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내용

•프로그램 합성 개괄 

• 귀납 합성 전략 

• 연역 합성 전략



프로그램 합성

• 사용자가 원하는 프로그램을 자동으로 생성하는 기술

• 1945년부터 언급(앨런 튜링), 실현될 경우 개발의 무거운 짐
을 덜어줄 것으로 기대되는 컴퓨터공학의 성배(holy grail)

• 1960년대부터 느리게 연구되어오다가 2008년 CEGIS라는 

기술의 등장을 기점으로 최근까지 두드러지게 발전

프로그래밍 할 줄 
몰라도  

표현할 수 있어야 
(예: 입출력 예제)

요구조건 프로그램What is program synthesis?



프로그램 합성과 연관기술 비교  
(합성 vs. 컴파일러)

• 공통점: 고 수준 (high level, 사람이 

이해할 수 있는) 언어로 쓰인 개념
을 실행 가능한 프로그램으로 변환

• 차이점: 

• 컴파일러: 탐색 과정 없이 단순 

변환 

• 합성: “어떻게” 주어진 목표를 

달성할지 컴퓨터가 탐색

void insert(node *xs, int x) {
node *new;
node *temp;
node *prev; 

new = (node *)malloc(sizeof(node)); 
if(new == NULL) {
printf("Insufficient memory.");
return;

}   
new->val = x;
new->next = NULL;
if (xs == NULL) {
xs = new;

} else if(x < xs->val) {
new->next = xs;
xs = new;

} else {   
prev = xs;
temp = xs->next;
while(temp != NULL && x > temp->val) {
prev = temp;
temp = temp->next;

}
if(temp == NULL) {
prev->next = new;

} else {
new->next = temp;
prev->next = new;

}
}

}

insert x xs =
match xs with
Nil ͥ Cons x Nil
Cons h t ͥ
if x ʵ h
then Cons x xs
else Cons h (insert x t)

append:
push ebp
mov ebp, esp
push eax
push ebx
push len
call malloc
mov ebx, [ebp + 12]
mov [eax + info], ebx
mov dword [eax + next], 0
mov ebx, [ebp + 8]
cmp dword [ebx], 0
je null_pointer
mov ebx, [ebx]

next_element:
cmp dword [ebx + next], 0
je found_last
mov ebx, [ebx + next]
jmp next_element

found_last:
push eax
push addMes
call puts
add esp, 4
pop eax
mov [ebx + next], eax

go_out:
pop ebx
pop eax
mov esp, ebp
pop ebp
ret 8

null_pointer:
push eax
push nullMes
call puts
add esp, 4
pop eax
mov [ebx], eax
jmp go_out

Assembly C Haskell

let rec insert x xs = 
match xs with 
| [] -> x :: [] 
| h :: t -> 

if x <= h then x :: xs 
else h :: (insert x t)

OCaml

어셈블리



프로그램 합성과 연관기술 비교  
(합성 vs. 기계학습)

• 공통점: 주어진 입출력 데이터에 맞게 작동하는 함수 찾기

• 차이점: 

• 기계학습: 튜링완전turing complete하지 않은 대상(결정트리, 인공신경망 구조 등) 

학습, (대개)결과물 해독 불가, 주어진 데이터에 꼭 맞지 않아도 됨 (노이즈 허용). 

• 합성: 일반 프로그램 대상(튜링 완전), 해독 가능, 주어진 데이터에 꼭 맞아야.



프로그램 합성과 연관기술 비교  
(합성 vs. 선언형 프로그래밍)

• 공통점: 사용자는 계산과정에 대한 얘기없이 결과물에 대한 조건만 기술 

• 차이점: 

• 선언형 프로그램: 요구조건에 모호성이 없어야 함 (예: 입출력 예제는 

안됨), 결과물의 실행 성능 느림. 

• 합성: 요구조건이 모호해도 되고 결과물은 일반 프로그램

프롤로그(Prolog)의 예: 

grandparent(X, Z) :- parent(X, Y), parent(Y, Z). 
parent(X, Y) :- father(X, Y). 
mother(X, Y) :- father(X, Y). 

mother(Mary, Stan). Father(Stan, Alice).



응용사례 — 문자열 변환 (FlashFill)

7
Automating String Processing in Spreadsheets using Input-Output Examples, POPL’11



응용사례 — 문자열 변환 (FlashFill)

8
Automating String Processing in Spreadsheets using Input-Output Examples, POPL’11



응용사례 — SQL 합성 (SQLizer)

9
SQLizer: Query Synthesis from Natural Language, OOPSLA’17



응용사례 — 수퍼최적화 (STOKE)

10

Montgomery multiplication kernel from the OpenSSL RSA library. Compilations shown for 
gcc −O3 (left) and a stochastic optimizer (right). 

http://stoke.stanford.edu



프로그램 합성의 차원

Dimensions in program synthesis, PPDP’10 

제약 조건: 프로그램이 달성할 목표를 어떻게 기술할지

탐색 전략: 원하는 프로그램을 어떻게 찾을지 탐색 공간: 대상 프로그램 후보군은 무엇인지



프로그램 합성의 차원

Dimensions in program synthesis, PPDP’10 

제약 조건: 프로그램이 달성할 목표를 어떻게 기술할지

탐색 전략: 원하는 프로그램을 어떻게 찾을지 탐색 공간: 대상 프로그램 후보군은 무엇인지

하나씩 나열해보기 + 최적화

하향식 분할정복

랜덤 변이

SAT/SMT로 풀기 등

특정 도메인 특화 언어 
(Domain-specific 
language, DSL)을 정의하는 
문법 (예: context-free grammar)

- 미리 정해져 있거나

- 사용자가 제공

미완성 프로그램 with 구멍들

사용가능 부품들 등

입출력 예제

논리식 

자연어 등



FlashFill (Excel 문자열 변환)

제약 조건: 프로그램이 달성할 목표를 어떻게 기술할지

탐색 전략: 원하는 프로그램을 어떻게 찾을지 탐색 공간: 대상 프로그램 후보군은 무엇인지

하나씩 나열해보기 + 최적화

하향식 분할정복 
랜덤 변이

SAT/SMT로 풀기 등

문법 (예: context-free grammar) 
미완성 프로그램 with 구멍들

사용가능 부품들 등

입출력 예제 
논리식 

자연어 등

제약조건이 입출력 예제인 
경우에만 적용가능



SQLizer (DB질의문 합성)

제약 조건: 프로그램이 달성할 목표를 어떻게 기술할지

탐색 전략: 원하는 프로그램을 어떻게 찾을지 탐색 공간: 대상 프로그램 후보군은 무엇인지

하나씩 나열해보기 + 최적화 
하향식 분할정복

랜덤 변이

SAT/SMT로 풀기 등

문법 (예: context-free grammar)

미완성 프로그램 with 구멍들 
사용가능 부품들 등

입출력 예제

논리식 

자연어 등



STOKE (프로그램 최적화)

제약 조건: 프로그램이 달성할 목표를 어떻게 기술할지

탐색 전략: 원하는 프로그램을 어떻게 찾을지 탐색 공간: 대상 프로그램 후보군은 무엇인지

하나씩 나열해보기 + 최적화

하향식 분할정복

랜덤 변이 
SAT/SMT로 풀기 등

문법 (예: context-free grammar)

미완성 프로그램 with 구멍들

사용가능 부품들 등

입출력 예제

논리식 

자연어 등



너무 다양한 합성 문제들

• 각 응용 도메인에 대해서 따로따로 개발되는 합성 기술들의 

비교가 어려움. 

• 관찰: 

• 대부분의 합성 문제가 문맥 둔감 문법(context-free 

grammar)로 기술되는 프로그램 공간에서 하나의 해를 찾
는 문제임.

• 또한, 원하는 프로그램에 대한 제약조건이 대개의 경우 

SMT 논리식으로 작성될 수 있음. 



너무 다양한 합성 문제들

• 결과: 

• 합성 문제를 기술하는 표준화된 포맷 (Syntax-guided 

Synthesis, SyGuS) 고안. 

• 이 포맷으로 기술된 합성 문제를 푸는데 사용될 수 있는 

다목적(general-purpose) 합성 전략들 등장 

• 공통 포맷으로 인해 서로다른 합성기들 성능비교 가능해
짐. 매년 합성기 경진대회 (SyGuS competition) 개최. 



Program
Syntactic constraint

Semantic constraint

Synthesizer

Specification

f(1) = 2 ^ f(3) = 6
<latexit sha1_base64="k8b/+EcyFUK+pATljW8DcAh/RQ0=">AAACAHicbVDLSsNAFL3xWesr6sKFm8Ei1E1JqqgboejGZQX7gDaUyXTSDp1MwsxEKKEbf8WNC0Xc+hnu/BsnbRbaemDg3HPu5c49fsyZ0o7zbS0tr6yurRc2iptb2zu79t5+U0WJJLRBIh7Jto8V5UzQhmaa03YsKQ59Tlv+6DbzW49UKhaJBz2OqRfigWABI1gbqWcfBmX3FF2jKupyLPooKJ9l5UXPLjkVZwq0SNyclCBHvWd/dfsRSUIqNOFYqY7rxNpLsdSMcDopdhNFY0xGeEA7hgocUuWl0wMm6MQoZnckzRMaTdXfEykOlRqHvukMsR6qeS8T//M6iQ6uvJSJONFUkNmiIOFIRyhLA/WZpETzsSGYSGb+isgQS0y0yaxoQnDnT14kzWrFdSru/XmpdpPHUYAjOIYyuHAJNbiDOjSAwASe4RXerCfrxXq3PmatS1Y+cwB/YH3+AFBQkwA=</latexit><latexit sha1_base64="k8b/+EcyFUK+pATljW8DcAh/RQ0=">AAACAHicbVDLSsNAFL3xWesr6sKFm8Ei1E1JqqgboejGZQX7gDaUyXTSDp1MwsxEKKEbf8WNC0Xc+hnu/BsnbRbaemDg3HPu5c49fsyZ0o7zbS0tr6yurRc2iptb2zu79t5+U0WJJLRBIh7Jto8V5UzQhmaa03YsKQ59Tlv+6DbzW49UKhaJBz2OqRfigWABI1gbqWcfBmX3FF2jKupyLPooKJ9l5UXPLjkVZwq0SNyclCBHvWd/dfsRSUIqNOFYqY7rxNpLsdSMcDopdhNFY0xGeEA7hgocUuWl0wMm6MQoZnckzRMaTdXfEykOlRqHvukMsR6qeS8T//M6iQ6uvJSJONFUkNmiIOFIRyhLA/WZpETzsSGYSGb+isgQS0y0yaxoQnDnT14kzWrFdSru/XmpdpPHUYAjOIYyuHAJNbiDOjSAwASe4RXerCfrxXq3PmatS1Y+cwB/YH3+AFBQkwA=</latexit><latexit sha1_base64="k8b/+EcyFUK+pATljW8DcAh/RQ0=">AAACAHicbVDLSsNAFL3xWesr6sKFm8Ei1E1JqqgboejGZQX7gDaUyXTSDp1MwsxEKKEbf8WNC0Xc+hnu/BsnbRbaemDg3HPu5c49fsyZ0o7zbS0tr6yurRc2iptb2zu79t5+U0WJJLRBIh7Jto8V5UzQhmaa03YsKQ59Tlv+6DbzW49UKhaJBz2OqRfigWABI1gbqWcfBmX3FF2jKupyLPooKJ9l5UXPLjkVZwq0SNyclCBHvWd/dfsRSUIqNOFYqY7rxNpLsdSMcDopdhNFY0xGeEA7hgocUuWl0wMm6MQoZnckzRMaTdXfEykOlRqHvukMsR6qeS8T//M6iQ6uvJSJONFUkNmiIOFIRyhLA/WZpETzsSGYSGb+isgQS0y0yaxoQnDnT14kzWrFdSru/XmpdpPHUYAjOIYyuHAJNbiDOjSAwASe4RXerCfrxXq3PmatS1Y+cwB/YH3+AFBQkwA=</latexit><latexit sha1_base64="k8b/+EcyFUK+pATljW8DcAh/RQ0=">AAACAHicbVDLSsNAFL3xWesr6sKFm8Ei1E1JqqgboejGZQX7gDaUyXTSDp1MwsxEKKEbf8WNC0Xc+hnu/BsnbRbaemDg3HPu5c49fsyZ0o7zbS0tr6yurRc2iptb2zu79t5+U0WJJLRBIh7Jto8V5UzQhmaa03YsKQ59Tlv+6DbzW49UKhaJBz2OqRfigWABI1gbqWcfBmX3FF2jKupyLPooKJ9l5UXPLjkVZwq0SNyclCBHvWd/dfsRSUIqNOFYqY7rxNpLsdSMcDopdhNFY0xGeEA7hgocUuWl0wMm6MQoZnckzRMaTdXfEykOlRqHvukMsR6qeS8T//M6iQ6uvJSJONFUkNmiIOFIRyhLA/WZpETzsSGYSGb+isgQS0y0yaxoQnDnT14kzWrFdSru/XmpdpPHUYAjOIYyuHAJNbiDOjSAwASe4RXerCfrxXq3PmatS1Y+cwB/YH3+AFBQkwA=</latexit>

S ! x | S ⇥ S | 1 | 2 | · · ·
<latexit sha1_base64="k1FH0IhI02sm/K95pUFMotzoZl0=">AAACG3icbVA9T8MwEHXKVylfAUYWiwqJqUoqJBgrWBiLoB9SE1WO47RWbSeyHUQV9X+w8FdYGECICYmBf4PTZICWJ1n37t2dfPeChFGlHefbqqysrq1vVDdrW9s7u3v2/kFXxanEpINjFst+gBRhVJCOppqRfiIJ4gEjvWByldd790QqGos7PU2Iz9FI0IhipI00tJu30NMxfIAepyHME8qJykmeu0VoFsHDYawVHNp1p+HMAZeJW5I6KNEe2p9eGOOUE6ExQ0oNXCfRfoakppiRWc1LFUkQnqARGRgqkNnAz+a3zeCJUUIYxdI8oeFc/T2RIa7UlAemkyM9Vou1XPyvNkh1dOFnVCSpJgIXH0Upg8aN3CgYUkmwZlNDEJbU7ArxGEmEtbGzZkxwF09eJt1mw3Ua7s1ZvXVZ2lEFR+AYnAIXnIMWuAZt0AEYPIJn8ArerCfrxXq3PorWilXOHII/sL5+AI90nqE=</latexit><latexit sha1_base64="k1FH0IhI02sm/K95pUFMotzoZl0=">AAACG3icbVA9T8MwEHXKVylfAUYWiwqJqUoqJBgrWBiLoB9SE1WO47RWbSeyHUQV9X+w8FdYGECICYmBf4PTZICWJ1n37t2dfPeChFGlHefbqqysrq1vVDdrW9s7u3v2/kFXxanEpINjFst+gBRhVJCOppqRfiIJ4gEjvWByldd790QqGos7PU2Iz9FI0IhipI00tJu30NMxfIAepyHME8qJykmeu0VoFsHDYawVHNp1p+HMAZeJW5I6KNEe2p9eGOOUE6ExQ0oNXCfRfoakppiRWc1LFUkQnqARGRgqkNnAz+a3zeCJUUIYxdI8oeFc/T2RIa7UlAemkyM9Vou1XPyvNkh1dOFnVCSpJgIXH0Upg8aN3CgYUkmwZlNDEJbU7ArxGEmEtbGzZkxwF09eJt1mw3Ua7s1ZvXVZ2lEFR+AYnAIXnIMWuAZt0AEYPIJn8ArerCfrxXq3PorWilXOHII/sL5+AI90nqE=</latexit><latexit sha1_base64="k1FH0IhI02sm/K95pUFMotzoZl0=">AAACG3icbVA9T8MwEHXKVylfAUYWiwqJqUoqJBgrWBiLoB9SE1WO47RWbSeyHUQV9X+w8FdYGECICYmBf4PTZICWJ1n37t2dfPeChFGlHefbqqysrq1vVDdrW9s7u3v2/kFXxanEpINjFst+gBRhVJCOppqRfiIJ4gEjvWByldd790QqGos7PU2Iz9FI0IhipI00tJu30NMxfIAepyHME8qJykmeu0VoFsHDYawVHNp1p+HMAZeJW5I6KNEe2p9eGOOUE6ExQ0oNXCfRfoakppiRWc1LFUkQnqARGRgqkNnAz+a3zeCJUUIYxdI8oeFc/T2RIa7UlAemkyM9Vou1XPyvNkh1dOFnVCSpJgIXH0Upg8aN3CgYUkmwZlNDEJbU7ArxGEmEtbGzZkxwF09eJt1mw3Ua7s1ZvXVZ2lEFR+AYnAIXnIMWuAZt0AEYPIJn8ArerCfrxXq3PorWilXOHII/sL5+AI90nqE=</latexit><latexit sha1_base64="k1FH0IhI02sm/K95pUFMotzoZl0=">AAACG3icbVA9T8MwEHXKVylfAUYWiwqJqUoqJBgrWBiLoB9SE1WO47RWbSeyHUQV9X+w8FdYGECICYmBf4PTZICWJ1n37t2dfPeChFGlHefbqqysrq1vVDdrW9s7u3v2/kFXxanEpINjFst+gBRhVJCOppqRfiIJ4gEjvWByldd790QqGos7PU2Iz9FI0IhipI00tJu30NMxfIAepyHME8qJykmeu0VoFsHDYawVHNp1p+HMAZeJW5I6KNEe2p9eGOOUE6ExQ0oNXCfRfoakppiRWc1LFUkQnqARGRgqkNnAz+a3zeCJUUIYxdI8oeFc/T2RIa7UlAemkyM9Vou1XPyvNkh1dOFnVCSpJgIXH0Upg8aN3CgYUkmwZlNDEJbU7ArxGEmEtbGzZkxwF09eJt1mw3Ua7s1ZvXVZ2lEFR+AYnAIXnIMWuAZt0AEYPIJn8ArerCfrxXq3PorWilXOHII/sL5+AI90nqE=</latexit>

f(x) = 2x
<latexit sha1_base64="fwIWxt47H0bb+q2Zs6i9pLjudiE=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXspuEfQiFL14rGA/pF1KNs22oUl2SbLSsvRXePGgiFd/jjf/jWm7B219MPB4b4aZeUHMmTau++3k1tY3Nrfy24Wd3b39g+LhUVNHiSK0QSIeqXaANeVM0oZhhtN2rCgWAaetYHQ781tPVGkWyQcziakv8ECykBFsrPQYlsfn6BpVx71iya24c6BV4mWkBBnqveJXtx+RRFBpCMdadzw3Nn6KlWGE02mhm2gaYzLCA9qxVGJBtZ/OD56iM6v0URgpW9Kgufp7IsVC64kIbKfAZqiXvZn4n9dJTHjlp0zGiaGSLBaFCUcmQrPvUZ8pSgyfWIKJYvZWRIZYYWJsRgUbgrf88ippViueW/HuL0q1myyOPJzAKZTBg0uowR3UoQEEBDzDK7w5ynlx3p2PRWvOyWaO4Q+czx/r048q</latexit><latexit sha1_base64="fwIWxt47H0bb+q2Zs6i9pLjudiE=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXspuEfQiFL14rGA/pF1KNs22oUl2SbLSsvRXePGgiFd/jjf/jWm7B219MPB4b4aZeUHMmTau++3k1tY3Nrfy24Wd3b39g+LhUVNHiSK0QSIeqXaANeVM0oZhhtN2rCgWAaetYHQ781tPVGkWyQcziakv8ECykBFsrPQYlsfn6BpVx71iya24c6BV4mWkBBnqveJXtx+RRFBpCMdadzw3Nn6KlWGE02mhm2gaYzLCA9qxVGJBtZ/OD56iM6v0URgpW9Kgufp7IsVC64kIbKfAZqiXvZn4n9dJTHjlp0zGiaGSLBaFCUcmQrPvUZ8pSgyfWIKJYvZWRIZYYWJsRgUbgrf88ippViueW/HuL0q1myyOPJzAKZTBg0uowR3UoQEEBDzDK7w5ynlx3p2PRWvOyWaO4Q+czx/r048q</latexit><latexit sha1_base64="fwIWxt47H0bb+q2Zs6i9pLjudiE=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXspuEfQiFL14rGA/pF1KNs22oUl2SbLSsvRXePGgiFd/jjf/jWm7B219MPB4b4aZeUHMmTau++3k1tY3Nrfy24Wd3b39g+LhUVNHiSK0QSIeqXaANeVM0oZhhtN2rCgWAaetYHQ781tPVGkWyQcziakv8ECykBFsrPQYlsfn6BpVx71iya24c6BV4mWkBBnqveJXtx+RRFBpCMdadzw3Nn6KlWGE02mhm2gaYzLCA9qxVGJBtZ/OD56iM6v0URgpW9Kgufp7IsVC64kIbKfAZqiXvZn4n9dJTHjlp0zGiaGSLBaFCUcmQrPvUZ8pSgyfWIKJYvZWRIZYYWJsRgUbgrf88ippViueW/HuL0q1myyOPJzAKZTBg0uowR3UoQEEBDzDK7w5ynlx3p2PRWvOyWaO4Q+czx/r048q</latexit><latexit sha1_base64="fwIWxt47H0bb+q2Zs6i9pLjudiE=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXspuEfQiFL14rGA/pF1KNs22oUl2SbLSsvRXePGgiFd/jjf/jWm7B219MPB4b4aZeUHMmTau++3k1tY3Nrfy24Wd3b39g+LhUVNHiSK0QSIeqXaANeVM0oZhhtN2rCgWAaetYHQ781tPVGkWyQcziakv8ECykBFsrPQYlsfn6BpVx71iya24c6BV4mWkBBnqveJXtx+RRFBpCMdadzw3Nn6KlWGE02mhm2gaYzLCA9qxVGJBtZ/OD56iM6v0URgpW9Kgufp7IsVC64kIbKfAZqiXvZn4n9dJTHjlp0zGiaGSLBaFCUcmQrPvUZ8pSgyfWIKJYvZWRIZYYWJsRgUbgrf88ippViueW/HuL0q1myyOPJzAKZTBg0uowR3UoQEEBDzDK7w5ynlx3p2PRWvOyWaO4Q+czx/r048q</latexit>

Syntax-Guided Program Synthesis (SyGuS)†

18
†http://www.sygus.org

생김새 조건: 문맥 둔감 문법(context-free grammar). 
SMT Solver 가 이해할 수 있는 연산자들 사용 가능. 

