tí@Ω∞î 7⌧t»‡,\å\‰Ñ¨¿�⇡@

Ω∞ƒ 7⌧t»‰.

init h⇠X Ω∞ å§ T‹� ı⌧⇠¿ JX‰‡ ��\ ¡‹–⌧ $à$ T

í@ ‰Ñ¨¿| 0]à‰. t˘ h⇠î 50⌧X ptD ®P 8<\ µ¸t| 1t

⇠X⇠îh⇠xp,tLXX\≠L§⇧‰â∞¸|UxtÙ»‹⌅⌧\ (600

�) H– 1D ⇠XXî Ö%✓D >D¥¿ ªX‡ ÖÃ⇠»‰. t L8– X\≠

L§⇧ ⇠â  4� p (t| �8‰¸¿ ªà‰. ∞m ⇠—⌧ Öú% �⌧î ®

P 0Ã⇠XXîΩ∞Ãt¨Xp,tÏ\�⌧\î¥ªåi1XT|ƒ¨¨©t

à�•\§A�–›1X¿ªXå⌧‰.
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\ 4.3: å§ T‹ ı⌧⌧/ı⌧⇠¿ J@ ¡i–⌧ � i1 �¡ h⇠X §A ›1

∞¸

Function |O| Ex. Acc (%)
Original

Cmplx

With Source Code Without Source Code

Acc (%) Cmplx |C| Acc (%) Cmplx |C|

getbiggestrect 9 34.99 405 47.69 22 34 48.85 18 33

getWidth 251 37.3 3 55.85 2 2 78.19 66 90

getHeight 247 42.66 3 56.76 2 2 81.86 48 78

getArea 700 72.4 11 76.6 10 6 71.32 52 36

fisqrt 23 6.04 67 62.87 44 26 16.64 22 11

isButtonPressed 2 69.88 1,683 93.5 16 11 89.87 14 14

floorIsOrdered 2 74.79 2,587 56.13 94 63 86.22 6 10

gcd test 102 40.2 14 6.41 12 10 8.58 24 13

getEmailFrom 199 64.49 8 100 6 6 100 6 4

isReadable 2 67.66 27 99.85 12 17 99.3 16 10

isReadable role Encrypt 2 67.36 18 99.86 14 13 99.76 10 9

findPublicKey 227 70.19 29 72.19 16 25 44.96 88 73

isEncrypted 113 64.51 8 100 6 5 100 6 4

fibonacci 18 93.82 225 97.56 10 5 100 32 19

check 2 92.23 11 76.5 10 10 95.38 6 12

init 1 100 102 100 2 1 100 2 1

is master triggered 2 99.98 5 99.39 4 5 100 6 6

is transmit1 triggered 2 99.98 5 99.18 4 4 100 6 5

¯ x–î, ¡��<\ ⇠—⌧ \¯ ⇠� �@ Ω∞� Ïˇ t¨\‰ (fisqrt, fi-

bonaccih⇠).tît˘h⇠‰X�|¯0⇠��4�¥⌧ (1⌧),t˘�|¯0

✓– �t §LtXD �©Xî π1¡ ⌘ı⌧ Ö%✓t Œt ›1⇠»‰. ¯⌘–

⌧ fibonacci h⇠X Ω∞ Ö%✓t ‰¿t ‰â ‹⌅t �4 $ò x$ ⇠—` ⇠

∆»‰.tΩ∞,`�–⇠—⌧�⌧⇠��0L8–U•⌧Ñ0‰Ñ¨¿�¡

��<\Æå!�⇠»‰.

\ 4.3@ å§ T‹� ı⌧/¯ı⌧\ ��\ ¡i–⌧ � i1 �¡ h⇠X §

AD i1 0ïD µt ›1\ ∞¸| ÙÏ�‰. Ë |Ω ÙÄ0 i1 �¡ h⇠X

tÑ, ⇠—⌧ Öú% �⌧‰X ⌧\ ‰x ú%✓ ⌧⇠ (ú% î⌅), L§∏ �⌧ —
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iX 0�⇠î ‡� �Uƒ, –¯ h⇠X �¡ ı°ƒ, \Ö�<\ i1⌧ §AX

�Uƒ (Acc),ı°ƒ (Cmplx),tL¨©⌧⌧}ptX⇠ (|C|)|��ò¿∏‰.

∞ , token ring.05.cil-2 �⌧X Ω∞ (tX token) ò8¿ 3⌧X i1⌧ h⇠‰t

®PpXD∑\T‹t‡,i1∞¸Ì‹pXŸ|X0L8–‰ÿ∞¸\–⌧

⌧xX�‰.