탐색 공간을 적절히 조절.

행동 조건: 합성 대상 함수 f 가 만족시켜야 
하는 제약조건 (SMT 논리식)

다양한 종류의 합성 문제들을 기술하기 위한 표준화된 포맷

http://www.sygus.org


합성전략의 두 갈래

• 제약조건의 기술 방법에 따라 전략이 두 갈래로 갈림. 

• 귀납 합성 (inductive synthesis) — 제약조건이 입출력 예제 

(a.k.a. Programming by example)

• 합성된 프로그램의 올바름 체크: 입출력 매치

• 연역 합성 (deductive synthesis) — 제약조건이 논리식

• 합성된 프로그램의 올바름 체크: SAT/SMT solver 사용



내용

• 프로그램 합성 개괄 

•귀납 합성 전략 

• 연역 합성 전략



귀납 합성 전략

• 하나씩 나열해보기 + 최적화 (일반적으로 적용 가능, 느림)

• 하향식 (Top-Down) / 상향식 (Bottom-Up)

• 최적화: 통계모델 사용 (PLDI’18), 프로그램 분석 등 

• 하향식 분할정복 (특정 문제들에만 적용 가능, 빠름)

• 제품에 탑재될 정도로 빠름 (Excel, PowerShell, Visual Studio)

• 상향식 나열 + 효율적 자료구조 쓰기 (일반적으로 적용 가능, 빠름) 

• 최근의 연구 성과 (POPL’21)



귀납 합성 전략

• 하나씩 나열해보기

•하향식 (Top-Down)

• 상향식 (Bottom-Up)

• 하향식 + 통계모델 사용 (PLDI’18)

• 하향식 분할정복

• 상향식 나열 + 효율적 자료구조 쓰기 (POPL’21)



하향식(Top-Down)�나열

• 시작 비말단기호(start non-terminal)에서 시작

• 비말단 기호하나를 (보통 가장 왼쪽의 것) 선택하여 문법 규
칙을 적용하여 확장

• 예제:  합성대상   

 
          생김새 조건:  

 
          행동조건: 

<latexit sha1_base64="DUfvJWUfaBeSezzXlW6QRtx/eyE=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0UQxJqIosuiG5eV2Ac0oUwmk3boTBJmJmIJ/Qw3/oobF4q47c6/cdpE0OqB4R7OuZc79/gJo1JZ1qdRWlhcWl4pr1bW1jc2t8ztnZaMU4FJE8csFh0fScJoRJqKKkY6iSCI+4y0/eH11G/fEyFpHN2pUUI8jvoRDSlGSks988SBrorhA3Q5DaCdl2Mnr87RN9FNlBMJnZ5ZtWrWDPAvsQtSBQUaPXPiBjFOOYkUZkjKrm0lysuQUBQzMq64qSQJwkPUJ11NI6TXeNnssDE80EoAw1joFyk4U39OZIhLOeK+7uRIDeS8NxX/87qpCi+9jEZJqkiE80VhyqCOYpoSDKggWLGRJggLqv8K8QAJhJXOsqJDsOdP/ktapzX7vGbdnlXrV0UcZbAH9sEhsMEFqIMb0ABNgMEjeAav4M14Ml6Md+Mjby0Zxcwu+AVj8gWniJ0N</latexit>

S ! x | 1 | �S | S + S | S ⇥ S

<latexit sha1_base64="Q/iRuWvuK58hMD6Z099due/JKZY=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoMQm3AXFG2EoI1lBBMDyRH2NnPJkr29c3dPCCF/wsZCEVv/jp3/xk1yhSY+GHi8N8PMvCARXBvX/XZyK6tr6xv5zcLW9s7uXnH/oKnjVDFssFjEqhVQjYJLbBhuBLYShTQKBD4Ew5up//CESvNY3ptRgn5E+5KHnFFjpVZY9k7JFal2iyW34s5AlomXkRJkqHeLX51ezNIIpWGCat323MT4Y6oMZwInhU6qMaFsSPvYtlTSCLU/nt07ISdW6ZEwVrakITP198SYRlqPosB2RtQM9KI3Ff/z2qkJL/0xl0lqULL5ojAVxMRk+jzpcYXMiJEllClubyVsQBVlxkZUsCF4iy8vk2a14p1X3LuzUu06iyMPR3AMZfDgAmpwC3VoAAMBz/AKb86j8+K8Ox/z1pyTzRzCHzifP6NnjmU=</latexit>

f(1) = 2

<latexit sha1_base64="BLFQUT6iQcXoasCEE7ZTHumf3Os=">AAACBnicbVDLSsNAFL2pr1pfUZciDBbBVUlEUVwV3bisYB/YhDKZTtqhk0mYmQgldOXGX3HjQhG3foM7/8ZJ20VtPTBw5px7ufeeIOFMacf5sQpLyyura8X10sbm1vaOvbvXUHEqCa2TmMeyFWBFORO0rpnmtJVIiqOA02YwuMn95iOVisXiXg8T6ke4J1jICNZG6tiHIbpCXoR1PwiyhxHydDzz7dhlp+KMgRaJOyVlmKLWsb+9bkzSiApNOFaq7TqJ9jMsNSOcjkpeqmiCyQD3aNtQgSOq/Gx8xggdG6WLwliaJzQaq7MdGY6UGkaBqcw3VPNeLv7ntVMdXvoZE0mqqSCTQWHKkbk1zwR1maRE86EhmEhmdkWkjyUm2iRXMiG48ycvksZpxT2vOHdn5er1NI4iHMARnIALF1CFW6hBHQg8wQu8wbv1bL1aH9bnpLRgTXv24Q+sr19QMJho</latexit>

f : Z ! Z



하향식(Top-Down)�나열

Iter 0

Iter 1

Iter 2

Iter 3

<latexit sha1_base64="6l4H0Xqko7ewaii5aYvsXrB67fY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68dii/YA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LBjBP0IzqQPOSMGivV73ulsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveZcWtX5SrN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDr3eM2w==</latexit>

S

<latexit sha1_base64="Xke69B41QHH9kCTvcb5uhrPs91Y=">AAACGXicbZDLSsNAFIYn9VbrLerSzWARBLEkouiy6MZlpfYCTSiTyaQdOpmkMxOxhL6GG1/FjQtFXOrKt3HapqitPwx8/OcczpzfixmVyrK+jNzC4tLySn61sLa+sbllbu/UZZQITGo4YpFoekgSRjmpKaoYacaCoNBjpOH1rkb1xh0Rkkb8Vg1i4oaow2lAMVLaapvWPXT6/QT50J7CcXVK1aMfdBQNiYTVtlm0StZYcB7sDIogU6Vtfjh+hJOQcIUZkrJlW7FyUyQUxYwMC04iSYxwD3VISyNHeo2bji8bwgPt+DCIhH5cwbH7eyJFoZSD0NOdIVJdOVsbmf/VWokKLtyU8jhRhOPJoiBhUEVwFBP0qSBYsYEGhAXVf4W4iwTCSodZ0CHYsyfPQ/2kZJ+VrJvTYvkyiyMP9sA+OAQ2OAdlcA0qoAYweABP4AW8Go/Gs/FmvE9ac0Y2swv+yPj8BmOTnq0=</latexit>

x 1 � S S + S S ⇥ S

<latexit sha1_base64="LDkn+0S/c2RD3CAJ4Ah2VFCFqMw=">AAACFHicbZDLSsNAFIYn9VbrLerSzWARKqUlEUWXRTcuK7UXaEKZTCbt0EkmzkykpfQh3Pgqblwo4taFO9/GaRtBW38Y+PjPOZw5vxczKpVlfRmZpeWV1bXsem5jc2t7x9zda0ieCEzqmDMuWh6ShNGI1BVVjLRiQVDoMdL0+leTevOeCEl5dKuGMXFD1I1oQDFS2uqYxdIAOncJ8mHJ/oFCqXac8gAWYQ062OdKwo6Zt8rWVHAR7BTyIFW1Y346PsdJSCKFGZKybVuxckdIKIoZGeecRJIY4T7qkrbGCIVEuqPpUWN4pB0fBlzoFyk4dX9PjFAo5TD0dGeIVE/O1ybmf7V2ooILd0SjOFEkwrNFQcKg4nCSEPSpIFixoQaEBdV/hbiHBMJK55jTIdjzJy9C46Rsn5Wtm9N85TKNIwsOwCEoABucgwq4BlVQBxg8gCfwAl6NR+PZeDPeZ60ZI53ZB39kfHwDJ1ObIg==</latexit>

�x � 1 � (�S) x+ S · · ·

<latexit sha1_base64="MyVF2d0mOseYpL0frdICwKRHGo8=">AAACBnicbZDLSgMxFIbP1Futt1GXIgSLUJGWGVF0WXTjsoK9QDuUTCbThmYuJhlpGbpy46u4caGIW5/BnW9jehG09YfAx3/O4eT8bsyZVJb1ZWQWFpeWV7KrubX1jc0tc3unJqNEEFolEY9Ew8WSchbSqmKK00YsKA5cTutu72pUr99TIVkU3qpBTJ0Ad0LmM4KVttrmfrFQ7B+h1l2CPaTZ/uE+OkZ228xbJWssNA/2FPIwVaVtfra8iCQBDRXhWMqmbcXKSbFQjHA6zLUSSWNMerhDmxpDHFDppOMzhuhQOx7yI6FfqNDY/T2R4kDKQeDqzgCrrpytjcz/as1E+RdOysI4UTQkk0V+wpGK0CgT5DFBieIDDZgIpv+KSBcLTJROLqdDsGdPnofaSck+K1k3p/ny5TSOLOzBARTAhnMowzVUoAoEHuAJXuDVeDSejTfjfdKaMaYzu/BHxsc3s7GVcg==</latexit>

�(�x) � (�1) x+ 1



하향식 나열 최적화

• 탐색 중 미완성 프로그램 (예: x + S) 들 등장. 

• 미완성 프로그램의 행동을 미리 어림잡아 (프로그램 분석) 

해가 될 가능성이 없는 것들은 미리 가지치기 가능

• 예: 입출력 예제 조건이               일 경우          는 후보에
서 제외하고 더 탐색 진행 안함

• 타입/SMT제약식 풀기/요약해석 등 다양하게 이용.

<latexit sha1_base64="LPzriS1Gif0JOHiOf2SVgUiowfk=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRahXspuVfQiFL14rGA/oF1KNs22odlkTbJCWfonvHhQxKt/x5v/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKlloghtEMmlagdYU84EbRhmOG3HiuIo4LQVjG6nfuuJKs2keDDjmPoRHggWMoKNldphuXqKrtFZr1hyK+4MaJl4GSlBhnqv+NXtS5JEVBjCsdYdz42Nn2JlGOF0UugmmsaYjPCAdiwVOKLaT2f3TtCJVfoolMqWMGim/p5IcaT1OApsZ4TNUC96U/E/r5OY8MpPmYgTQwWZLwoTjoxE0+dRnylKDB9bgoli9lZEhlhhYmxEBRuCt/jyMmlWK95Fxb0/L9VusjjycATHUAYPLqEGd1CHBhDg8Ayv8OY8Oi/Ou/Mxb8052cwh/IHz+QOmdI5n</latexit>

f(2) = 3
<latexit sha1_base64="vKFnZ3vBKcxsWSin0hRzm2/Gdl8=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68VjRfmAbyma7aZduNmF3IpbQf+HFgyJe/Tfe/Ddu2xy09cHA470ZZuYFiRQGXffbWVpeWV1bL2wUN7e2d3ZLe/sNE6ea8TqLZaxbATVcCsXrKFDyVqI5jQLJm8HweuI3H7k2Ilb3OEq4H9G+EqFgFK308EQ6KCJuyF23VHYr7hRkkXg5KUOOWrf01enFLI24QiapMW3PTdDPqEbBJB8XO6nhCWVD2udtSxW1a/xsevGYHFulR8JY21JIpurviYxGxoyiwHZGFAdm3puI/3ntFMNLPxMqSZErNlsUppJgTCbvk57QnKEcWUKZFvZWwgZUU4Y2pKINwZt/eZE0TiveecW9PStXr/I4CnAIR3ACHlxAFW6gBnVgoOAZXuHNMc6L8+58zFqXnHzmAP7A+fwB6l+Qaw==</latexit>

x⇥ S



귀납 합성 전략

• 하나씩 나열해보기

• 하향식 (Top-Down)

•상향식 (Bottom-Up)

• 하향식 + 통계모델 사용 (PLDI’18)

• 하향식 분할정복

• 상향식 나열 + 효율적 자료구조 쓰기 (POPL’21)



상향식(Bottom-Up)�나열

• 말단기호(terminal)에서 시작

• 가장 작은 프로그램들 부터 만들고, 그것들을 조합하여 더 

큰 프로그램을 만듦. 



상향식(Bottom-Up)�나열

Size 1

Size 2

Size 3

<latexit sha1_base64="PPqhse4oybHzv2TvW1Lcw+INLKA=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVix6LXjxWsB/SLiWbzbahSXZNsmJZ+iu8eFDEqz/Hm//GtN2Dtj4YeLw3w8y8IOFMG9f9dgorq2vrG8XN0tb2zu5eef+gpeNUEdokMY9VJ8CaciZp0zDDaSdRFIuA03Ywup767UeqNIvlnRkn1Bd4IFnECDZWun9CvYcUh8jrlytu1Z0BLRMvJxXI0eiXv3phTFJBpSEca9313MT4GVaGEU4npV6qaYLJCA9o11KJBdV+Njt4gk6sEqIoVrakQTP190SGhdZjEdhOgc1QL3pT8T+vm5ro0s+YTFJDJZkvilKOTIym36OQKUoMH1uCiWL2VkSGWGFibEYlG4K3+PIyaZ1VvVrVvT2v1K/yOIpwBMdwCh5cQB1uoAFNICDgGV7hzVHOi/PufMxbC04+cwh/4Hz+ANnqj8g=</latexit>

x 1

<latexit sha1_base64="YFPqA9yxg0kGSjec4j0qR/P/Z34=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgJWFXFD0GvXiMYB6QXcLs7CQZMju7zkMMS37DiwdFvPoz3vwbJ8keNLGgoajqprsrTDlT2nW/ncLK6tr6RnGztLW9s7tX3j9oqcRIQpsk4YnshFhRzgRtaqY57aSS4jjktB2ObqZ++5FKxRJxr8cpDWI8EKzPCNZW8qtPyH8wOEJVD/XKFbfmzoCWiZeTCuRo9MpffpQQE1OhCcdKdT031UGGpWaE00nJN4qmmIzwgHYtFTimKshmN0/QiVUi1E+kLaHRTP09keFYqXEc2s4Y66Fa9Kbif17X6P5VkDGRGk0FmS/qG450gqYBoIhJSjQfW4KJZPZWRIZYYqJtTCUbgrf48jJpndW8i5p7d16pX+dxFOEIjuEUPLiEOtxCA5pAIIVneIU3xzgvzrvzMW8tOPnMIfyB8/kDCcqQYA==</latexit>�x � 1

<latexit sha1_base64="KvJmvj6RR+1222ipxSXVs6fgXtA=">AAACJ3icbVDLSgMxFL1TX7W+Rl26CRbBVZkRRVdSdOOygn1AW0omk2lDM5kxyUjL0L9x46+4EVREl/6JaTv4aD0QOJxzLjf3eDFnSjvOh5VbWFxaXsmvFtbWNza37O2dmooSSWiVRDySDQ8rypmgVc00p41YUhx6nNa9/uXYr99RqVgkbvQwpu0QdwULGMHaSB373EUtzUKqkCG3CfbRtzDIhMFsYvCT6NhFp+RMgOaJm5EiZKh07OeWH5EkpEITjpVquk6s2ymWmhFOR4VWomiMSR93adNQgc2edjq5c4QOjOKjIJLmCY0m6u+JFIdKDUPPJEOse2rWG4v/ec1EB2ftlIk40VSQ6aIg4UhHaFwa8pmkRPOhIZhIZv6KSA9LTLSptmBKcGdPnie1o5J7UnKuj4vli6yOPOzBPhyCC6dQhiuoQBUI3MMjvMCr9WA9WW/W+zSas7KZXfgD6/MLIPCjrA==</latexit>

1⇥ 1 1⇥ x x⇥ 1 x⇥ x
<latexit sha1_base64="EbcVBv783RXMLsvqQCV8VJP8QbE=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBEEoeyKoseiF48V7Ae0S8mm2TY2myxJVixL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXJoIb63nfaGl5ZXVtvbBR3Nza3tkt7e03jEo1ZXWqhNKtkBgmuGR1y61grUQzEoeCNcPhzcRvPjJtuJL3dpSwICZ9ySNOiXVS4wmfYh93S2Wv4k2BF4mfkzLkqHVLX52eomnMpKWCGNP2vcQGGdGWU8HGxU5qWELokPRZ21FJYmaCbHrtGB87pYcjpV1Ji6fq74mMxMaM4tB1xsQOzLw3Ef/z2qmNroKMyyS1TNLZoigV2Co8eR33uGbUipEjhGrubsV0QDSh1gVUdCH48y8vksZZxb+oeHfn5ep1HkcBDuEITsCHS6jCLdSgDhQe4Ble4Q0p9ILe0cesdQnlMwfwB+jzB8Drje4=</latexit>

x+ 1



상향식 나열 최적화

• 탐색 중 완성 프로그램 (예: 1 + 1) 들 등장.  완성 프로그램
들은 실행이 가능

• 실행 결과가 같은 부품들 중 하나만 남겨놓고 더 큰 프로그
램 생성에 사용. 

• 이를 같은 것들 (observational equivalence) 뭉뚱그리기 라
고 함. 



상향식(Bottom-Up)�나열

Size 1

Size 2

Size 3

<latexit sha1_base64="PPqhse4oybHzv2TvW1Lcw+INLKA=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVix6LXjxWsB/SLiWbzbahSXZNsmJZ+iu8eFDEqz/Hm//GtN2Dtj4YeLw3w8y8IOFMG9f9dgorq2vrG8XN0tb2zu5eef+gpeNUEdokMY9VJ8CaciZp0zDDaSdRFIuA03Ywup767UeqNIvlnRkn1Bd4IFnECDZWun9CvYcUh8jrlytu1Z0BLRMvJxXI0eiXv3phTFJBpSEca9313MT4GVaGEU4npV6qaYLJCA9o11KJBdV+Njt4gk6sEqIoVrakQTP190SGhdZjEdhOgc1QL3pT8T+vm5ro0s+YTFJDJZkvilKOTIym36OQKUoMH1uCiWL2VkSGWGFibEYlG4K3+PIyaZ1VvVrVvT2v1K/yOIpwBMdwCh5cQB1uoAFNICDgGV7hzVHOi/PufMxbC04+cwh/4Hz+ANnqj8g=</latexit>

x 1

<latexit sha1_base64="YFPqA9yxg0kGSjec4j0qR/P/Z34=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgJWFXFD0GvXiMYB6QXcLs7CQZMju7zkMMS37DiwdFvPoz3vwbJ8keNLGgoajqprsrTDlT2nW/ncLK6tr6RnGztLW9s7tX3j9oqcRIQpsk4YnshFhRzgRtaqY57aSS4jjktB2ObqZ++5FKxRJxr8cpDWI8EKzPCNZW8qtPyH8wOEJVD/XKFbfmzoCWiZeTCuRo9MpffpQQE1OhCcdKdT031UGGpWaE00nJN4qmmIzwgHYtFTimKshmN0/QiVUi1E+kLaHRTP09keFYqXEc2s4Y66Fa9Kbif17X6P5VkDGRGk0FmS/qG450gqYBoIhJSjQfW4KJZPZWRIZYYqJtTCUbgrf48jJpndW8i5p7d16pX+dxFOEIjuEUPLiEOtxCA5pAIIVneIU3xzgvzrvzMW8tOPnMIfyB8/kDCcqQYA==</latexit>�x � 1

<latexit sha1_base64="KvJmvj6RR+1222ipxSXVs6fgXtA=">AAACJ3icbVDLSgMxFL1TX7W+Rl26CRbBVZkRRVdSdOOygn1AW0omk2lDM5kxyUjL0L9x46+4EVREl/6JaTv4aD0QOJxzLjf3eDFnSjvOh5VbWFxaXsmvFtbWNza37O2dmooSSWiVRDySDQ8rypmgVc00p41YUhx6nNa9/uXYr99RqVgkbvQwpu0QdwULGMHaSB373EUtzUKqkCG3CfbRtzDIhMFsYvCT6NhFp+RMgOaJm5EiZKh07OeWH5EkpEITjpVquk6s2ymWmhFOR4VWomiMSR93adNQgc2edjq5c4QOjOKjIJLmCY0m6u+JFIdKDUPPJEOse2rWG4v/ec1EB2ftlIk40VSQ6aIg4UhHaFwa8pmkRPOhIZhIZv6KSA9LTLSptmBKcGdPnie1o5J7UnKuj4vli6yOPOzBPhyCC6dQhiuoQBUI3MMjvMCr9WA9WW/W+zSas7KZXfgD6/MLIPCjrA==</latexit>

1⇥ 1 1⇥ x x⇥ 1 x⇥ x

<latexit sha1_base64="dWZN3QhwIU7ecDfHNHbYaWwNZO8=">AAACAXicbVDLSgMxFM3UV62vUTeCm2AR6qbMFEU3QtGNywr2Ae1QMumdNjSTGZKMWIa68VfcuFDErX/hzr8xbWehrQcuHM65N7n3+DFnSjvOt5VbWl5ZXcuvFzY2t7Z37N29hooSSaFOIx7Jlk8UcCagrpnm0IolkNDn0PSH1xO/eQ9SsUjc6VEMXkj6ggWMEm2krn3wgC+xizs+UJIowEHJPTFKBXftolN2psCLxM1IEWWode2vTi+iSQhCU06UartOrL2USM0oh3GhY56PCR2SPrQNFSQE5aXTC8b42Cg9HETSlNB4qv6eSEmo1Cj0TWdI9EDNexPxP6+d6ODCS5mIEw2Czj4KEo51hCdx4B6TQDUfGUKoZGZXTAdEEqpNaAUTgjt/8iJpVMruWdm5PS1Wr7I48ugQHaESctE5qqIbVEN1RNEjekav6M16sl6sd+tj1pqzspl99AfW5w/fQZPw</latexit>

x = 1 * f(1) = 2

<latexit sha1_base64="EbcVBv783RXMLsvqQCV8VJP8QbE=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBEEoeyKoseiF48V7Ae0S8mm2TY2myxJVixL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXJoIb63nfaGl5ZXVtvbBR3Nza3tkt7e03jEo1ZXWqhNKtkBgmuGR1y61grUQzEoeCNcPhzcRvPjJtuJL3dpSwICZ9ySNOiXVS4wmfYh93S2Wv4k2BF4mfkzLkqHVLX52eomnMpKWCGNP2vcQGGdGWU8HGxU5qWELokPRZ21FJYmaCbHrtGB87pYcjpV1Ji6fq74mMxMaM4tB1xsQOzLw3Ef/z2qmNroKMyyS1TNLZoigV2Co8eR33uGbUipEjhGrubsV0QDSh1gVUdCH48y8vksZZxb+oeHfn5ep1HkcBDuEITsCHS6jCLdSgDhQe4Ble4Q0p9ILe0cesdQnlMwfwB+jzB8Drje4=</latexit>

x+ 1



하나씩 나열하기

• 장점: 귀납 합성 뿐 아니라 일반적으로 거의 모든 종류의 프
로그램 합성 문제에 사용 가능

• 단점: 탐색 공간이 너무나 크므로, 여러가지 최적화(예: 같은 

것 뭉뚱그리기)에도 불구하고 큰 프로그램 찾기 불가능



탐색공간 얼마나 큰 가?
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Size of the Problem Space

9

S ! x | S + S

<latexit sha1_base64="V3r4Ae1LfMQCdPmcS+0vk+KMHXg=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0UQhJJIQb0VvXis1H5AE8pms2mXbjZhdyMtpX/FiwdFvPpHvPlv3LY5aOuDgcd7M8zMC1LOlHacb2ttfWNza7uwU9zd2z84tI9KLZVkktAmSXgiOwFWlDNBm5ppTjuppDgOOG0Hw7uZ336iUrFEPOpxSv0Y9wWLGMHaSD271ECeTtAIeTELUQNdoEbPLjsVZw60StyclCFHvWd/eWFCspgKTThWqus6qfYnWGpGOJ0WvUzRFJMh7tOuoQLHVPmT+e1TdGaUEEWJNCU0mqu/JyY4VmocB6Yzxnqglr2Z+J/XzXR07U+YSDNNBVksijKOzLezIFDIJCWajw3BRDJzKyIDLDHRJq6iCcFdfnmVtC4rbrVy81At127zOApwAqdwDi5cQQ3uoQ5NIDCCZ3iFN2tqvVjv1seidc3KZ47hD6zPHy7Pkpw=</latexit>

x

x
+

x x

+

+ x

x x

+

x +

x x

depth ≤ 1

depth ≤ 2

depth ≤ 3 x
+

x x

+

+ +

x xx x

N(1) = 1

N(2) = 2

N(3) = 5

N(d) = 1 + N(d - 1)2

*Examples from Nadia Polikarpova’s slides



탐색공간 얼마나 큰 가?
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How Big is the Space?

10

N(1) = 1

N(2) = 2

N(3) = 5

N(4) = 26

N(5) = 677

N(6) = 458330

N(7) = 210066388901

N(8) = 44127887745906175987802

N(9) = 1947270476915296449559703445493848930452791205

N(10) = 3791862310265926082868235028027893277370233152247388584761734150717768254410341175325352026

S ! x | S + S

<latexit sha1_base64="V3r4Ae1LfMQCdPmcS+0vk+KMHXg=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0UQhJJIQb0VvXis1H5AE8pms2mXbjZhdyMtpX/FiwdFvPpHvPlv3LY5aOuDgcd7M8zMC1LOlHacb2ttfWNza7uwU9zd2z84tI9KLZVkktAmSXgiOwFWlDNBm5ppTjuppDgOOG0Hw7uZ336iUrFEPOpxSv0Y9wWLGMHaSD271ECeTtAIeTELUQNdoEbPLjsVZw60StyclCFHvWd/eWFCspgKTThWqus6qfYnWGpGOJ0WvUzRFJMh7tOuoQLHVPmT+e1TdGaUEEWJNCU0mqu/JyY4VmocB6Yzxnqglr2Z+J/XzXR07U+YSDNNBVksijKOzLezIFDIJCWajw3BRDJzKyIDLDHRJq6iCcFdfnmVtC4rbrVy81At127zOApwAqdwDi5cQQ3uoQ5NIDCCZ3iFN2tqvVjv1seidc3KZ47hD6zPHy7Pkpw=</latexit>

N(d) = 1 + N(d - 1)2

‼
*Examples from Nadia Polikarpova’s slides



귀납 합성 전략

• 하나씩 나열해보기

• 하향식 (Top-Down)

• 상향식 (Bottom-Up)

•하향식 + 통계모델 사용 (PLDI’18)

• 하향식 분할정복

• 상향식 나열 + 효율적 자료구조 쓰기 (POPL’21)



통계 모델을 이용한 탐색 가이드

• 하나씩 나열하기의 성능 문제는 탐색 공간에 존재하는 모든 

프로그램을 모두 “공평"하게 대하기 때문. 

• 모든 프로그램이 “그럴싸”한 것은 아님. 프로그램에는 반복
적이고 예측 가능한 패턴이 존재. 

• 프로그램의 통계적 모델: 프로그램에 대한 확률 분포 결정

for (i = 0; i < 100; ??) 

Pr(?? → i++|for(i=0;i<100;??))=0.85  

Pr(?? → i--|for(i=0;i<100;??))=0.01



통계 모델을 이용한 탐색 가이드

• 통계 프로그램 모델은 역난독화, IDE의 코드 완성, 프로그램 

자동 수정 등에 이미 사용되어옴

• N-gram, Probabilistic context-free grammar (PCFG) 등 

• 아이디어: 프로그램 크기 오름차순이 아닌, 그럴싸함 확률 내
림차순으로 나열



통계적 프로그램 모델

• 사람이 쓴, 혹은 합성된 코드로부터 학습 가능
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Probabilistic Model

• Learn a probabilistic model of programs from a corpus of programs


• Human-written or auto-generated programs by other synthesizers


• A wide range of models is applicable

20

Program Corpus Learned Probabilistic Model

Pr(S → S + S) = 0.3

Pr(S → x | S + S) = 0.8


…

Pr(S → x | x + S) = 0.2

Pr(S → y | x + S) = 0.6


…

S

S S

x

+

Probability of Programs

? x : 0.2 
y : 0.6 

…



통계 모델을 이용한 탐색 가이드

• 통계 모델로부터 그래프 구축

• 노드: 시작 비말단 기호로부터 도출 가능한 (부
분)프로그램들

• 간선: 문법 규칙 1번 적용에 대응

• 가중치: 문법 규칙이 적용될 확률에 -log 취한 

값 

• 시작 비말단 기호부터 가장 거리가 짧은 순으로 

프로그램 나열

• 이 때 최단거리 계산은 A* 알고리즘 사용
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Guided Enumeration by Probabilistic Model

• Given a model, construct a directed graph


• Node: sentential forms


• Weight: negative log probability of a production rule


• Compute the shortest path


• starting from the start symbol to the program


• E.g., Dijkstra’s, A*, etc

21

S

x S - S

S + S

x + S

x + x x + y

-log0.3

-log0.8

-log0.2 -log0.6

Pr(S → S + S) = 0.3

Pr(S → x | S + S) = 0.8


…

Pr(S → x | x + S) = 0.2

Pr(S → y | x + S) = 0.6


…

Accelerating Search-based Program Synthesis using Learned Probabilistic Models, PLDI’18



실험 벤치마크

39

STRING: End-user Programming 
205 problems

BITVEC: Efficient low-level algorithm 
750 problems

CIRCUIT: Attack-resistant crypto circuits  
212 problems



실험 결과

• EUSolver(확률모델 가이드 없는 상향식 나열 전략)와 비교

• 학습: EUSolver 가 10분안에 푼 문제들의 솔루션

• 테스트셋: 405 (timeout: 1시간)
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Effectiveness
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• Comparison to EUSolver (a program synthesizer without prob. guidance)


• Training: 762 tasks solved by EUSolver in 10 minutes


• Testing: 405 (timeout: 1 hour)



귀납 합성 전략

• 하나씩 나열해보기

• 하향식 (Top-Down)

• 상향식 (Bottom-Up)

• 하향식 + 통계모델 사용 (PLDI’18)

•하향식 분할정복

• 상향식 나열 + 효율적 자료구조 쓰기 (POPL’21)



• Goal: function    converting a given phone number     into another format

•       Specification

   Syntactic: 

   Semantic:

예제 합성 문제

f x

<latexit sha1_base64="UnXUpDMDU9yfpFuOtXt+1EyHwNo="></latexit>

f(“ + 1 2.3”) = “1 2-3.” ^ f(“ + 4 56.78”) = “4 56-78”

<latexit sha1_base64="1M+fFGIu2MLWrmn7leTQHM5lzuc="></latexit>

S ! x | “+” | “ ” | “-” | “.” | ConCat(S, S)
| SubStr(S, I, I)

| IntToStr(I)

| Replace(S, S, S)

I ! 1 | · · · | 9 | I � I | Length(S)

String concatenation

.



• Goal: function    converting a given phone number     into another format

•       Specification

   Syntactic: 

   Semantic:

f x

<latexit sha1_base64="UnXUpDMDU9yfpFuOtXt+1EyHwNo="></latexit>

f(“ + 1 2.3”) = “1 2-3.” ^ f(“ + 4 56.78”) = “4 56-78”

<latexit sha1_base64="1M+fFGIu2MLWrmn7leTQHM5lzuc="></latexit>

S ! x | “+” | “ ” | “-” | “.” | ConCat(S, S)
| SubStr(S, I, I)

| IntToStr(I)

| Replace(S, S, S)

I ! 1 | · · · | 9 | I � I | Length(S)

 
 e.g.,  

<latexit sha1_base64="9GjW03aw6gNUsS+0HbMWCUnUsV0=">AAACC3icbVDLSgMxFM34rPVVdekmtAgVSpkRRZdFNy4rtQ/oDEMmzbShmcyQ3BHK0L0bf8WNC0Xc+gPu/BvTx0JbD1w4nHNvcu8JEsE12Pa3tbK6tr6xmdvKb+/s7u0XDg5bOk4VZU0ai1h1AqKZ4JI1gYNgnUQxEgWCtYPhzcRvPzCleSzvYZQwLyJ9yUNOCRjJLxQzV0W4kQYNUOOyBlXBGogC109iXcGCyVO/ULKr9hR4mThzUkJz1P3Cl9uLaRoxCVQQrbuOnYCXmVc5FWycd1PNEkKHpM+6hkoSMe1l01vG+MQoPRzGypQEPFV/T2Qk0noUBaYzIjDQi95E/M/rphBeeRmXSQpM0tlHYSowxHgSDO5xxSiIkSGEKm52xXRAFKFg4subEJzFk5dJ66zqXFTtu/NS7XoeRw4doyIqIwddohq6RXXURBQ9omf0it6sJ+vFerc+Zq0r1nzmCP2B9fkDIn2adQ==</latexit>

SubStr(str, start pos, len)
<latexit sha1_base64="GZRR6COdbDASTDZwkxsZoucDcNQ=">AAACC3icbVDLSsNAFJ34rPUVdelmSBEqlJIURTdC0Y3LSu0D2tBOppN26GQSZiZCCd278VfcuFDErT/gzr9x0mahrQcunDnnXube40WMSmXb38bK6tr6xmZuK7+9s7u3bx4cNmUYC0waOGShaHtIEkY5aSiqGGlHgqDAY6TljW9Sv/VAhKQhv1eTiLgBGnLqU4yUlnqmlXRFAOuxV1diWuz3kYetErRLsHIKr2D6tnpmwS7bM8Bl4mSkADLUeuZXdxDiOCBcYYak7Dh2pNwECUUxI9N8N5YkQniMhqSjKUcBkW4yu2UKT7QygH4odHEFZ+rviQQFUk4CT3cGSI3kopeK/3mdWPmXbkJ5FCvC8fwjP2ZQhTANBg6oIFixiSYIC6p3hXiEBMJKx5fXITiLJy+TZqXsnJftu7NC9TqLIweOgQWKwAEXoApuQQ00AAaP4Bm8gjfjyXgx3o2PeeuKkc0cgT8wPn8Alw+YLg==</latexit>

SubStr(“abc”, 0, 2) = “ab”

.

예제 합성 문제



• Goal: function    converting a given phone number     into another format

•       Specification

   Syntactic: 

   Semantic:

f x

<latexit sha1_base64="UnXUpDMDU9yfpFuOtXt+1EyHwNo="></latexit>

f(“ + 1 2.3”) = “1 2-3.” ^ f(“ + 4 56.78”) = “4 56-78”

<latexit sha1_base64="1M+fFGIu2MLWrmn7leTQHM5lzuc="></latexit>

S ! x | “+” | “ ” | “-” | “.” | ConCat(S, S)
| SubStr(S, I, I)

| IntToStr(I)

| Replace(S, S, S)

I ! 1 | · · · | 9 | I � I | Length(S)

  
  e.g.,     

<latexit sha1_base64="fXUxQqF7XryQ5REH04wvUggK5z8=">AAACD3icbVDLSgMxFM3UV62vUZdugkWpUMqMKLosunFZxT6gHUomvW1Dk5khyQhl6B+48VfcuFDErVt3/o2ZdhbaeiBwOOcecu/xI86UdpxvK7e0vLK6ll8vbGxube/Yu3sNFcaSQp2GPJQtnyjgLIC6ZppDK5JAhM+h6Y+uU7/5AFKxMLjX4wg8QQYB6zNKtJG69nHSkQLfQcQJhUlJaVnGgmg6LGM5EwUE+qRrF52KMwVeJG5GiihDrWt/dXohjdMw5USptutE2kuI1IxymBQ6sYKI0BEZQNvQgAhQXjK9Z4KPjNLD/VCaF2g8VX8nEiKUGgvfTJpdh2reS8X/vHas+5dewoIo1hDQ2Uf9mGMd4rQc3GMSqOZjQwiVzOyK6ZBIQrWpsGBKcOdPXiSN04p7XnFuz4rVq6yOPDpAh6iEXHSBqugG1VAdUfSIntErerOerBfr3fqYjeasLLOP/sD6/AEoB5wZ</latexit>

Replace(str,match, replacement)
<latexit sha1_base64="DHKaUQbGkmwHDuke9l94HRWGPlo=">AAACE3icbVDLSgMxFM3UV62vUZduQotQRcqMKLoRim5cVrEPaEt7J71tQzMPkoxQhv6DG3/FjQtF3Lpx59+YPhZaPZDcwzn3ktzjRYIr7ThfVmphcWl5Jb2aWVvf2Nyyt3cqKowlwzILRShrHigUPMCy5lpgLZIIview6g2uxn71HqXiYXCnhxE2fegFvMsZaCO17MOkIX16i5EAhqN8uw0eZI+oqZPbyx7Qi3E1asvOOQVnAvqXuDOSIzOUWvZnoxOy2MdAMwFK1V0n0s0EpOZM4CjTiBVGwAbQw7qhAfiomslkpxHdN0qHdkNpTqDpRP05kYCv1ND3TKcPuq/mvbH4n1ePdfe8mfAgijUGbPpQNxZUh3QcEO1wiUyLoSHAJDd/pawPEpg2MWZMCO78yn9J5bjgnhacm5Nc8XIWR5rskSzJE5eckSK5JiVSJow8kCfyQl6tR+vZerPep60pazazS37B+vgGgCabXA==</latexit>

Replace(“aba”, “a”, “b”) = “bba”

.

예제 합성 문제



•        Solution: Size : 12  AST nodes

예제�합성�문제

<latexit sha1_base64="REl43hHzNeRiIjwnyqU/Cj66up4="></latexit>

SubStr(Replace(ConCat(x, “.”), “.”, “-”), 2,Length(x)� 1)



하향식 분할정복 (Top-Down Propagation)

• 분할 정복:  만약                       꼴인 프로그램이 어떤 입력에 

대해서    를 출력한다면,                   는 같은 입력에 대해 어떤 

값들을 출력해야 하는가?