L§∏—iX0�⇠î‡��Uƒî|⇠�<\úd✓D⇠XàDL0�

`⇠àî�Uƒx 1/|O|Ù‰Tı…Xå…�X0⌅t¨©X�‰.tîL§∏

—i–⌧⌧\‰xú%✓XD(tà‡�`L®¸�à‰.�|‰¥,8/p”D

ÑXXî 8⌧–⌧ L§∏ �⌧ 10⌧ ⌘ 9⌧� 8, 1⌧� p”t|‡ Xt 0�⇠

î‡��Uƒî8D⇠X`U`D 90%,p”D⇠X`U`D 10%\��X‡

�Uƒ|ƒ∞\‰ (tΩ∞0�‡��Uƒî 82%t‰).

i1⌧§AX�UƒXΩ∞,\ 4.2–⌧å§T‹ı⌧/¯ı⌧–⌧��⇠—

àXPÖú%�⌧—iXi—iDµt!�X�‰. RQ1XΩ∞,0�⇠î‡�

�UƒÙ‰å§T‹�t¨X¿JDLX›1⌧§AX�Uƒ�TÆ@Ω∞

� ⌅¥ 18⌧ h⇠ ⌘ 3�¿ (getArea, gcd test, findPublicKey h⇠) t»‰. ⇣\,

RQ2D0�<\⇣ËàDLå§T‹�t¨`L�Uƒ–U‰\∞⌅�àî

Ω∞ (\å 5% t¡X (t)î getArea, fisqrt, findPublicKey h⇠�‡, $( î⌅

¥–Ïh⌧h⇠î� 18⌧i1�¡h⇠⌘ 11⌧�‰.ò8¿ getWidth, getArea,

floorIsOrdered, checkh⇠îå§T‹�¯ı⌧|L$à$Tí@�Uƒ|�

ƒ§ADi1X�‰.t|µtå§T‹�t¨X¿JDLƒ�Uƒt–⌧p

(t�t¨X¿JX‰‡…�`⇠à‰.

|⇠�<\,i1�¡h⇠X�|¯0⇠��pòÖ%î⌅�ÅD⇠],ú

% î⌅� ÅD⇠], –¯ h⇠X ı°ƒ� ëD⇠], ¸¥ƒ ⌧} ptX ⇠� Œ

D⇠] i1⇠î §AX �Uƒ� ù�` Ét|‡ 0�⌧‰. ¯Ïò, fisqrt h⇠

ò¸ �|¯0 ⇠� �4 ∆<t $à$ �Ù� Äqt �Uƒ� ®¥¿î Ω∞ƒ

t¨X‡, getEamilFrom h⇠ò¸ ú% î⌅� ◆¥ƒ �Uƒ� ‰∞ í@ Ω∞�
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t¨Xî Ò, ‰ëX‡ ı°\ îxt ⌧\ ∞i⇠¥ à0 L8– #à¨ Ω•1

D �E` ⇠ ∆»‰. πà ¯ ‰ÿ–⌧î \¯t ‰∞ �0 L8– T± ¥$¥

8⌧t‰. ¯ �‡, ⌧H⌧ i1 )›X 1•t U‰Xå ÆXX Ω∞| Ñ�XÏ

òÙX‡ê\‰.

• getArea h⇠X Ω∞, DUETt ¿–X¿ ªXî 0ÙX xq§| ⌘¸Xî

∞D¨©X‡à0L8–�Uƒ�ÆX‰.πài1⌧§AXı°ƒ�

–¯h⇠Xı°ƒÙ‰TíXîp,–¯h⇠î}å0Ùxq§–⌘¸`

⇠ à¥ Dî\ 8• (�: array[index] = 0)t �@ ⇠t, xq§ ⌘¸› ∆t

0Ù–⌘¸t|XîΩ∞ ”if (index == 0) array[0] = 0;”X�›<\pt›

DµtÄ¥⌧¨©t|\‰. getAreah⇠XÖ%0Ù¨tàî 41t¿\,

\� 41⌧X pt›D ¨©t| t∞` ⇠ à‰î X¯t‰. getbiggestrect,
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 (Abstract) The difficulty of software verification is the construction of the verification 

environment. There is a high-cost problem while operating external library modules that 

interact with the target software. In this situation, we usually use stubs that replace 

external libraries and simulate them more simply. However, users typically must write 

stub’s behavior manually. Moreover, the generated stubs can only be used in a few 

specific tests. Given the circumstances, this paper proposes an automated generation 

approach of reusable stubs with high accuracy and high output coverage using PBE-based 

program synthesis techniques. This paper first explains collecting input/output examples 

of each module through system fuzzing and unit mutation and proposes a synthesis and 

evaluation process when the source code is closed. The process incrementally selects 

constraints that have outputs currently not covered by the synthesized stub. For the 

experiment, this work selected two embedded software and several benchmark programs 

on the SV-Comp 2022. As a result, the proposed approach can show high accuracy and 

high output coverage of synthesized stubs. 

 
* A thesis submitted to the Council of the Graduate School of Kyungpook National University in partial 

fulfillment of the requirements for the degree of Master of Science in December 2022 
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