• 역함수: 인자들이 만족시킬 입출력 조건 유추 

• 가능 입력들 (inverse-set or pre-image):  

 
e.g., ConCat�1(“USA”) = {(“U”, “SA”), (“US”, “A”)}

<latexit sha1_base64="ZhRPTdcP0nXFEAUPXceL0eSLH4Y=">AAACKnicbVBNS8NAEN34WetX1aOXwSK0UEsiil4KVaF4rGC10MSw2Wzt0k027G6EEvJ7vPhXvHhQxKs/xG3tQa0PBh7vzTAzL0g4U9q23625+YXFpeXCSnF1bX1js7S1faNEKgntEMGF7AZYUc5i2tFMc9pNJMVRwOltMLwY+7cPVCom4ms9SqgX4fuY9RnB2kh+6ax1lx04eUVUoQFuBhXsOzVwSSi0qgH2h1VwIxZC6x+jAQLc3C+V7bo9AcwSZ0rKaIq2X3pxQ0HSiMaacKxUz7ET7WVYakY4zYtuqmiCyRDf056hMY6o8rLJqznsGyWEvpCmYg0T9edEhiOlRlFgOiOsB+qvNxb/83qp7p96GYuTVNOYfC/qpxy0gHFuEDJJieYjQzCRzNwKZIAlJtqkWzQhOH9fniU3h3XnuG5fHZWb59M4CmgX7aEKctAJaqJL1EYdRNAjekav6M16sl6sd+vju3XOms7soF+wPr8AZ3iiZA==</latexit>

F�1(o) = {(a1, · · · , ak) | F (a1, · · · , ak) = o}

<latexit sha1_base64="4GE1Wg0G1pS/pC0VrYF+2GhNS+g=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBEqlJKIosuiIC4r2Ae0IUwmN+3QyYOZiRBC/RU3LhRx64e482+ctllo64ELh3Pu5d57vIQzqSzr21hZXVvf2Cxtlbd3dvf2zYPDjoxTQaFNYx6LnkckcBZBWzHFoZcIIKHHoeuNb6Z+9xGEZHH0oLIEnJAMIxYwSpSWXLNyWwPXruMB9WMl6xjc8alrVq2GNQNeJnZBqqhAyzW/Bn5M0xAiRTmRsm9biXJyIhSjHCblQSohIXRMhtDXNCIhSCefHT/BJ1rxcRALXZHCM/X3RE5CKbPQ050hUSO56E3F/7x+qoIrJ2dRkiqI6HxRkHKsYjxNAvtMAFU804RQwfStmI6IIFTpvMo6BHvx5WXSOWvYFw3r/rzavC7iKKEjdIxqyEaXqInuUAu1EUUZekav6M14Ml6Md+Nj3rpiFDMV9AfG5w8/OZM5</latexit>

F (e1, · · · , ek)
<latexit sha1_base64="ygV0CAWxW+1jjGfaa3O+Yrpx2g8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWML9gPaUDbbSbt2sxt2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZemHCmjed9O4W19Y3NreJ2aWd3b/+gfHjU0jJVFJtUcqk6IdHImcCmYYZjJ1FI4pBjOxzfzfz2EyrNpHgwkwSDmAwFixglxkoN2S9XvKo3h7tK/JxUIEe9X/7qDSRNYxSGcqJ11/cSE2REGUY5Tku9VGNC6JgMsWupIDHqIJsfOnXPrDJwI6lsCePO1d8TGYm1nsSh7YyJGellbyb+53VTE90EGRNJalDQxaIo5a6R7uxrd8AUUsMnlhCqmL3VpSOiCDU2m5INwV9+eZW0Lqr+VdVrXFZqt3kcRTiBUzgHH66hBvdQhyZQQHiGV3hzHp0X5935WLQWnHzmGP7A+fwB2eeM9w==</latexit>o <latexit sha1_base64="nyXJy7U3OFLyrygR/MLhN+S+Jws=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4KCURRY9FLx4r2A9oQ9hsJ+3SzW7Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzopQzbTzv21lb39jc2i7tlHf39g8O3aPjlpaZotCkkkvViYgGzgQ0DTMcOqkCkkQc2tHofua3x6A0k+LJTFIIEjIQLGaUGCuFrguhX8U92pdGVzGEo9CteDVvDrxK/IJUUIFG6H71+pJmCQhDOdG663upCXKiDKMcpuVepiEldEQG0LVUkAR0kM8vn+Jzq/RxLJUtYfBc/T2Rk0TrSRLZzoSYoV72ZuJ/Xjcz8W2QM5FmBgRdLIozjo3Esxhwnymghk8sIVQxeyumQ6IINTassg3BX355lbQua/51zXu8qtTvijhK6BSdoQvkoxtURw+ogZqIojF6Rq/ozcmdF+fd+Vi0rjnFzAn6A+fzB94NkoQ=</latexit>e1, · · · , ek



하향식 분할정복 (Top-Down Propagation)

Nonterminal Symbol
Constraint on a nonterminal symbol
One step derivation
Solution directly derived 

S

ConCat(S1, S2)

<latexit sha1_base64="o4RnpTs6ChGA/vhooA9r9KgBzQs=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgqsyIosuiG5cV7AM645DJZNrQTDJNMkIZZufGX3HjQhG3/oI7/8b0sdDWA/dyOOdeknvClFGlHefbKi0tr6yuldcrG5tb2zv27l5LiUxi0sSCCdkJkSKMctLUVDPSSSVBSchIOxxcj/32A5GKCn6nRynxE9TjNKYYaSMF9qEnjB1KhEnuDYcZiqa9uM9p4BaBXXVqzgRwkbgzUgUzNAL7y4sEzhLCNWZIqa7rpNrPkdQUM1JUvEyRFOEB6pGuoRwlRPn55I4CHhslgrGQpriGE/X3Ro4SpUZJaCYTpPtq3huL/3ndTMeXfk55mmnC8fShOGNQCzgOBUZUEqzZyBCEJTV/hbiPTCjaRFcxIbjzJy+S1mnNPa85t2fV+tUsjjI4AEfgBLjgAtTBDWiAJsDgETyDV/BmPVkv1rv1MR0tWbOdffAH1ucPNK2aJw==</latexit>

i1z }| {
<latexit sha1_base64="KzXkfRPM6w1DaXqL/I5bI/ROKIU="></latexit>

“ +1 2.3” 7! “1 2-3.”



하향식 분할정복 (Top-Down Propagation)

Nonterminal Symbol
Constraint on a nonterminal symbol
One step derivation
Solution directly derived 

S

ConCat(S1, S2)

<latexit sha1_base64="o4RnpTs6ChGA/vhooA9r9KgBzQs=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgqsyIosuiG5cV7AM645DJZNrQTDJNMkIZZufGX3HjQhG3/oI7/8b0sdDWA/dyOOdeknvClFGlHefbKi0tr6yuldcrG5tb2zv27l5LiUxi0sSCCdkJkSKMctLUVDPSSSVBSchIOxxcj/32A5GKCn6nRynxE9TjNKYYaSMF9qEnjB1KhEnuDYcZiqa9uM9p4BaBXXVqzgRwkbgzUgUzNAL7y4sEzhLCNWZIqa7rpNrPkdQUM1JUvEyRFOEB6pGuoRwlRPn55I4CHhslgrGQpriGE/X3Ro4SpUZJaCYTpPtq3huL/3ndTMeXfk55mmnC8fShOGNQCzgOBUZUEqzZyBCEJTV/hbiPTCjaRFcxIbjzJy+S1mnNPa85t2fV+tUsjjI4AEfgBLjgAtTBDWiAJsDgETyDV/BmPVkv1rv1MR0tWbOdffAH1ucPNK2aJw==</latexit>

i1z }| {
<latexit sha1_base64="KzXkfRPM6w1DaXqL/I5bI/ROKIU="></latexit>

“ +1 2.3” 7! “1 2-3.”

<latexit sha1_base64="vnwpPeniDUKjXRUKhWF0m3/sJOY="></latexit>

ConCat�1(“1 2-3.”) = {(“1”, “ 2-3.), (“1 ”, “2-3.”), · · · }



Nonterminal Symbol
Constraint on a nonterminal symbol
One step derivation
Solution directly derived 

S1 S2

S1 S2

S

ConCat(S1, S2)

∨

<latexit sha1_base64="o4RnpTs6ChGA/vhooA9r9KgBzQs=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgqsyIosuiG5cV7AM645DJZNrQTDJNMkIZZufGX3HjQhG3/oI7/8b0sdDWA/dyOOdeknvClFGlHefbKi0tr6yuldcrG5tb2zv27l5LiUxi0sSCCdkJkSKMctLUVDPSSSVBSchIOxxcj/32A5GKCn6nRynxE9TjNKYYaSMF9qEnjB1KhEnuDYcZiqa9uM9p4BaBXXVqzgRwkbgzUgUzNAL7y4sEzhLCNWZIqa7rpNrPkdQUM1JUvEyRFOEB6pGuoRwlRPn55I4CHhslgrGQpriGE/X3Ro4SpUZJaCYTpPtq3huL/3ndTMeXfk55mmnC8fShOGNQCzgOBUZUEqzZyBCEJTV/hbiPTCjaRFcxIbjzJy+S1mnNPa85t2fV+tUsjjI4AEfgBLjgAtTBDWiAJsDgETyDV/BmPVkv1rv1MR0tWbOdffAH1ucPNK2aJw==</latexit>

i1z }| {

<latexit sha1_base64="wMV8BFSDyhLPE5GkOHlgDxlqnBM=">AAAB+XicbVBNSwMxEJ2tX7V+rXr0EloET2VXFD0WvXisYD+gXbbZNG1Dk+ySZAtl6T/x4kERr/4Tb/4b03YP2vpg4PHeDDPzooQzbTzv2ylsbG5t7xR3S3v7B4dH7vFJU8epIrRBYh6rdoQ15UzShmGG03aiKBYRp61ofD/3WxOqNIvlk5kmNBB4KNmAEWysFLouC33UFTjRJka9nl8O3YpX9RZA68TPSQVy1EP3q9uPSSqoNIRjrTu+l5ggw8owwums1E01TTAZ4yHtWCqxoDrIFpfP0LlV+mgQK1vSoIX6eyLDQuupiGynwGakV725+J/XSc3gNsiYTFJDJVkuGqQc2S/nMaA+U5QYPrUEE8XsrYiMsMLE2LBKNgR/9eV10rys+tdV7/GqUrvL4yjCGZThAny4gRo8QB0aQGACz/AKb07mvDjvzseyteDkM6fwB87nD+xBkos=</latexit>

i1 7! “1”
<latexit sha1_base64="W9PGgLGdaNK8jpn9c6zpgOKRCoI="></latexit>

i1 7! “ 2-3.”

<latexit sha1_base64="91SW9D7Fe2W477bOAS6gRVU3NTU="></latexit>

i1 7! “1 ”
<latexit sha1_base64="Wy9Hn5Xod/kJ2v7EgMukuf6w1N4=">AAACA3icbVC7SgNBFJ2Nrxhfq3baDAmCjWE3KloGbSwjmAdkl83sZJIMmX0wc1cMS8DGX7GxUMTWn7Dzb5wkW2jigYHDOfdy5xw/FlyBZX0buaXlldW1/HphY3Nre8fc3WuoKJGU1WkkItnyiWKCh6wOHARrxZKRwBes6Q+vJ37znknFo/AORjFzA9IPeY9TAlryzAPu2dgJSKwgwp1OxQH2AOnJ+LRc9MySVbamwIvEzkgJZah55pfTjWgSsBCoIEq1bSsGNyUSOBVsXHASxWJCh6TP2pqGJGDKTacZxvhIK13ci6R+IeCp+nsjJYFSo8DXkwGBgZr3JuJ/XjuB3qWb8jBOgIV0dqiXCKzzTgrBXS4ZBTHShFDJ9V8xHRBJKOjaCroEez7yImlUyvZ52bo9K1Wvsjry6BAV0TGy0QWqohtUQ3VE0SN6Rq/ozXgyXox342M2mjOynX30B8bnDzQGlpc=</latexit>

i1 7! “2-3.”

<latexit sha1_base64="KzXkfRPM6w1DaXqL/I5bI/ROKIU="></latexit>

“ +1 2.3” 7! “1 2-3.”

. . .

하향식 분할정복 (Top-Down Propagation)



하향식 분할정복 (Top-Down Propagation)

Nonterminal Symbol
Constraint on a nonterminal symbol
One step derivation
Solution directly derived 

S1 S2

S1 S2

S

ConCat(S1, S2)

∨

<latexit sha1_base64="o4RnpTs6ChGA/vhooA9r9KgBzQs=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgqsyIosuiG5cV7AM645DJZNrQTDJNMkIZZufGX3HjQhG3/oI7/8b0sdDWA/dyOOdeknvClFGlHefbKi0tr6yuldcrG5tb2zv27l5LiUxi0sSCCdkJkSKMctLUVDPSSSVBSchIOxxcj/32A5GKCn6nRynxE9TjNKYYaSMF9qEnjB1KhEnuDYcZiqa9uM9p4BaBXXVqzgRwkbgzUgUzNAL7y4sEzhLCNWZIqa7rpNrPkdQUM1JUvEyRFOEB6pGuoRwlRPn55I4CHhslgrGQpriGE/X3Ro4SpUZJaCYTpPtq3huL/3ndTMeXfk55mmnC8fShOGNQCzgOBUZUEqzZyBCEJTV/hbiPTCjaRFcxIbjzJy+S1mnNPa85t2fV+tUsjjI4AEfgBLjgAtTBDWiAJsDgETyDV/BmPVkv1rv1MR0tWbOdffAH1ucPNK2aJw==</latexit>

i1z }| {

<latexit sha1_base64="wMV8BFSDyhLPE5GkOHlgDxlqnBM=">AAAB+XicbVBNSwMxEJ2tX7V+rXr0EloET2VXFD0WvXisYD+gXbbZNG1Dk+ySZAtl6T/x4kERr/4Tb/4b03YP2vpg4PHeDDPzooQzbTzv2ylsbG5t7xR3S3v7B4dH7vFJU8epIrRBYh6rdoQ15UzShmGG03aiKBYRp61ofD/3WxOqNIvlk5kmNBB4KNmAEWysFLouC33UFTjRJka9nl8O3YpX9RZA68TPSQVy1EP3q9uPSSqoNIRjrTu+l5ggw8owwums1E01TTAZ4yHtWCqxoDrIFpfP0LlV+mgQK1vSoIX6eyLDQuupiGynwGakV725+J/XSc3gNsiYTFJDJVkuGqQc2S/nMaA+U5QYPrUEE8XsrYiMsMLE2LBKNgR/9eV10rys+tdV7/GqUrvL4yjCGZThAny4gRo8QB0aQGACz/AKb07mvDjvzseyteDkM6fwB87nD+xBkos=</latexit>

i1 7! “1”
<latexit sha1_base64="W9PGgLGdaNK8jpn9c6zpgOKRCoI="></latexit>

i1 7! “ 2-3.”

<latexit sha1_base64="91SW9D7Fe2W477bOAS6gRVU3NTU="></latexit>

i1 7! “1 ”
<latexit sha1_base64="Wy9Hn5Xod/kJ2v7EgMukuf6w1N4=">AAACA3icbVC7SgNBFJ2Nrxhfq3baDAmCjWE3KloGbSwjmAdkl83sZJIMmX0wc1cMS8DGX7GxUMTWn7Dzb5wkW2jigYHDOfdy5xw/FlyBZX0buaXlldW1/HphY3Nre8fc3WuoKJGU1WkkItnyiWKCh6wOHARrxZKRwBes6Q+vJ37znknFo/AORjFzA9IPeY9TAlryzAPu2dgJSKwgwp1OxQH2AOnJ+LRc9MySVbamwIvEzkgJZah55pfTjWgSsBCoIEq1bSsGNyUSOBVsXHASxWJCh6TP2pqGJGDKTacZxvhIK13ci6R+IeCp+nsjJYFSo8DXkwGBgZr3JuJ/XjuB3qWb8jBOgIV0dqiXCKzzTgrBXS4ZBTHShFDJ9V8xHRBJKOjaCroEez7yImlUyvZ52bo9K1Wvsjry6BAV0TGy0QWqohtUQ3VE0SN6Rq/ozXgyXox342M2mjOynX30B8bnDzQGlpc=</latexit>

i1 7! “2-3.”

. . .

. . .

<latexit sha1_base64="KzXkfRPM6w1DaXqL/I5bI/ROKIU="></latexit>

“ +1 2.3” 7! “1 2-3.”

<latexit sha1_base64="a71KmmB38q+xnZxxL27uNH0iJE0=">AAAB+nicbVBNS8NAEN34WetXqkcvi0Wol5KIoseiF71V+gltKJvtpl262YTdiVJif4oXD4p49Zd489+4bXPQ1gcDj/dmmJnnx4JrcJxva2V1bX1jM7eV397Z3du3CwdNHSWKsgaNRKTaPtFMcMkawEGwdqwYCX3BWv7oZuq3HpjSPJJ1GMfMC8lA8oBTAkbq2YW0q0J8J6Ee1UBNSrXTnl10ys4MeJm4GSmiDNWe/dXtRzQJmQQqiNYd14nBS4kCTgWb5LuJZjGhIzJgHUMlCZn20tnpE3xilD4OImVKAp6pvydSEmo9Dn3TGRIY6kVvKv7ndRIIrryUyzgBJul8UZAIDBGe5oD7XDEKYmwIoYqbWzEdEkUomLTyJgR38eVl0jwruxdl5/68WLnO4sihI3SMSshFl6iCblEVNRBFj+gZvaI368l6sd6tj3nripXNHKI/sD5/AHKXk3c=</latexit>

IntToStr(S)

S
<latexit sha1_base64="1RClz4ZyDFfDUPDArfOv4sMRyis=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mIoseiF48V7Ae0S8mm2TY0ya5JtlCW/g4vHhTx6o/x5r8xbfegrQ8GHu/NMDMvTAQ31ve/vcLa+sbmVnG7tLO7t39QPjxqmjjVlDVoLGLdDolhgivWsNwK1k40IzIUrBWO7mZ+a8y04bF6tJOEBZIMFI84JdZJAe9h1JUkMTZGuFeu+FV/DrRKcE4qkKPeK391+zFNJVOWCmJMB/uJDTKiLaeCTUvd1LCE0BEZsI6jikhmgmx+9BSdOaWPoli7UhbN1d8TGZHGTGToOiWxQ7PszcT/vE5qo5sg4ypJLVN0sShKBXIvzhJAfa4ZtWLiCKGau1sRHRJNqHU5lVwIePnlVdK8qOKrqv9wWand5nEU4QRO4RwwXEMN7qEODaDwBM/wCm/e2Hvx3r2PRWvBy2eO4Q+8zx+gQZFa</latexit>

i1 7! 1
<latexit sha1_base64="h9U9GbYOM1m/jysYDrO+Cd6991k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzU8Prlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVtXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBe++MuQ==</latexit>

1

. . .



하향식 분할정복 (Top-Down Propagation)

∩
최종 솔루션 집합

입출력 예제1에 맞는
모든 프로그램들

입출력 예제2에 맞는
모든 프로그램들

공간 효율적 자료구조에 저장됨.

S1 S2

S1 S2

S

ConCat(S1, S2)

∨

<latexit sha1_base64="o4RnpTs6ChGA/vhooA9r9KgBzQs=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgqsyIosuiG5cV7AM645DJZNrQTDJNMkIZZufGX3HjQhG3/oI7/8b0sdDWA/dyOOdeknvClFGlHefbKi0tr6yuldcrG5tb2zv27l5LiUxi0sSCCdkJkSKMctLUVDPSSSVBSchIOxxcj/32A5GKCn6nRynxE9TjNKYYaSMF9qEnjB1KhEnuDYcZiqa9uM9p4BaBXXVqzgRwkbgzUgUzNAL7y4sEzhLCNWZIqa7rpNrPkdQUM1JUvEyRFOEB6pGuoRwlRPn55I4CHhslgrGQpriGE/X3Ro4SpUZJaCYTpPtq3huL/3ndTMeXfk55mmnC8fShOGNQCzgOBUZUEqzZyBCEJTV/hbiPTCjaRFcxIbjzJy+S1mnNPa85t2fV+tUsjjI4AEfgBLjgAtTBDWiAJsDgETyDV/BmPVkv1rv1MR0tWbOdffAH1ucPNK2aJw==</latexit>

i1z }| {

<latexit sha1_base64="wMV8BFSDyhLPE5GkOHlgDxlqnBM=">AAAB+XicbVBNSwMxEJ2tX7V+rXr0EloET2VXFD0WvXisYD+gXbbZNG1Dk+ySZAtl6T/x4kERr/4Tb/4b03YP2vpg4PHeDDPzooQzbTzv2ylsbG5t7xR3S3v7B4dH7vFJU8epIrRBYh6rdoQ15UzShmGG03aiKBYRp61ofD/3WxOqNIvlk5kmNBB4KNmAEWysFLouC33UFTjRJka9nl8O3YpX9RZA68TPSQVy1EP3q9uPSSqoNIRjrTu+l5ggw8owwums1E01TTAZ4yHtWCqxoDrIFpfP0LlV+mgQK1vSoIX6eyLDQuupiGynwGakV725+J/XSc3gNsiYTFJDJVkuGqQc2S/nMaA+U5QYPrUEE8XsrYiMsMLE2LBKNgR/9eV10rys+tdV7/GqUrvL4yjCGZThAny4gRo8QB0aQGACz/AKb07mvDjvzseyteDkM6fwB87nD+xBkos=</latexit>

i1 7! “1”
<latexit sha1_base64="W9PGgLGdaNK8jpn9c6zpgOKRCoI="></latexit>

i1 7! “ 2-3.”

ConCat(S1, S2)

∨

<latexit sha1_base64="91SW9D7Fe2W477bOAS6gRVU3NTU="></latexit>

i1 7! “1 ”
<latexit sha1_base64="Wy9Hn5Xod/kJ2v7EgMukuf6w1N4=">AAACA3icbVC7SgNBFJ2Nrxhfq3baDAmCjWE3KloGbSwjmAdkl83sZJIMmX0wc1cMS8DGX7GxUMTWn7Dzb5wkW2jigYHDOfdy5xw/FlyBZX0buaXlldW1/HphY3Nre8fc3WuoKJGU1WkkItnyiWKCh6wOHARrxZKRwBes6Q+vJ37znknFo/AORjFzA9IPeY9TAlryzAPu2dgJSKwgwp1OxQH2AOnJ+LRc9MySVbamwIvEzkgJZah55pfTjWgSsBCoIEq1bSsGNyUSOBVsXHASxWJCh6TP2pqGJGDKTacZxvhIK13ci6R+IeCp+nsjJYFSo8DXkwGBgZr3JuJ/XjuB3qWb8jBOgIV0dqiXCKzzTgrBXS4ZBTHShFDJ9V8xHRBJKOjaCroEez7yImlUyvZ52bo9K1Wvsjry6BAV0TGy0QWqohtUQ3VE0SN6Rq/ozXgyXox342M2mjOynX30B8bnDzQGlpc=</latexit>

i1 7! “2-3.”

. . .. . .. . .

<latexit sha1_base64="KzXkfRPM6w1DaXqL/I5bI/ROKIU="></latexit>

“ +1 2.3” 7! “1 2-3.”

<latexit sha1_base64="a71KmmB38q+xnZxxL27uNH0iJE0=">AAAB+nicbVBNS8NAEN34WetXqkcvi0Wol5KIoseiF71V+gltKJvtpl262YTdiVJif4oXD4p49Zd489+4bXPQ1gcDj/dmmJnnx4JrcJxva2V1bX1jM7eV397Z3du3CwdNHSWKsgaNRKTaPtFMcMkawEGwdqwYCX3BWv7oZuq3HpjSPJJ1GMfMC8lA8oBTAkbq2YW0q0J8J6Ee1UBNSrXTnl10ys4MeJm4GSmiDNWe/dXtRzQJmQQqiNYd14nBS4kCTgWb5LuJZjGhIzJgHUMlCZn20tnpE3xilD4OImVKAp6pvydSEmo9Dn3TGRIY6kVvKv7ndRIIrryUyzgBJul8UZAIDBGe5oD7XDEKYmwIoYqbWzEdEkUomLTyJgR38eVl0jwruxdl5/68WLnO4sihI3SMSshFl6iCblEVNRBFj+gZvaI368l6sd6tj3nripXNHKI/sD5/AHKXk3c=</latexit>

IntToStr(S)

S
<latexit sha1_base64="1RClz4ZyDFfDUPDArfOv4sMRyis=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mIoseiF48V7Ae0S8mm2TY0ya5JtlCW/g4vHhTx6o/x5r8xbfegrQ8GHu/NMDMvTAQ31ve/vcLa+sbmVnG7tLO7t39QPjxqmjjVlDVoLGLdDolhgivWsNwK1k40IzIUrBWO7mZ+a8y04bF6tJOEBZIMFI84JdZJAe9h1JUkMTZGuFeu+FV/DrRKcE4qkKPeK391+zFNJVOWCmJMB/uJDTKiLaeCTUvd1LCE0BEZsI6jikhmgmx+9BSdOaWPoli7UhbN1d8TGZHGTGToOiWxQ7PszcT/vE5qo5sg4ypJLVN0sShKBXIvzhJAfa4ZtWLiCKGau1sRHRJNqHU5lVwIePnlVdK8qOKrqv9wWand5nEU4QRO4RwwXEMN7qEODaDwBM/wCm/e2Hvx3r2PRWvBy2eO4Q+8zx+gQZFa</latexit>

i1 7! 1
<latexit sha1_base64="h9U9GbYOM1m/jysYDrO+Cd6991k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzU8Prlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVtXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBe++MuQ==</latexit>

1

<latexit sha1_base64="XC7qgff5V392L8mREtfOXEMkjHs="></latexit>

{ConCat(ConCat(IntToStr(1), “ ”), · · · ),
ConCat(ConCat(IntToStr(1),ConCat(“ ” · · · ),
· · · }

<latexit sha1_base64="rz/g2ZaHWiwwX2Gu7BxKyHoyo4s="></latexit>

{ConCat(ConCat(IntToStr(4), “ ”), · · · ),
ConCat(ConCat(IntToStr(4),ConCat(“ ” · · · ),
· · · }

<latexit sha1_base64="CIku1IEQ+frPEt1W/fpJJ1JNGwM="></latexit>

“+4 56.78” 7! “4 56-78”

<latexit sha1_base64="YTb+kqy2DbvGnOrF0TvrrJLFikU=">AAACB3icbVDLSgMxFM34rPU16lKQYBFclZmi6LLoxmUF+4B2HDKZTBuaSaZJRijD7Nz4K25cKOLWX3Dn35i2s9DWA/dyOOdeknuChFGlHefbWlpeWV1bL22UN7e2d3btvf2WEqnEpIkFE7ITIEUY5aSpqWakk0iC4oCRdjC8nvjtByIVFfxOjxPixajPaUQx0kby7aOeMHYgESZZbzRKUTjr+X1G/Vru2xWn6kwBF4lbkAoo0PDtr14ocBoTrjFDSnVdJ9FehqSmmJG83EsVSRAeoj7pGspRTJSXTe/I4YlRQhgJaYprOFV/b2QoVmocB2YyRnqg5r2J+J/XTXV06WWUJ6kmHM8eilIGtYCTUGBIJcGajQ1BWFLzV4gHyISiTXRlE4I7f/IiadWq7nnVuT2r1K+KOErgEByDU+CCC1AHN6ABmgCDR/AMXsGb9WS9WO/Wx2x0ySp2DsAfWJ8/NjKaKA==</latexit>

i2z }| {

S1 S2

S1 S2

S

ConCat(S1, S2)

∨

ConCat(S1, S2)

∨ . . .. . .. . .

<latexit sha1_base64="3CFF5wltIHLgPte6VdOYI8HS5uU=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LC2Cp5KUih6LXjxWsB/QhnSz3bRLd5OwuymU0H/ixYMiXv0n3vw3btsctPXBwOO9GWbmBQlnSjvOt1XY2t7Z3Svulw4Oj45P7NOztopTSWiLxDyW3QAryllEW5ppTruJpFgEnHaCyf3C70ypVCyOnvQsoZ7Ao4iFjGBtJN+2mV9DfYETpWM0GNTLvl1xqs4SaJO4OalAjqZvf/WHMUkFjTThWKme6yTay7DUjHA6L/VTRRNMJnhEe4ZGWFDlZcvL5+jSKEMUxtJUpNFS/T2RYaHUTASmU2A9VuveQvzP66U6vPUyFiWpphFZLQpTjsyXixjQkElKNJ8Zgolk5lZExlhiok1YJROCu/7yJmnXqu511XmsVxp3eRxFuIAyXIELN9CAB2hCCwhM4Rle4c3KrBfr3fpYtRasfOYc/sD6/AHyYZKP</latexit>

i2 7! “4”
<latexit sha1_base64="Eos2WP7K3zs7akn6nDkjr9g07oM="></latexit>

i2 7! “ 56-78.”

<latexit sha1_base64="1DZ6rD1Hn/dlS4iidqLgu5n93V0="></latexit>

i2 7! “4 ”
<latexit sha1_base64="m7z5bZoxg+q3LSZMkqsodeWTQSQ=">AAACBXicbVC7TgJBFJ31ifhatdRiAjGxkewSEUqijSUm8kiAwOwwCxNmdjczd41kQ2Pjr9hYaIyt/2Dn3zg8CgVPMsnJOffmzjleJLgGx/m2VlbX1jc2U1vp7Z3dvX374LCmw1hRVqWhCFXDI5oJHrAqcBCsESlGpCdY3RteT/z6PVOah8EdjCLWlqQfcJ9TAkbq2Ce8k8ctSSINIe52C5ctYA+QnI+LpVymY2ednDMFXibunGTRHJWO/dXqhTSWLAAqiNZN14mgnRAFnAo2TrdizSJCh6TPmoYGRDLdTqYpxvjUKD3sh8q8APBU/b2REKn1SHpmUhIY6EVvIv7nNWPwS+2EB1EMLKCzQ34ssEk8qQT3uGIUxMgQQhU3f8V0QBShYIpLmxLcxcjLpJbPuYWcc3uRLV/N60ihY5RBZ8hFRVRGN6iCqoiiR/SMXtGb9WS9WO/Wx2x0xZrvHKE/sD5/AEJMlyE=</latexit>

i2 7! “56-78.”. . .



하향식 분할정복 + 효율적 자료구조
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효율적 자료구조: 버전 공간 표현 (Version Space Algebra)

기계학습에서: 입출력 예제
에 맞는 모델 집합



버전�공간�표현�(Version�Space�Algebra)

“425”를�출력하는�프로그램�집합을�표현하는�VSA�

53

∪

Concat⋈ Concat⋈{“425”}

∪

{“25”}

∪{“4”}

Concat⋈

{“2”} {“5”}

Concat⋈

{“4”} {“2”}

{“42”}

{“5”}

Concat⋈(VS1, VS2) = {Concat(P1, P2) | P1 ∈VS1 , P2∈VS2} 



버전�공간�표현�(Version�Space�Algebra)

중복된�노드들�다수�존재

54

∪

Concat⋈ Concat⋈{“425”}

∪

{“25”}

∪{“4”}

Concat⋈

{“2”} {“5”}

Concat⋈

{“4”} {“2”}

{“42”}

{“5”}



버전�공간�표현�(Version�Space�Algebra)

중복�제거�→�공간�효율성�증대�

55

∪

Concat⋈ Concat⋈{“425”}

∪

{“25”}

∪

{“4”}

Concat⋈

{“2”} {“5”}

Concat⋈ {“42”}



하향식 분할정복 (Top-Down Propagation)

∩
All possible final solutions

stored in a space-efficient data structure

S1 S2

S1 S2

S

ConCat(S1, S2)

∨

<latexit sha1_base64="o4RnpTs6ChGA/vhooA9r9KgBzQs=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgqsyIosuiG5cV7AM645DJZNrQTDJNMkIZZufGX3HjQhG3/oI7/8b0sdDWA/dyOOdeknvClFGlHefbKi0tr6yuldcrG5tb2zv27l5LiUxi0sSCCdkJkSKMctLUVDPSSSVBSchIOxxcj/32A5GKCn6nRynxE9TjNKYYaSMF9qEnjB1KhEnuDYcZiqa9uM9p4BaBXXVqzgRwkbgzUgUzNAL7y4sEzhLCNWZIqa7rpNrPkdQUM1JUvEyRFOEB6pGuoRwlRPn55I4CHhslgrGQpriGE/X3Ro4SpUZJaCYTpPtq3huL/3ndTMeXfk55mmnC8fShOGNQCzgOBUZUEqzZyBCEJTV/hbiPTCjaRFcxIbjzJy+S1mnNPa85t2fV+tUsjjI4AEfgBLjgAtTBDWiAJsDgETyDV/BmPVkv1rv1MR0tWbOdffAH1ucPNK2aJw==</latexit>

i1z }| {

<latexit sha1_base64="wMV8BFSDyhLPE5GkOHlgDxlqnBM=">AAAB+XicbVBNSwMxEJ2tX7V+rXr0EloET2VXFD0WvXisYD+gXbbZNG1Dk+ySZAtl6T/x4kERr/4Tb/4b03YP2vpg4PHeDDPzooQzbTzv2ylsbG5t7xR3S3v7B4dH7vFJU8epIrRBYh6rdoQ15UzShmGG03aiKBYRp61ofD/3WxOqNIvlk5kmNBB4KNmAEWysFLouC33UFTjRJka9nl8O3YpX9RZA68TPSQVy1EP3q9uPSSqoNIRjrTu+l5ggw8owwums1E01TTAZ4yHtWCqxoDrIFpfP0LlV+mgQK1vSoIX6eyLDQuupiGynwGakV725+J/XSc3gNsiYTFJDJVkuGqQc2S/nMaA+U5QYPrUEE8XsrYiMsMLE2LBKNgR/9eV10rys+tdV7/GqUrvL4yjCGZThAny4gRo8QB0aQGACz/AKb07mvDjvzseyteDkM6fwB87nD+xBkos=</latexit>

i1 7! “1”
<latexit sha1_base64="W9PGgLGdaNK8jpn9c6zpgOKRCoI="></latexit>

i1 7! “ 2-3.”

ConCat(S1, S2)

∨

<latexit sha1_base64="91SW9D7Fe2W477bOAS6gRVU3NTU="></latexit>

i1 7! “1 ”
<latexit sha1_base64="Wy9Hn5Xod/kJ2v7EgMukuf6w1N4=">AAACA3icbVC7SgNBFJ2Nrxhfq3baDAmCjWE3KloGbSwjmAdkl83sZJIMmX0wc1cMS8DGX7GxUMTWn7Dzb5wkW2jigYHDOfdy5xw/FlyBZX0buaXlldW1/HphY3Nre8fc3WuoKJGU1WkkItnyiWKCh6wOHARrxZKRwBes6Q+vJ37znknFo/AORjFzA9IPeY9TAlryzAPu2dgJSKwgwp1OxQH2AOnJ+LRc9MySVbamwIvEzkgJZah55pfTjWgSsBCoIEq1bSsGNyUSOBVsXHASxWJCh6TP2pqGJGDKTacZxvhIK13ci6R+IeCp+nsjJYFSo8DXkwGBgZr3JuJ/XjuB3qWb8jBOgIV0dqiXCKzzTgrBXS4ZBTHShFDJ9V8xHRBJKOjaCroEez7yImlUyvZ52bo9K1Wvsjry6BAV0TGy0QWqohtUQ3VE0SN6Rq/ozXgyXox342M2mjOynX30B8bnDzQGlpc=</latexit>

i1 7! “2-3.”

. . .. . .. . .

<latexit sha1_base64="KzXkfRPM6w1DaXqL/I5bI/ROKIU="></latexit>

“ +1 2.3” 7! “1 2-3.”

<latexit sha1_base64="a71KmmB38q+xnZxxL27uNH0iJE0=">AAAB+nicbVBNS8NAEN34WetXqkcvi0Wol5KIoseiF71V+gltKJvtpl262YTdiVJif4oXD4p49Zd489+4bXPQ1gcDj/dmmJnnx4JrcJxva2V1bX1jM7eV397Z3du3CwdNHSWKsgaNRKTaPtFMcMkawEGwdqwYCX3BWv7oZuq3HpjSPJJ1GMfMC8lA8oBTAkbq2YW0q0J8J6Ee1UBNSrXTnl10ys4MeJm4GSmiDNWe/dXtRzQJmQQqiNYd14nBS4kCTgWb5LuJZjGhIzJgHUMlCZn20tnpE3xilD4OImVKAp6pvydSEmo9Dn3TGRIY6kVvKv7ndRIIrryUyzgBJul8UZAIDBGe5oD7XDEKYmwIoYqbWzEdEkUomLTyJgR38eVl0jwruxdl5/68WLnO4sihI3SMSshFl6iCblEVNRBFj+gZvaI368l6sd6tj3nripXNHKI/sD5/AHKXk3c=</latexit>

IntToStr(S)

S
<latexit sha1_base64="1RClz4ZyDFfDUPDArfOv4sMRyis=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mIoseiF48V7Ae0S8mm2TY0ya5JtlCW/g4vHhTx6o/x5r8xbfegrQ8GHu/NMDMvTAQ31ve/vcLa+sbmVnG7tLO7t39QPjxqmjjVlDVoLGLdDolhgivWsNwK1k40IzIUrBWO7mZ+a8y04bF6tJOEBZIMFI84JdZJAe9h1JUkMTZGuFeu+FV/DrRKcE4qkKPeK391+zFNJVOWCmJMB/uJDTKiLaeCTUvd1LCE0BEZsI6jikhmgmx+9BSdOaWPoli7UhbN1d8TGZHGTGToOiWxQ7PszcT/vE5qo5sg4ypJLVN0sShKBXIvzhJAfa4ZtWLiCKGau1sRHRJNqHU5lVwIePnlVdK8qOKrqv9wWand5nEU4QRO4RwwXEMN7qEODaDwBM/wCm/e2Hvx3r2PRWvBy2eO4Q+8zx+gQZFa</latexit>

i1 7! 1
<latexit sha1_base64="h9U9GbYOM1m/jysYDrO+Cd6991k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzU8Prlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVtXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBe++MuQ==</latexit>

1

<latexit sha1_base64="XC7qgff5V392L8mREtfOXEMkjHs="></latexit>

{ConCat(ConCat(IntToStr(1), “ ”), · · · ),
ConCat(ConCat(IntToStr(1),ConCat(“ ” · · · ),
· · · }

<latexit sha1_base64="rz/g2ZaHWiwwX2Gu7BxKyHoyo4s="></latexit>

{ConCat(ConCat(IntToStr(4), “ ”), · · · ),
ConCat(ConCat(IntToStr(4),ConCat(“ ” · · · ),
· · · }

<latexit sha1_base64="CIku1IEQ+frPEt1W/fpJJ1JNGwM="></latexit>

“+4 56.78” 7! “4 56-78”

<latexit sha1_base64="YTb+kqy2DbvGnOrF0TvrrJLFikU=">AAACB3icbVDLSgMxFM34rPU16lKQYBFclZmi6LLoxmUF+4B2HDKZTBuaSaZJRijD7Nz4K25cKOLWX3Dn35i2s9DWA/dyOOdeknuChFGlHefbWlpeWV1bL22UN7e2d3btvf2WEqnEpIkFE7ITIEUY5aSpqWakk0iC4oCRdjC8nvjtByIVFfxOjxPixajPaUQx0kby7aOeMHYgESZZbzRKUTjr+X1G/Vru2xWn6kwBF4lbkAoo0PDtr14ocBoTrjFDSnVdJ9FehqSmmJG83EsVSRAeoj7pGspRTJSXTe/I4YlRQhgJaYprOFV/b2QoVmocB2YyRnqg5r2J+J/XTXV06WWUJ6kmHM8eilIGtYCTUGBIJcGajQ1BWFLzV4gHyISiTXRlE4I7f/IiadWq7nnVuT2r1K+KOErgEByDU+CCC1AHN6ABmgCDR/AMXsGb9WS9WO/Wx2x0ySp2DsAfWJ8/NjKaKA==</latexit>

i2z }| {

S1 S2

S1 S2

S

ConCat(S1, S2)

∨

ConCat(S1, S2)

∨ . . .. . .. . .

<latexit sha1_base64="3CFF5wltIHLgPte6VdOYI8HS5uU=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LC2Cp5KUih6LXjxWsB/QhnSz3bRLd5OwuymU0H/ixYMiXv0n3vw3btsctPXBwOO9GWbmBQlnSjvOt1XY2t7Z3Svulw4Oj45P7NOztopTSWiLxDyW3QAryllEW5ppTruJpFgEnHaCyf3C70ypVCyOnvQsoZ7Ao4iFjGBtJN+2mV9DfYETpWM0GNTLvl1xqs4SaJO4OalAjqZvf/WHMUkFjTThWKme6yTay7DUjHA6L/VTRRNMJnhEe4ZGWFDlZcvL5+jSKEMUxtJUpNFS/T2RYaHUTASmU2A9VuveQvzP66U6vPUyFiWpphFZLQpTjsyXixjQkElKNJ8Zgolk5lZExlhiok1YJROCu/7yJmnXqu511XmsVxp3eRxFuIAyXIELN9CAB2hCCwhM4Rle4c3KrBfr3fpYtRasfOYc/sD6/AHyYZKP</latexit>

i2 7! “4”
<latexit sha1_base64="Eos2WP7K3zs7akn6nDkjr9g07oM="></latexit>

i2 7! “ 56-78.”

<latexit sha1_base64="1DZ6rD1Hn/dlS4iidqLgu5n93V0="></latexit>

i2 7! “4 ”
<latexit sha1_base64="m7z5bZoxg+q3LSZMkqsodeWTQSQ=">AAACBXicbVC7TgJBFJ31ifhatdRiAjGxkewSEUqijSUm8kiAwOwwCxNmdjczd41kQ2Pjr9hYaIyt/2Dn3zg8CgVPMsnJOffmzjleJLgGx/m2VlbX1jc2U1vp7Z3dvX374LCmw1hRVqWhCFXDI5oJHrAqcBCsESlGpCdY3RteT/z6PVOah8EdjCLWlqQfcJ9TAkbq2Ce8k8ctSSINIe52C5ctYA+QnI+LpVymY2ednDMFXibunGTRHJWO/dXqhTSWLAAqiNZN14mgnRAFnAo2TrdizSJCh6TPmoYGRDLdTqYpxvjUKD3sh8q8APBU/b2REKn1SHpmUhIY6EVvIv7nNWPwS+2EB1EMLKCzQ34ssEk8qQT3uGIUxMgQQhU3f8V0QBShYIpLmxLcxcjLpJbPuYWcc3uRLV/N60ihY5RBZ8hFRVRGN6iCqoiiR/SMXtGb9WS9WO/Wx2x0xZrvHKE/sD5/AEJMlyE=</latexit>

i2 7! “56-78.”. . .

+ 매우 효율적 (분할정복, 최종목표 달성에 필요한 문제들만 풂)

− 입출력 예제 갯수↑  →  성능 ↓         

− 항상 적용 가능하지는 않음 

입출력 예제1에 맞는
모든 프로그램들

입출력 예제2에 맞는
모든 프로그램들



가능한 입력이 무한한, 자유도가 지나친 인자들  
(고삐 풀린 인자)

가능한 문자열이 무한히 많음

S

SubStr(S, I1, I2)

S

<latexit sha1_base64="Z4UH9rcnx+t5tjbOBOuZFEwp/LU=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVBJR9Fj04rGC/YA2ls120y7d7IbdjVhC/ooXD4p49Y9489+4bXPQ1gcDj/dmmJkXJpxp43nfzsrq2vrGZmmrvL2zu7fvHlRaWqaK0CaRXKpOiDXlTNCmYYbTTqIojkNO2+H4Zuq3H6nSTIp7M0loEOOhYBEj2Fip71Z60tqhwoRmyCJ/YH236tW8GdAy8QtShQKNvvvVG0iSxlQYwrHWXd9LTJBhZRjhNC/3Uk0TTMZ4SLuWChxTHWSz23N0YpUBiqSyJQyaqb8nMhxrPYlD2xljM9KL3lT8z+umJroKMiaS1FBB5ouilCMj0TQINGCKEsMnlmCimL0VkRG2QRgbV9mG4C++vExaZzX/oubdnVfr10UcJTiCYzgFHy6hDrfQgCYQeIJneIU3J3denHfnY9664hQzh/AHzucP8BuTtw==</latexit>

iz}|{

<latexit sha1_base64="NCCddH9QQzvdR2R7gHVE+PXhL7A=">AAACEHicbVC7SgNBFJ2NrxhfUUubwSBahV1RtAzaWEYwD0hCuDuZJENmZ5aZu2JY8gk2/oqNhSK2lnb+jZNHoYkHBg7n3Mudc8JYCou+/+1llpZXVtey67mNza3tnfzuXtXqxDBeYVpqUw/BcikUr6BAyeux4RCFktfCwfXYr91zY4VWdziMeSuCnhJdwQCd1M4fC9qMILaoaRP5A6ZALRqhepRphSDUmI40becLftGfgC6SYEYKZIZyO//V7GiWRFwhk2BtI/BjbKVgUDDJR7lmYnkMbAA93nBUQcRtK50EGtEjp3RoVxv3FNKJ+nsjhcjaYRS6yQiwb+e9sfif10iwe9lKhYoT5IpND3UTSV38cTu0IwxnKIeOADPC/ZWyPhhg6DrMuRKC+ciLpHpaDM6L/u1ZoXQ1qyNLDsghOSEBuSAlckPKpEIYeSTP5JW8eU/ei/fufUxHM95sZ5/8gff5A6binPg=</latexit>

i 7! a string containing o

<latexit sha1_base64="NJFlarSRDvmrwgwl8SdfUUtelb4=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVBJR9Fj04rGC/YA2ls120y7d7IbdjVhC/ooXD4p49Y9489+4bXPQ1gcDj/dmmJkXJpxp43nfzsrq2vrGZmmrvL2zu7fvHlRaWqaK0CaRXKpOiDXlTNCmYYbTTqIojkNO2+H4Zuq3H6nSTIp7M0loEOOhYBEj2Fip71Z60tqhwoRmyCJ/kH236tW8GdAy8QtShQKNvvvVG0iSxlQYwrHWXd9LTJBhZRjhNC/3Uk0TTMZ4SLuWChxTHWSz23N0YpUBiqSyJQyaqb8nMhxrPYlD2xljM9KL3lT8z+umJroKMiaS1FBB5ouilCMj0TQINGCKEsMnlmCimL0VkRG2QRgbV9mG4C++vExaZzX/oubdnVfr10UcJTiCYzgFHy6hDrfQgCYQeIJneIU3J3denHfnY9664hQzh/AHzucP+TOTvQ==</latexit> oz}|{
<latexit sha1_base64="SJ+3GvhYzmiYn6tsIyMUxehWd0A="></latexit>

“+1 2.3” 7! “1 2-3.”

하향식 분할정복의 문제점

<latexit sha1_base64="3Nxd2wbPptfZdlp2gX9wLw4mzIU="></latexit>

“ · · · 1 2-3. · · · ”



기존의 미봉책:  문법 제한하기

S ! · · · | SubStr(x, I1, I2)

S

7! “SA”“USA”

I1

SubStr(x, I1, I2)

i 7! 1 i 7! 2

<latexit sha1_base64="Z4UH9rcnx+t5tjbOBOuZFEwp/LU=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVBJR9Fj04rGC/YA2ls120y7d7IbdjVhC/ooXD4p49Y9489+4bXPQ1gcDj/dmmJkXJpxp43nfzsrq2vrGZmmrvL2zu7fvHlRaWqaK0CaRXKpOiDXlTNCmYYbTTqIojkNO2+H4Zuq3H6nSTIp7M0loEOOhYBEj2Fip71Z60tqhwoRmyCJ/YH236tW8GdAy8QtShQKNvvvVG0iSxlQYwrHWXd9LTJBhZRjhNC/3Uk0TTMZ4SLuWChxTHWSz23N0YpUBiqSyJQyaqb8nMhxrPYlD2xljM9KL3lT8z+umJroKMiaS1FBB5ouilCMj0TQINGCKEsMnlmCimL0VkRG2QRgbV9mG4C++vExaZzX/oubdnVfr10UcJTiCYzgFHy6hDrfQgCYQeIJneIU3J3denHfnY9664hQzh/AHzucP8BuTtw==</latexit>

iz}|{

<latexit sha1_base64="8+uCT4iTfswL6giDsBWjLdTK82Y=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KklR9Fj0oreK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHstHM07Qj+hA8pAzaqz0cNer9kplt+LOQJaJl5My5Kj3Sl/dfszSCKVhgmrd8dzE+BlVhjOBk2I31ZhQNqID7FgqaYTaz2anTsipVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6RRuCt/jyMmlWK95Fxb0/L9eu8zgKcAwncAYeXEINbqEODWAwgGd4hTdHOC/Ou/Mxb11x8pkj+APn8wfG3Y12</latexit>

I2

하향식 분할정복의 문제점

Input example



DSL 정의에 “장인정신”이 필요 :(

“The DSL should be expressive enough to represent various 
tasks… and restricted enough to allow efficient search.”

“DSL design = Art + Lots of iterations”

Gulwani et al., Program synthesis
Polozov et al., FlashMeta: a framework for inductive program synthesis
Gulwani et al., Programming by example (and its application to data wrangling)



귀납 합성 전략

• 하나씩 나열해보기

• 하향식 (Top-Down)

• 상향식 (Bottom-Up)

• 하향식 + 통계모델 사용 (PLDI’18)

• 하향식 분할정복

•상향식 나열 + 효율적 자료구조 쓰기 (POPL’21)



DUET:�양방향식�프로그램�합성†

하향식�분할정복(일반성�부족),�상향식�나열(느린�성능)의�한계�모두�해결.
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Failure

Synthesis specification

Generator ComposerInitial component size n

Success
Final program

Increased n

Components of size ≤ n

Bottom-up 
Enumeration

Top-down
Propagation

Fig. 1. High-level architecture of our synthesis algorithm

To make the approach feasible, we had to address two key challenges: 1) the composition phase
should e�ciently determine unrealizability in case of insu�cient component expressions, so that
more component expressions can be promptly generated, 2) the number of component expressions
should be controlled since it determines the computational cost of the composition phase. We
address the �rst challenge by designing an e�cient but incomplete composition algorithm; our
composition algorithm may fail to construct a solution even with enough components available.
This incompleteness does not harm the search completeness of the overall algorithm though because
the component library monotonically grows. We address the second challenge by exploiting the
existing pruning technique based on observational equivalence which reduces the number of
component expressions by removing redundant expressions.

While our approach is generally applicable to any kinds of languages, we have applied the
approach to the SyGuS [Alur et al. 2013] speci�cation language. SyGuS is a standard formation
that has established various synthesis benchmarks through annual competitions. SyGuS employs a
formal grammar to describe the space of possible programs. Such a grammar is expressible in some
SMT theory. We devise inverse semantics operators specialized for the operators in theories of
strings, bitvectors, linear integer arithmetics (LIA), and SAT. By targetting the standard formulation,
our synthesis algorithm is applicable for a broad class of SyGuS problems with arbitrary grammars
in those theories.

We implemented our approach in a tool called D���1. We evaluate D��� on 1,536 benchmark
problems from three widely applicable domains: string manipulation (end-user programming
problems), bitvector manipulation (e�cient low-level algorithms), and circuit transformation
(attack-resistant crypto circuits and optimized homomorphic evaluation circuit).

We compared D��� against the state-of-the-art SyGuS solvers: EUS����� and CVC4. D��� is
able to solve 1,428 problems in less than 1 minute on average per problem, compared to only 1,258
and 987 by EUS����� and CVC4 using 3 and 5 minutes on average, respectively. We also compare
D��� against the state-of-the-art solver E������ guided by probabilistic models. E������ out-
performs D��� in the bitvector domain, but performs worse than D��� in the other domains, and
overall, D��� is 5.5x faster on average, solving more problems than E������. D��� thus provides
signi�cant performance gains that are complementary to those achieved by existing synthesizers.

We summarize the main contributions of our work:
• A novel and general approach for e�cient inductive synthesis: we bring the power of the

TDP to synthesis problems with arbitrary DSLs by incorporating it with the bottom-up
enumerative search.

1Domain-Unaware synthesizer based on Enumeration and Top-down propagation

Proc. ACM Program. Lang., Vol. 1, No. POPL, Article 1. Publication date: January 2021.

†�Domain-unaware�inductive�synthesis�combining�Enumeration�and�Top-down�Propagation�

Combining the Top-Down Propagation and Bottom-Up Enumeration for Inductive Program Synthesis, POPL’21



아이디어

• 상향식 나열은 느리지만 “핵심”부분 표현식들은 빨리 찾을 수 

있음.

• 우리의 하향식 분할정복: 고삐 풀린 인자들 자리에 상향식 나열
로 만든 프로그램들 끼워넣기.

고삐풀린 인자들 자리에 들어갈 표현식

<latexit sha1_base64="REl43hHzNeRiIjwnyqU/Cj66up4="></latexit>

SubStr(Replace(ConCat(x, “.”), “.”, “-”), 2,Length(x)� 1)



부품 생성

처음 부품 크기가 6으로 주어졌다고 가정 

상향식 나열로 다음 부품들 생성

Failure

Synthesis specification

Generator ComposerInitial component size n

Success
Final program

Increased n

Components of size ≤ n

Bottom-up 
Enumeration

Top-down
Propagation

<latexit sha1_base64="ufktR1UxCsixDBkw0oHsOlcfhOc="></latexit>

C =

8
>>>><

>>>>:

x, “+”, “.”, “ ”, “-”,
1, · · · ,Length(x),
ConCat(x, “.”),

· · ·
Replace(ConCat(x, “.”), “.”, “� ”)

9
>>>>=

>>>>;



가능입력들  ⊆ 부품의 출력들
Failure

Synthesis specification

Generator ComposerInitial component size n

Success
Final program

Increased n

Components of size ≤ n

Bottom-up 
Enumeration

Top-down
Propagation

S

SubStr(S, I1, I2)

S

<latexit sha1_base64="KzXkfRPM6w1DaXqL/I5bI/ROKIU="></latexit>

“ +1 2.3” 7! “1 2-3.”
<latexit sha1_base64="zJiHcbvlzQhCE3bPkw/cDP69vL0="></latexit>

“ +4 56.78” 7! “4 56-78”

<latexit sha1_base64="JB8Dyo3w+TVJpCMCtkTB8/Z0JZg=">AAACBXicbVC7TsMwFHV4lvIKMMLgUiGVpUoQCMYKFsYi0YeURJHjOq1V24lsB6mKurDwKywMIMTKP7DxN7htBmg5kqWjc+7V9TlRyqjSjvNtLS2vrK6tlzbKm1vbO7v23n5bJZnEpIUTlshuhBRhVJCWppqRbioJ4hEjnWh4M/E7D0Qqmoh7PUpJwFFf0JhipI0U2kc0dKHPUap0Aj2/4kECA78S1Ix+GtpVp+5MAReJW5AqKNAM7S+/l+CME6ExQ0p5rpPqIEdSU8zIuOxniqQID1GfeIYKxIkK8mmKMTwxSg/GiTRPaDhVf2/kiCs14pGZ5EgP1Lw3Ef/zvEzHV0FORZppIvDsUJwxaBJPKoE9KgnWbGQIwpKav0I8QBJhbYormxLc+ciLpH1Wdy/qzt15tXFd1FECh+AY1IALLkED3IImaAEMHsEzeAVv1pP1Yr1bH7PRJavYOQB/YH3+API6lkk=</latexit>

i1 7! [[e]](i1)
<latexit sha1_base64="bRaVAWZ5RSzcMq6mIye7jnFRPr0=">AAACBnicbVDLSgMxFM3UV62vUZcipBahbspMUXRZdOOygn3AzDBk0kwbmmSGJCOU0pUbf8WNC0Xc+g3u/BvTdhbaeiBwOOdebs6JUkaVdpxvq7Cyura+UdwsbW3v7O7Z+wdtlWQSkxZOWCK7EVKEUUFammpGuqkkiEeMdKLhzdTvPBCpaCLu9SglAUd9QWOKkTZSaB/TsA59jlKlE+j5ZQ8SGPjloGr0MxjaFafmzACXiZuTCsjRDO0vv5fgjBOhMUNKea6T6mCMpKaYkUnJzxRJER6iPvEMFYgTFYxnMSbw1Cg9GCfSPKHhTP29MUZcqRGPzCRHeqAWvan4n+dlOr4KxlSkmSYCzw/FGYMm8rQT2KOSYM1GhiAsqfkrxAMkEdamuZIpwV2MvEza9Zp7UXPuziuN67yOIjgCJ6AKXHAJGuAWNEELYPAInsEreLOerBfr3fqYjxasfOcQ/IH1+QNTqJZ1</latexit>

i2 7! [[e]](i2)
<latexit sha1_base64="RzSpY5OA1x9Wc+/YuL1kuahm6Eg=">AAACAXicbVDLSgNBEJz1GeNr1YvgZTAIHiTsiqLHYC4eI5gHJCHMTjrJkNnZZaZXDUu8+CtePCji1b/w5t84eRw0saChqOqmuyuIpTDoed/OwuLS8spqZi27vrG5te3u7FZMlGgOZR7JSNcCZkAKBWUUKKEWa2BhIKEa9Isjv3oH2ohI3eIghmbIukp0BGdopZa730B4wJTe90ADHVKgDaFo8YS23JyX98ag88SfkhyZotRyvxrtiCchKOSSGVP3vRibKdMouIRhtpEYiBnvsy7ULVUsBNNMxx8M6ZFV2rQTaVsK6Vj9PZGy0JhBGNjOkGHPzHoj8T+vnmDnspkKFScIik8WdRJJMaKjOGhbaOAoB5YwroW9lfIe04yjDS1rQ/BnX54nldO8f573bs5yhatpHBlyQA7JMfHJBSmQa1IiZcLJI3kmr+TNeXJenHfnY9K64Exn9sgfOJ8/fY2Vmg==</latexit>

where e 2 C,
<latexit sha1_base64="W3mQzJk3c1C5FCcdJV2hr6TjNTQ=">AAACBXicbVDLSgMxFM3UV62vUZe6SC1CBSkzouiy6MZlBfuAmWHIpJk2NJMMSUYopRs3/oobF4q49R/c+Tem7Sy09UDgcM493NwTpYwq7TjfVmFpeWV1rbhe2tjc2t6xd/daSmQSkyYWTMhOhBRhlJOmppqRTioJSiJG2tHgZuK3H4hUVPB7PUxJkKAepzHFSBsptA9F6ELfRDD0/LIHCQz8clCloXtyCkO74tScKeAicXNSATkaof3ldwXOEsI1Zkgpz3VSHYyQ1BQzMi75mSIpwgPUI56hHCVEBaPpFWN4bJQujIU0j2s4VX8nRihRaphEZjJBuq/mvYn4n+dlOr4KRpSnmSYczxbFGYNawEklsEvN+ZoNDUFYUvNXiPtIIqxNcSVTgjt/8iJpndXci5pzd16pX+d1FMEBOAJV4IJLUAe3oAGaAINH8AxewZv1ZL1Y79bHbLRg5Zl98AfW5w8FrpWx</latexit>

o1 � [[e]](i1),
<latexit sha1_base64="nY5IPyWGsxb7CGrQ0a7d30hEQRI=">AAACA3icbVDLSgMxFM3UV62vUXe6SS1C3ZSZouiy6MZlBfuAmWHIpJk2NJMMSUYopeDGX3HjQhG3/oQ7/8a0nYW2HggczrmHm3uilFGlHefbKqysrq1vFDdLW9s7u3v2/kFbiUxi0sKCCdmNkCKMctLSVDPSTSVBScRIJxreTP3OA5GKCn6vRykJEtTnNKYYaSOF9pEI69A3EQw9v+xBAgO/HFRpWD8L7YpTc2aAy8TNSQXkaIb2l98TOEsI15ghpTzXSXUwRlJTzMik5GeKpAgPUZ94hnKUEBWMZzdM4KlRejAW0jyu4Uz9nRijRKlREpnJBOmBWvSm4n+el+n4KhhTnmaacDxfFGcMagGnhcAeNcdrNjIEYUnNXyEeIImwNrWVTAnu4snLpF2vuRc15+680rjO6yiCY3ACqsAFl6ABbkETtAAGj+AZvII368l6sd6tj/lowcozh+APrM8fO7uVUw==</latexit>

o2 � [[e]](i2)

<latexit sha1_base64="f5w4ghT2hrp/She2lNjZSCLOXdw=">AAACBnicbVDLSsNAFJ3UV62vqEsRgkVwVRJRdFl047KCfUATw2QyaYdOZtKZiVBCVm78FTcuFHHrN7jzb5y0WWjrgXs5nHMvM/cECSVS2fa3UVlaXlldq67XNja3tnfM3b2O5KlAuI045aIXQIkpYbitiKK4lwgM44DibjC6LvzuAxaScHanJgn2YjhgJCIIKi355qHLtR0IiHDmjscpDN2i5fcZ8Z3cN+t2w57CWiROSeqgRMs3v9yQozTGTCEKpew7dqK8DApFEMV5zU0lTiAawQHua8pgjKWXTc/IrWOthFbEhS6mrKn6eyODsZSTONCTMVRDOe8V4n9eP1XRpZcRlqQKMzR7KEqppbhVZGKFRGCk6EQTiATRf7XQEOpMlE6upkNw5k9eJJ3ThnPesG/P6s2rMo4qOABH4AQ44AI0wQ1ogTZA4BE8g1fwZjwZL8a78TEbrRjlzj74A+PzB1fgmaw=</latexit>

i1z }| {

<latexit sha1_base64="P8e5rDPZ5A/ur1TkL5TwsXJdS54=">AAACB3icbVDLSsNAFJ3UV62vqEtBgkVwVZKi6LLoxmUF+4AmhMnkth06maQzE6GE7tz4K25cKOLWX3Dn3zhps9DWA/dyOOdeZu4JEkalsu1vo7Syura+Ud6sbG3v7O6Z+wdtGaeCQIvELBbdAEtglENLUcWgmwjAUcCgE4xucr/zAELSmN+rSQJehAec9inBSku+eeymPAQRCEwgc8fjFIdu3qZ+Rv361Derds2ewVomTkGqqEDTN7/cMCZpBFwRhqXsOXaivAwLRQmDacVNJSSYjPAAeppyHIH0stkdU+tUK6HVj4UurqyZ+nsjw5GUkyjQkxFWQ7no5eJ/Xi9V/SsvozxJFXAyf6ifMkvFVh6KFVIBRLGJJpgIqv9qkSHWmSgdXUWH4CyevEza9ZpzUbPvzquN6yKOMjpCJ+gMOegSNdAtaqIWIugRPaNX9GY8GS/Gu/ExHy0Zxc4h+gPj8wcf+Zoa</latexit>| {z }
i2

<latexit sha1_base64="Bc3tlK9zGtHFXXan/v4hoav4Ol8=">AAACB3icbVDLSsNAFJ3UV62vqktBBovgqiRF0WXRjcsK9gFNCZPJTTt0MklnJkIJ2bnxV9y4UMStv+DOv3H6WGjrgXs5nHMvM/f4CWdK2/a3VVhZXVvfKG6WtrZ3dvfK+wctFaeSQpPGPJYdnyjgTEBTM82hk0ggkc+h7Q9vJn77AaRisbjX4wR6EekLFjJKtJG88rGbigCkLwmFzB2NUhK4k5Z7WezVcq9csav2FHiZOHNSQXM0vPKXG8Q0jUBoyolSXcdOdC8jUjPKIS+5qYKE0CHpQ9dQQSJQvWx6R45PjRLgMJamhMZT9fdGRiKlxpFvJiOiB2rRm4j/ed1Uh1e9jIkk1SDo7KEw5VjHeBIKDpgEqvnYEEIlM3/FdEBMJtpEVzIhOIsnL5NWrepcVO2780r9eh5HER2hE3SGHHSJ6ugWNVATUfSIntErerOerBfr3fqYjRas+c4h+gPr8wcpI5og</latexit>| {z }
o2

<latexit sha1_base64="KcYQvk1hwfWcHOYaEqfnULkR0Do=">AAACBnicbVDLSsNAFJ34rPUVdSlCsAiuSlIUXRbduKxgH9DEMJlM2qGTmXRmIpSQlRt/xY0LRdz6De78GydtFtp64F4O59zLzD1BQolUtv1tLC2vrK6tVzaqm1vbO7vm3n5H8lQg3EacctELoMSUMNxWRFHcSwSGcUBxNxhdF373AQtJOLtTkwR7MRwwEhEElZZ888jl2g4ERDhzx+MUhm7R8vuM+I3cN2t23Z7CWiROSWqgRMs3v9yQozTGTCEKpew7dqK8DApFEMV51U0lTiAawQHua8pgjKWXTc/IrROthFbEhS6mrKn6eyODsZSTONCTMVRDOe8V4n9eP1XRpZcRlqQKMzR7KEqppbhVZGKFRGCk6EQTiATRf7XQEOpMlE6uqkNw5k9eJJ1G3Tmv27dnteZVGUcFHIJjcAoccAGa4Aa0QBsg8AiewSt4M56MF+Pd+JiNLhnlzgH4A+PzB1llma0=</latexit>

i2z }| {

출력 문자열들을 ‘포함’하는 문자열들을 생
성하는 부품 C에서 찾아서 있으면 쓰기

Component Pool

<latexit sha1_base64="DlsZ/an6aG4e6g3pW8dNDQQJjTg=">AAACBnicbVDLSsNAFJ3UV62vqEsRgkVwVRJRdFl047KCfUATw2QyaYdOZtKZiVBCVm78FTcuFHHrN7jzb5y0WWjrgXs5nHMvM/cECSVS2fa3UVlaXlldq67XNja3tnfM3b2O5KlAuI045aIXQIkpYbitiKK4lwgM44DibjC6LvzuAxaScHanJgn2YjhgJCIIKi355qHLtR0IiHDmjscpDN2i5fcZ953cN+t2w57CWiROSeqgRMs3v9yQozTGTCEKpew7dqK8DApFEMV5zU0lTiAawQHua8pgjKWXTc/IrWOthFbEhS6mrKn6eyODsZSTONCTMVRDOe8V4n9eP1XRpZcRlqQKMzR7KEqppbhVZGKFRGCk6EQTiATRf7XQEOpMlE6upkNw5k9eJJ3ThnPesG/P6s2rMo4qOABH4AQ44AI0wQ1ogTZA4BE8g1fwZjwZL8a78TEbrRjlzj74A+PzB2EKmbI=</latexit> o1z }| {

.

<latexit sha1_base64="ufktR1UxCsixDBkw0oHsOlcfhOc="></latexit>

C =

8
>>>><

>>>>:

x, “+”, “.”, “ ”, “-”,
1, · · · ,Length(x),
ConCat(x, “.”),

· · ·
Replace(ConCat(x, “.”), “.”, “� ”)

9
>>>>=

>>>>;



<latexit sha1_base64="It9uget5t4BsoNYRDpjB9npPD9k=">AAACpHicbVFLj9MwEHbCawmPLXDkYlqBkChRAiyPA9KKPcCBQ1fQ3ZXq0nWcaWPVdiJ7UlpF+WX8C278G5JsJWDLSLa++eYbz3gmKZR0GEW/PP/K1WvXb+zdDG7dvnN3v3fv/onLSytgLHKV27OEO1DSwBglKjgrLHCdKDhNlkdt/HQF1sncfMVNAVPNF0bOpeDYULPejyP6njIFc2QVS2AhTcWt5Zu6EnWwHtLzc4awxupZ3W +dsLuZTvJ1xZZgTRi9Bs1WtlRAM5CLDMOXsK7ZqlNkHf9dppjF4YHWNcs6fkff/1PpeeswRoN4SCkTaY5uSN8FDEy6bY3ZNo/Vs94gCqPO6C6It2BAtjaa9X6yNBelBoNCcecmcVTgtHkVpVBQB6x0UHCx5AuYNNBwDW5adUOu6eOGSek8t80xSDv274yKa+c2OmmUmmPmLsda8n+xSYnzt9NKmqJEMOKi0LxUFHPaboym0oJAtWkAF1Y2vVKRccsFNnsNmiHEl7+8C05ehPFBGB2/Ghx+2I5jjzwkffKUxOQNOSSfyIiMifAeeR+9kXfsP/E/+1/88YXU97Y5D8g/5n/7DU2Nzbk=</latexit>

C =

⇢
x, “+”, “.”, “ ”, “-”,

1, · · · , 9

�
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<latexit sha1_base64="KzXkfRPM6w1DaXqL/I5bI/ROKIU="></latexit>

“ +1 2.3” 7! “1 2-3.”
<latexit sha1_base64="zJiHcbvlzQhCE3bPkw/cDP69vL0="></latexit>

“ +4 56.78” 7! “4 56-78”

<latexit sha1_base64="JB8Dyo3w+TVJpCMCtkTB8/Z0JZg=">AAACBXicbVC7TsMwFHV4lvIKMMLgUiGVpUoQCMYKFsYi0YeURJHjOq1V24lsB6mKurDwKywMIMTKP7DxN7htBmg5kqWjc+7V9TlRyqjSjvNtLS2vrK6tlzbKm1vbO7v23n5bJZnEpIUTlshuhBRhVJCWppqRbioJ4hEjnWh4M/E7D0Qqmoh7PUpJwFFf0JhipI0U2kc0dKHPUap0Aj2/4kECA78S1Ix+GtpVp+5MAReJW5AqKNAM7S+/l+CME6ExQ0p5rpPqIEdSU8zIuOxniqQID1GfeIYKxIkK8mmKMTwxSg/GiTRPaDhVf2/kiCs14pGZ5EgP1Lw3Ef/zvEzHV0FORZppIvDsUJwxaBJPKoE9KgnWbGQIwpKav0I8QBJhbYormxLc+ciLpH1Wdy/qzt15tXFd1FECh+AY1IALLkED3IImaAEMHsEzeAVv1pP1Yr1bH7PRJavYOQB/YH3+API6lkk=</latexit>

i1 7! [[e]](i1)
<latexit sha1_base64="bRaVAWZ5RSzcMq6mIye7jnFRPr0=">AAACBnicbVDLSgMxFM3UV62vUZcipBahbspMUXRZdOOygn3AzDBk0kwbmmSGJCOU0pUbf8WNC0Xc+g3u/BvTdhbaeiBwOOdebs6JUkaVdpxvq7Cyura+UdwsbW3v7O7Z+wdtlWQSkxZOWCK7EVKEUUFammpGuqkkiEeMdKLhzdTvPBCpaCLu9SglAUd9QWOKkTZSaB/TsA59jlKlE+j5ZQ8SGPjloGr0MxjaFafmzACXiZuTCsjRDO0vv5fgjBOhMUNKea6T6mCMpKaYkUnJzxRJER6iPvEMFYgTFYxnMSbw1Cg9GCfSPKHhTP29MUZcqRGPzCRHeqAWvan4n+dlOr4KxlSkmSYCzw/FGYMm8rQT2KOSYM1GhiAsqfkrxAMkEdamuZIpwV2MvEza9Zp7UXPuziuN67yOIjgCJ6AKXHAJGuAWNEELYPAInsEreLOerBfr3fqYjxasfOcQ/IH1+QNTqJZ1</latexit>

i2 7! [[e]](i2)
<latexit sha1_base64="RzSpY5OA1x9Wc+/YuL1kuahm6Eg=">AAACAXicbVDLSgNBEJz1GeNr1YvgZTAIHiTsiqLHYC4eI5gHJCHMTjrJkNnZZaZXDUu8+CtePCji1b/w5t84eRw0saChqOqmuyuIpTDoed/OwuLS8spqZi27vrG5te3u7FZMlGgOZR7JSNcCZkAKBWUUKKEWa2BhIKEa9Isjv3oH2ohI3eIghmbIukp0BGdopZa730B4wJTe90ADHVKgDaFo8YS23JyX98ag88SfkhyZotRyvxrtiCchKOSSGVP3vRibKdMouIRhtpEYiBnvsy7ULVUsBNNMxx8M6ZFV2rQTaVsK6Vj9PZGy0JhBGNjOkGHPzHoj8T+vnmDnspkKFScIik8WdRJJMaKjOGhbaOAoB5YwroW9lfIe04yjDS1rQ/BnX54nldO8f573bs5yhatpHBlyQA7JMfHJBSmQa1IiZcLJI3kmr+TNeXJenHfnY9K64Exn9sgfOJ8/fY2Vmg==</latexit>

where e 2 C,
<latexit sha1_base64="W3mQzJk3c1C5FCcdJV2hr6TjNTQ=">AAACBXicbVDLSgMxFM3UV62vUZe6SC1CBSkzouiy6MZlBfuAmWHIpJk2NJMMSUYopRs3/oobF4q49R/c+Tem7Sy09UDgcM493NwTpYwq7TjfVmFpeWV1rbhe2tjc2t6xd/daSmQSkyYWTMhOhBRhlJOmppqRTioJSiJG2tHgZuK3H4hUVPB7PUxJkKAepzHFSBsptA9F6ELfRDD0/LIHCQz8clCloXtyCkO74tScKeAicXNSATkaof3ldwXOEsI1Zkgpz3VSHYyQ1BQzMi75mSIpwgPUI56hHCVEBaPpFWN4bJQujIU0j2s4VX8nRihRaphEZjJBuq/mvYn4n+dlOr4KRpSnmSYczxbFGYNawEklsEvN+ZoNDUFYUvNXiPtIIqxNcSVTgjt/8iJpndXci5pzd16pX+d1FMEBOAJV4IJLUAe3oAGaAINH8AxewZv1ZL1Y79bHbLRg5Zl98AfW5w8FrpWx</latexit>

o1 � [[e]](i1),
<latexit sha1_base64="nY5IPyWGsxb7CGrQ0a7d30hEQRI=">AAACA3icbVDLSgMxFM3UV62vUXe6SS1C3ZSZouiy6MZlBfuAmWHIpJk2NJMMSUYopeDGX3HjQhG3/oQ7/8a0nYW2HggczrmHm3uilFGlHefbKqysrq1vFDdLW9s7u3v2/kFbiUxi0sKCCdmNkCKMctLSVDPSTSVBScRIJxreTP3OA5GKCn6vRykJEtTnNKYYaSOF9pEI69A3EQw9v+xBAgO/HFRpWD8L7YpTc2aAy8TNSQXkaIb2l98TOEsI15ghpTzXSXUwRlJTzMik5GeKpAgPUZ94hnKUEBWMZzdM4KlRejAW0jyu4Uz9nRijRKlREpnJBOmBWvSm4n+el+n4KhhTnmaacDxfFGcMagGnhcAeNcdrNjIEYUnNXyEeIImwNrWVTAnu4snLpF2vuRc15+680rjO6yiCY3ACqsAFl6ABbkETtAAGj+AZvII368l6sd6tj/lowcozh+APrM8fO7uVUw==</latexit>

o2 � [[e]](i2)

<latexit sha1_base64="f5w4ghT2hrp/She2lNjZSCLOXdw=">AAACBnicbVDLSsNAFJ3UV62vqEsRgkVwVRJRdFl047KCfUATw2QyaYdOZtKZiVBCVm78FTcuFHHrN7jzb5y0WWjrgXs5nHMvM/cECSVS2fa3UVlaXlldq67XNja3tnfM3b2O5KlAuI045aIXQIkpYbitiKK4lwgM44DibjC6LvzuAxaScHanJgn2YjhgJCIIKi355qHLtR0IiHDmjscpDN2i5fcZ8Z3cN+t2w57CWiROSeqgRMs3v9yQozTGTCEKpew7dqK8DApFEMV5zU0lTiAawQHua8pgjKWXTc/IrWOthFbEhS6mrKn6eyODsZSTONCTMVRDOe8V4n9eP1XRpZcRlqQKMzR7KEqppbhVZGKFRGCk6EQTiATRf7XQEOpMlE6upkNw5k9eJJ3ThnPesG/P6s2rMo4qOABH4AQ44AI0wQ1ogTZA4BE8g1fwZjwZL8a78TEbrRjlzj74A+PzB1fgmaw=</latexit>

i1z }| {

<latexit sha1_base64="P8e5rDPZ5A/ur1TkL5TwsXJdS54=">AAACB3icbVDLSsNAFJ3UV62vqEtBgkVwVZKi6LLoxmUF+4AmhMnkth06maQzE6GE7tz4K25cKOLWX3Dn3zhps9DWA/dyOOdeZu4JEkalsu1vo7Syura+Ud6sbG3v7O6Z+wdtGaeCQIvELBbdAEtglENLUcWgmwjAUcCgE4xucr/zAELSmN+rSQJehAec9inBSku+eeymPAQRCEwgc8fjFIdu3qZ+Rv361Derds2ewVomTkGqqEDTN7/cMCZpBFwRhqXsOXaivAwLRQmDacVNJSSYjPAAeppyHIH0stkdU+tUK6HVj4UurqyZ+nsjw5GUkyjQkxFWQ7no5eJ/Xi9V/SsvozxJFXAyf6ifMkvFVh6KFVIBRLGJJpgIqv9qkSHWmSgdXUWH4CyevEza9ZpzUbPvzquN6yKOMjpCJ+gMOegSNdAtaqIWIugRPaNX9GY8GS/Gu/ExHy0Zxc4h+gPj8wcf+Zoa</latexit>| {z }
i2

<latexit sha1_base64="Bc3tlK9zGtHFXXan/v4hoav4Ol8=">AAACB3icbVDLSsNAFJ3UV62vqktBBovgqiRF0WXRjcsK9gFNCZPJTTt0MklnJkIJ2bnxV9y4UMStv+DOv3H6WGjrgXs5nHMvM/f4CWdK2/a3VVhZXVvfKG6WtrZ3dvfK+wctFaeSQpPGPJYdnyjgTEBTM82hk0ggkc+h7Q9vJn77AaRisbjX4wR6EekLFjJKtJG88rGbigCkLwmFzB2NUhK4k5Z7WezVcq9csav2FHiZOHNSQXM0vPKXG8Q0jUBoyolSXcdOdC8jUjPKIS+5qYKE0CHpQ9dQQSJQvWx6R45PjRLgMJamhMZT9fdGRiKlxpFvJiOiB2rRm4j/ed1Uh1e9jIkk1SDo7KEw5VjHeBIKDpgEqvnYEEIlM3/FdEBMJtpEVzIhOIsnL5NWrepcVO2780r9eh5HER2hE3SGHHSJ6ugWNVATUfSIntErerOerBfr3fqYjRas+c4h+gPr8wcpI5og</latexit>| {z }
o2

<latexit sha1_base64="KcYQvk1hwfWcHOYaEqfnULkR0Do=">AAACBnicbVDLSsNAFJ34rPUVdSlCsAiuSlIUXRbduKxgH9DEMJlM2qGTmXRmIpSQlRt/xY0LRdz6De78GydtFtp64F4O59zLzD1BQolUtv1tLC2vrK6tVzaqm1vbO7vm3n5H8lQg3EacctELoMSUMNxWRFHcSwSGcUBxNxhdF373AQtJOLtTkwR7MRwwEhEElZZ888jl2g4ERDhzx+MUhm7R8vuM+I3cN2t23Z7CWiROSWqgRMs3v9yQozTGTCEKpew7dqK8DApFEMV51U0lTiAawQHua8pgjKWXTc/IrROthFbEhS6mrKn6eyODsZSTONCTMVRDOe8V4n9eP1XRpZcRlqQKMzR7KEqppbhVZGKFRGCk6EQTiATRf7XQEOpMlE6uqkNw5k9eJJ1G3Tmv27dnteZVGUcFHIJjcAoccAGa4Aa0QBsg8AiewSt4M56MF+Pd+JiNLhnlzgH4A+PzB1llma0=</latexit>

i2z }| {

Component Pool

부분 문제 생성시 모든 입출력 예제 한꺼번에 고려: 

• 최종 교집합 연산 필요 없음

• 입출력 예제 갯수가 늘어나도 성능 부하 적음. 

<latexit sha1_base64="DlsZ/an6aG4e6g3pW8dNDQQJjTg=">AAACBnicbVDLSsNAFJ3UV62vqEsRgkVwVRJRdFl047KCfUATw2QyaYdOZtKZiVBCVm78FTcuFHHrN7jzb5y0WWjrgXs5nHMvM/cECSVS2fa3UVlaXlldq67XNja3tnfM3b2O5KlAuI045aIXQIkpYbitiKK4lwgM44DibjC6LvzuAxaScHanJgn2YjhgJCIIKi355qHLtR0IiHDmjscpDN2i5fcZ953cN+t2w57CWiROSeqgRMs3v9yQozTGTCEKpew7dqK8DApFEMV5zU0lTiAawQHua8pgjKWXTc/IrWOthFbEhS6mrKn6eyODsZSTONCTMVRDOe8V4n9eP1XRpZcRlqQKMzR7KEqppbhVZGKFRGCk6EQTiATRf7XQEOpMlE6upkNw5k9eJJ3ThnPesG/P6s2rMo4qOABH4AQ44AI0wQ1ogTZA4BE8g1fwZjwZL8a78TEbrRjlzj74A+PzB2EKmbI=</latexit> o1z }| {

.

가능입력들  ⊆ 부품의 출력들



가능입력들  ⊆ 부품의 출력들
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<latexit sha1_base64="KzXkfRPM6w1DaXqL/I5bI/ROKIU="></latexit>

“ +1 2.3” 7! “1 2-3.”
<latexit sha1_base64="zJiHcbvlzQhCE3bPkw/cDP69vL0="></latexit>

“ +4 56.78” 7! “4 56-78”

<latexit sha1_base64="JB8Dyo3w+TVJpCMCtkTB8/Z0JZg=">AAACBXicbVC7TsMwFHV4lvIKMMLgUiGVpUoQCMYKFsYi0YeURJHjOq1V24lsB6mKurDwKywMIMTKP7DxN7htBmg5kqWjc+7V9TlRyqjSjvNtLS2vrK6tlzbKm1vbO7v23n5bJZnEpIUTlshuhBRhVJCWppqRbioJ4hEjnWh4M/E7D0Qqmoh7PUpJwFFf0JhipI0U2kc0dKHPUap0Aj2/4kECA78S1Ix+GtpVp+5MAReJW5AqKNAM7S+/l+CME6ExQ0p5rpPqIEdSU8zIuOxniqQID1GfeIYKxIkK8mmKMTwxSg/GiTRPaDhVf2/kiCs14pGZ5EgP1Lw3Ef/zvEzHV0FORZppIvDsUJwxaBJPKoE9KgnWbGQIwpKav0I8QBJhbYormxLc+ciLpH1Wdy/qzt15tXFd1FECh+AY1IALLkED3IImaAEMHsEzeAVv1pP1Yr1bH7PRJavYOQB/YH3+API6lkk=</latexit>

i1 7! [[e]](i1)
<latexit sha1_base64="bRaVAWZ5RSzcMq6mIye7jnFRPr0=">AAACBnicbVDLSgMxFM3UV62vUZcipBahbspMUXRZdOOygn3AzDBk0kwbmmSGJCOU0pUbf8WNC0Xc+g3u/BvTdhbaeiBwOOdebs6JUkaVdpxvq7Cyura+UdwsbW3v7O7Z+wdtlWQSkxZOWCK7EVKEUUFammpGuqkkiEeMdKLhzdTvPBCpaCLu9SglAUd9QWOKkTZSaB/TsA59jlKlE+j5ZQ8SGPjloGr0MxjaFafmzACXiZuTCsjRDO0vv5fgjBOhMUNKea6T6mCMpKaYkUnJzxRJER6iPvEMFYgTFYxnMSbw1Cg9GCfSPKHhTP29MUZcqRGPzCRHeqAWvan4n+dlOr4KxlSkmSYCzw/FGYMm8rQT2KOSYM1GhiAsqfkrxAMkEdamuZIpwV2MvEza9Zp7UXPuziuN67yOIjgCJ6AKXHAJGuAWNEELYPAInsEreLOerBfr3fqYjxasfOcQ/IH1+QNTqJZ1</latexit>

i2 7! [[e]](i2)
<latexit sha1_base64="RzSpY5OA1x9Wc+/YuL1kuahm6Eg=">AAACAXicbVDLSgNBEJz1GeNr1YvgZTAIHiTsiqLHYC4eI5gHJCHMTjrJkNnZZaZXDUu8+CtePCji1b/w5t84eRw0saChqOqmuyuIpTDoed/OwuLS8spqZi27vrG5te3u7FZMlGgOZR7JSNcCZkAKBWUUKKEWa2BhIKEa9Isjv3oH2ohI3eIghmbIukp0BGdopZa730B4wJTe90ADHVKgDaFo8YS23JyX98ag88SfkhyZotRyvxrtiCchKOSSGVP3vRibKdMouIRhtpEYiBnvsy7ULVUsBNNMxx8M6ZFV2rQTaVsK6Vj9PZGy0JhBGNjOkGHPzHoj8T+vnmDnspkKFScIik8WdRJJMaKjOGhbaOAoB5YwroW9lfIe04yjDS1rQ/BnX54nldO8f573bs5yhatpHBlyQA7JMfHJBSmQa1IiZcLJI3kmr+TNeXJenHfnY9K64Exn9sgfOJ8/fY2Vmg==</latexit>

where e 2 C,
<latexit sha1_base64="W3mQzJk3c1C5FCcdJV2hr6TjNTQ=">AAACBXicbVDLSgMxFM3UV62vUZe6SC1CBSkzouiy6MZlBfuAmWHIpJk2NJMMSUYopRs3/oobF4q49R/c+Tem7Sy09UDgcM493NwTpYwq7TjfVmFpeWV1rbhe2tjc2t6xd/daSmQSkyYWTMhOhBRhlJOmppqRTioJSiJG2tHgZuK3H4hUVPB7PUxJkKAepzHFSBsptA9F6ELfRDD0/LIHCQz8clCloXtyCkO74tScKeAicXNSATkaof3ldwXOEsI1Zkgpz3VSHYyQ1BQzMi75mSIpwgPUI56hHCVEBaPpFWN4bJQujIU0j2s4VX8nRihRaphEZjJBuq/mvYn4n+dlOr4KRpSnmSYczxbFGYNawEklsEvN+ZoNDUFYUvNXiPtIIqxNcSVTgjt/8iJpndXci5pzd16pX+d1FMEBOAJV4IJLUAe3oAGaAINH8AxewZv1ZL1Y79bHbLRg5Zl98AfW5w8FrpWx</latexit>

o1 � [[e]](i1),
<latexit sha1_base64="nY5IPyWGsxb7CGrQ0a7d30hEQRI=">AAACA3icbVDLSgMxFM3UV62vUXe6SS1C3ZSZouiy6MZlBfuAmWHIpJk2NJMMSUYopeDGX3HjQhG3/oQ7/8a0nYW2HggczrmHm3uilFGlHefbKqysrq1vFDdLW9s7u3v2/kFbiUxi0sKCCdmNkCKMctLSVDPSTSVBScRIJxreTP3OA5GKCn6vRykJEtTnNKYYaSOF9pEI69A3EQw9v+xBAgO/HFRpWD8L7YpTc2aAy8TNSQXkaIb2l98TOEsI15ghpTzXSXUwRlJTzMik5GeKpAgPUZ94hnKUEBWMZzdM4KlRejAW0jyu4Uz9nRijRKlREpnJBOmBWvSm4n+el+n4KhhTnmaacDxfFGcMagGnhcAeNcdrNjIEYUnNXyEeIImwNrWVTAnu4snLpF2vuRc15+680rjO6yiCY3ACqsAFl6ABbkETtAAGj+AZvII368l6sd6tj/lowcozh+APrM8fO7uVUw==</latexit>

o2 � [[e]](i2)

<latexit sha1_base64="f5w4ghT2hrp/She2lNjZSCLOXdw=">AAACBnicbVDLSsNAFJ3UV62vqEsRgkVwVRJRdFl047KCfUATw2QyaYdOZtKZiVBCVm78FTcuFHHrN7jzb5y0WWjrgXs5nHMvM/cECSVS2fa3UVlaXlldq67XNja3tnfM3b2O5KlAuI045aIXQIkpYbitiKK4lwgM44DibjC6LvzuAxaScHanJgn2YjhgJCIIKi355qHLtR0IiHDmjscpDN2i5fcZ8Z3cN+t2w57CWiROSeqgRMs3v9yQozTGTCEKpew7dqK8DApFEMV5zU0lTiAawQHua8pgjKWXTc/IrWOthFbEhS6mrKn6eyODsZSTONCTMVRDOe8V4n9eP1XRpZcRlqQKMzR7KEqppbhVZGKFRGCk6EQTiATRf7XQEOpMlE6upkNw5k9eJJ3ThnPesG/P6s2rMo4qOABH4AQ44AI0wQ1ogTZA4BE8g1fwZjwZL8a78TEbrRjlzj74A+PzB1fgmaw=</latexit>

i1z }| {

<latexit sha1_base64="P8e5rDPZ5A/ur1TkL5TwsXJdS54=">AAACB3icbVDLSsNAFJ3UV62vqEtBgkVwVZKi6LLoxmUF+4AmhMnkth06maQzE6GE7tz4K25cKOLWX3Dn3zhps9DWA/dyOOdeZu4JEkalsu1vo7Syura+Ud6sbG3v7O6Z+wdtGaeCQIvELBbdAEtglENLUcWgmwjAUcCgE4xucr/zAELSmN+rSQJehAec9inBSku+eeymPAQRCEwgc8fjFIdu3qZ+Rv361Derds2ewVomTkGqqEDTN7/cMCZpBFwRhqXsOXaivAwLRQmDacVNJSSYjPAAeppyHIH0stkdU+tUK6HVj4UurqyZ+nsjw5GUkyjQkxFWQ7no5eJ/Xi9V/SsvozxJFXAyf6ifMkvFVh6KFVIBRLGJJpgIqv9qkSHWmSgdXUWH4CyevEza9ZpzUbPvzquN6yKOMjpCJ+gMOegSNdAtaqIWIugRPaNX9GY8GS/Gu/ExHy0Zxc4h+gPj8wcf+Zoa</latexit>| {z }
i2

<latexit sha1_base64="Bc3tlK9zGtHFXXan/v4hoav4Ol8=">AAACB3icbVDLSsNAFJ3UV62vqktBBovgqiRF0WXRjcsK9gFNCZPJTTt0MklnJkIJ2bnxV9y4UMStv+DOv3H6WGjrgXs5nHMvM/f4CWdK2/a3VVhZXVvfKG6WtrZ3dvfK+wctFaeSQpPGPJYdnyjgTEBTM82hk0ggkc+h7Q9vJn77AaRisbjX4wR6EekLFjJKtJG88rGbigCkLwmFzB2NUhK4k5Z7WezVcq9csav2FHiZOHNSQXM0vPKXG8Q0jUBoyolSXcdOdC8jUjPKIS+5qYKE0CHpQ9dQQSJQvWx6R45PjRLgMJamhMZT9fdGRiKlxpFvJiOiB2rRm4j/ed1Uh1e9jIkk1SDo7KEw5VjHeBIKDpgEqvnYEEIlM3/FdEBMJtpEVzIhOIsnL5NWrepcVO2780r9eh5HER2hE3SGHHSJ6ugWNVATUfSIntErerOerBfr3fqYjRas+c4h+gPr8wcpI5og</latexit>| {z }
o2

<latexit sha1_base64="KcYQvk1hwfWcHOYaEqfnULkR0Do=">AAACBnicbVDLSsNAFJ34rPUVdSlCsAiuSlIUXRbduKxgH9DEMJlM2qGTmXRmIpSQlRt/xY0LRdz6De78GydtFtp64F4O59zLzD1BQolUtv1tLC2vrK6tVzaqm1vbO7vm3n5H8lQg3EacctELoMSUMNxWRFHcSwSGcUBxNxhdF373AQtJOLtTkwR7MRwwEhEElZZ888jl2g4ERDhzx+MUhm7R8vuM+I3cN2t23Z7CWiROSWqgRMs3v9yQozTGTCEKpew7dqK8DApFEMV51U0lTiAawQHua8pgjKWXTc/IrROthFbEhS6mrKn6eyODsZSTONCTMVRDOe8V4n9eP1XRpZcRlqQKMzR7KEqppbhVZGKFRGCk6EQTiATRf7XQEOpMlE6uqkNw5k9eJJ1G3Tmv27dnteZVGUcFHIJjcAoccAGa4Aa0QBsg8AiewSt4M56MF+Pd+JiNLhnlzgH4A+PzB1llma0=</latexit>

i2z }| {

가 바로 그런 부품! (입력 1,2에 대해 각각  
“ +1 2-3.”, “ +4 56-78.” 출력)

Component Pool

<latexit sha1_base64="DlsZ/an6aG4e6g3pW8dNDQQJjTg=">AAACBnicbVDLSsNAFJ3UV62vqEsRgkVwVRJRdFl047KCfUATw2QyaYdOZtKZiVBCVm78FTcuFHHrN7jzb5y0WWjrgXs5nHMvM/cECSVS2fa3UVlaXlldq67XNja3tnfM3b2O5KlAuI045aIXQIkpYbitiKK4lwgM44DibjC6LvzuAxaScHanJgn2YjhgJCIIKi355qHLtR0IiHDmjscpDN2i5fcZ953cN+t2w57CWiROSeqgRMs3v9yQozTGTCEKpew7dqK8DApFEMV5zU0lTiAawQHua8pgjKWXTc/IrWOthFbEhS6mrKn6eyODsZSTONCTMVRDOe8V4n9eP1XRpZcRlqQKMzR7KEqppbhVZGKFRGCk6EQTiATRf7XQEOpMlE6upkNw5k9eJJ3ThnPesG/P6s2rMo4qOABH4AQ44AI0wQ1ogTZA4BE8g1fwZjwZL8a78TEbrRjlzj74A+PzB2EKmbI=</latexit> o1z }| {

.

<latexit sha1_base64="ufktR1UxCsixDBkw0oHsOlcfhOc="></latexit>

C =

8
>>>><

>>>>:

x, “+”, “.”, “ ”, “-”,
1, · · · ,Length(x),
ConCat(x, “.”),

· · ·
Replace(ConCat(x, “.”), “.”, “� ”)

9
>>>>=

>>>>;

<latexit sha1_base64="BEtD8NBvpDlBAGO+6anVReHAvM4=">AAACF3icbVDLTgIxFO3gC/GFunTTQEwgwcmM0eiSyMYlGnkkQKBTLtDQ6UzajpFM+As3/oobFxrjVnf+jeWxUPAkvTk9596093ghZ0o7zreVWFldW99Ibqa2tnd299L7B1UVRJJChQY8kHWPKOBMQEUzzaEeSiC+x6HmDUsTv3YPUrFA3OlRCC2f9AXrMUq0kdppO25KH99CyAmFcW56KwWiRPQ491DAnY6dyRcm1ZSTTL6dzjq2MwVeJu6cZNEc5Xb6q9kNaOSD0JQTpRquE+pWTKRmlMM41YwUhIQOSR8ahgrig2rF073G+NgoXdwLpDlC46n6eyImvlIj3zOdPtEDtehNxP+8RqR7l62YiTDSIOjsoV7EsQ7wJCTcZRKo5iNDCJXM/BXTAZGEahNlyoTgLq68TKqntntuOzdn2eLVPI4kOkIZlEMuukBFdI3KqIIoekTP6BW9WU/Wi/VufcxaE9Z85hD9gfX5A6OHnQI=</latexit>

Replace(ConCat(x, “.”), “.”, “� ”)



가능입력들  ⊆ 부품의 출력들
Failure

Synthesis specification

Generator ComposerInitial component size n

Success
Final program

Increased n

Components of size ≤ n

Bottom-up 
Enumeration

Top-down
Propagation

S

SubStr(S, I1, I2)

S

<latexit sha1_base64="KzXkfRPM6w1DaXqL/I5bI/ROKIU="></latexit>

“ +1 2.3” 7! “1 2-3.”
<latexit sha1_base64="zJiHcbvlzQhCE3bPkw/cDP69vL0="></latexit>

“ +4 56.78” 7! “4 56-78”

<latexit sha1_base64="JB8Dyo3w+TVJpCMCtkTB8/Z0JZg=">AAACBXicbVC7TsMwFHV4lvIKMMLgUiGVpUoQCMYKFsYi0YeURJHjOq1V24lsB6mKurDwKywMIMTKP7DxN7htBmg5kqWjc+7V9TlRyqjSjvNtLS2vrK6tlzbKm1vbO7v23n5bJZnEpIUTlshuhBRhVJCWppqRbioJ4hEjnWh4M/E7D0Qqmoh7PUpJwFFf0JhipI0U2kc0dKHPUap0Aj2/4kECA78S1Ix+GtpVp+5MAReJW5AqKNAM7S+/l+CME6ExQ0p5rpPqIEdSU8zIuOxniqQID1GfeIYKxIkK8mmKMTwxSg/GiTRPaDhVf2/kiCs14pGZ5EgP1Lw3Ef/zvEzHV0FORZppIvDsUJwxaBJPKoE9KgnWbGQIwpKav0I8QBJhbYormxLc+ciLpH1Wdy/qzt15tXFd1FECh+AY1IALLkED3IImaAEMHsEzeAVv1pP1Yr1bH7PRJavYOQB/YH3+API6lkk=</latexit>

i1 7! [[e]](i1)
<latexit sha1_base64="bRaVAWZ5RSzcMq6mIye7jnFRPr0=">AAACBnicbVDLSgMxFM3UV62vUZcipBahbspMUXRZdOOygn3AzDBk0kwbmmSGJCOU0pUbf8WNC0Xc+g3u/BvTdhbaeiBwOOdebs6JUkaVdpxvq7Cyura+UdwsbW3v7O7Z+wdtlWQSkxZOWCK7EVKEUUFammpGuqkkiEeMdKLhzdTvPBCpaCLu9SglAUd9QWOKkTZSaB/TsA59jlKlE+j5ZQ8SGPjloGr0MxjaFafmzACXiZuTCsjRDO0vv5fgjBOhMUNKea6T6mCMpKaYkUnJzxRJER6iPvEMFYgTFYxnMSbw1Cg9GCfSPKHhTP29MUZcqRGPzCRHeqAWvan4n+dlOr4KxlSkmSYCzw/FGYMm8rQT2KOSYM1GhiAsqfkrxAMkEdamuZIpwV2MvEza9Zp7UXPuziuN67yOIjgCJ6AKXHAJGuAWNEELYPAInsEreLOerBfr3fqYjxasfOcQ/IH1+QNTqJZ1</latexit>

i2 7! [[e]](i2)
<latexit sha1_base64="RzSpY5OA1x9Wc+/YuL1kuahm6Eg=">AAACAXicbVDLSgNBEJz1GeNr1YvgZTAIHiTsiqLHYC4eI5gHJCHMTjrJkNnZZaZXDUu8+CtePCji1b/w5t84eRw0saChqOqmuyuIpTDoed/OwuLS8spqZi27vrG5te3u7FZMlGgOZR7JSNcCZkAKBWUUKKEWa2BhIKEa9Isjv3oH2ohI3eIghmbIukp0BGdopZa730B4wJTe90ADHVKgDaFo8YS23JyX98ag88SfkhyZotRyvxrtiCchKOSSGVP3vRibKdMouIRhtpEYiBnvsy7ULVUsBNNMxx8M6ZFV2rQTaVsK6Vj9PZGy0JhBGNjOkGHPzHoj8T+vnmDnspkKFScIik8WdRJJMaKjOGhbaOAoB5YwroW9lfIe04yjDS1rQ/BnX54nldO8f573bs5yhatpHBlyQA7JMfHJBSmQa1IiZcLJI3kmr+TNeXJenHfnY9K64Exn9sgfOJ8/fY2Vmg==</latexit>

where e 2 C,
<latexit sha1_base64="W3mQzJk3c1C5FCcdJV2hr6TjNTQ=">AAACBXicbVDLSgMxFM3UV62vUZe6SC1CBSkzouiy6MZlBfuAmWHIpJk2NJMMSUYopRs3/oobF4q49R/c+Tem7Sy09UDgcM493NwTpYwq7TjfVmFpeWV1rbhe2tjc2t6xd/daSmQSkyYWTMhOhBRhlJOmppqRTioJSiJG2tHgZuK3H4hUVPB7PUxJkKAepzHFSBsptA9F6ELfRDD0/LIHCQz8clCloXtyCkO74tScKeAicXNSATkaof3ldwXOEsI1Zkgpz3VSHYyQ1BQzMi75mSIpwgPUI56hHCVEBaPpFWN4bJQujIU0j2s4VX8nRihRaphEZjJBuq/mvYn4n+dlOr4KRpSnmSYczxbFGYNawEklsEvN+ZoNDUFYUvNXiPtIIqxNcSVTgjt/8iJpndXci5pzd16pX+d1FMEBOAJV4IJLUAe3oAGaAINH8AxewZv1ZL1Y79bHbLRg5Zl98AfW5w8FrpWx</latexit>

o1 � [[e]](i1),
<latexit sha1_base64="nY5IPyWGsxb7CGrQ0a7d30hEQRI=">AAACA3icbVDLSgMxFM3UV62vUXe6SS1C3ZSZouiy6MZlBfuAmWHIpJk2NJMMSUYopeDGX3HjQhG3/oQ7/8a0nYW2HggczrmHm3uilFGlHefbKqysrq1vFDdLW9s7u3v2/kFbiUxi0sKCCdmNkCKMctLSVDPSTSVBScRIJxreTP3OA5GKCn6vRykJEtTnNKYYaSOF9pEI69A3EQw9v+xBAgO/HFRpWD8L7YpTc2aAy8TNSQXkaIb2l98TOEsI15ghpTzXSXUwRlJTzMik5GeKpAgPUZ94hnKUEBWMZzdM4KlRejAW0jyu4Uz9nRijRKlREpnJBOmBWvSm4n+el+n4KhhTnmaacDxfFGcMagGnhcAeNcdrNjIEYUnNXyEeIImwNrWVTAnu4snLpF2vuRc15+680rjO6yiCY3ACqsAFl6ABbkETtAAGj+AZvII368l6sd6tj/lowcozh+APrM8fO7uVUw==</latexit>

o2 � [[e]](i2)

<latexit sha1_base64="f5w4ghT2hrp/She2lNjZSCLOXdw=">AAACBnicbVDLSsNAFJ3UV62vqEsRgkVwVRJRdFl047KCfUATw2QyaYdOZtKZiVBCVm78FTcuFHHrN7jzb5y0WWjrgXs5nHMvM/cECSVS2fa3UVlaXlldq67XNja3tnfM3b2O5KlAuI045aIXQIkpYbitiKK4lwgM44DibjC6LvzuAxaScHanJgn2YjhgJCIIKi355qHLtR0IiHDmjscpDN2i5fcZ8Z3cN+t2w57CWiROSeqgRMs3v9yQozTGTCEKpew7dqK8DApFEMV5zU0lTiAawQHua8pgjKWXTc/IrWOthFbEhS6mrKn6eyODsZSTONCTMVRDOe8V4n9eP1XRpZcRlqQKMzR7KEqppbhVZGKFRGCk6EQTiATRf7XQEOpMlE6upkNw5k9eJJ3ThnPesG/P6s2rMo4qOABH4AQ44AI0wQ1ogTZA4BE8g1fwZjwZL8a78TEbrRjlzj74A+PzB1fgmaw=</latexit>

i1z }| {

<latexit sha1_base64="P8e5rDPZ5A/ur1TkL5TwsXJdS54=">AAACB3icbVDLSsNAFJ3UV62vqEtBgkVwVZKi6LLoxmUF+4AmhMnkth06maQzE6GE7tz4K25cKOLWX3Dn3zhps9DWA/dyOOdeZu4JEkalsu1vo7Syura+Ud6sbG3v7O6Z+wdtGaeCQIvELBbdAEtglENLUcWgmwjAUcCgE4xucr/zAELSmN+rSQJehAec9inBSku+eeymPAQRCEwgc8fjFIdu3qZ+Rv361Derds2ewVomTkGqqEDTN7/cMCZpBFwRhqXsOXaivAwLRQmDacVNJSSYjPAAeppyHIH0stkdU+tUK6HVj4UurqyZ+nsjw5GUkyjQkxFWQ7no5eJ/Xi9V/SsvozxJFXAyf6ifMkvFVh6KFVIBRLGJJpgIqv9qkSHWmSgdXUWH4CyevEza9ZpzUbPvzquN6yKOMjpCJ+gMOegSNdAtaqIWIugRPaNX9GY8GS/Gu/ExHy0Zxc4h+gPj8wcf+Zoa</latexit>| {z }
i2

<latexit sha1_base64="Bc3tlK9zGtHFXXan/v4hoav4Ol8=">AAACB3icbVDLSsNAFJ3UV62vqktBBovgqiRF0WXRjcsK9gFNCZPJTTt0MklnJkIJ2bnxV9y4UMStv+DOv3H6WGjrgXs5nHMvM/f4CWdK2/a3VVhZXVvfKG6WtrZ3dvfK+wctFaeSQpPGPJYdnyjgTEBTM82hk0ggkc+h7Q9vJn77AaRisbjX4wR6EekLFjJKtJG88rGbigCkLwmFzB2NUhK4k5Z7WezVcq9csav2FHiZOHNSQXM0vPKXG8Q0jUBoyolSXcdOdC8jUjPKIS+5qYKE0CHpQ9dQQSJQvWx6R45PjRLgMJamhMZT9fdGRiKlxpFvJiOiB2rRm4j/ed1Uh1e9jIkk1SDo7KEw5VjHeBIKDpgEqvnYEEIlM3/FdEBMJtpEVzIhOIsnL5NWrepcVO2780r9eh5HER2hE3SGHHSJ6ugWNVATUfSIntErerOerBfr3fqYjRas+c4h+gPr8wcpI5og</latexit>| {z }
o2

<latexit sha1_base64="KcYQvk1hwfWcHOYaEqfnULkR0Do=">AAACBnicbVDLSsNAFJ34rPUVdSlCsAiuSlIUXRbduKxgH9DEMJlM2qGTmXRmIpSQlRt/xY0LRdz6De78GydtFtp64F4O59zLzD1BQolUtv1tLC2vrK6tVzaqm1vbO7vm3n5H8lQg3EacctELoMSUMNxWRFHcSwSGcUBxNxhdF373AQtJOLtTkwR7MRwwEhEElZZ888jl2g4ERDhzx+MUhm7R8vuM+I3cN2t23Z7CWiROSWqgRMs3v9yQozTGTCEKpew7dqK8DApFEMV51U0lTiAawQHua8pgjKWXTc/IrROthFbEhS6mrKn6eyODsZSTONCTMVRDOe8V4n9eP1XRpZcRlqQKMzR7KEqppbhVZGKFRGCk6EQTiATRf7XQEOpMlE6uqkNw5k9eJJ1G3Tmv27dnteZVGUcFHIJjcAoccAGa4Aa0QBsg8AiewSt4M56MF+Pd+JiNLhnlzgH4A+PzB1llma0=</latexit>

i2z }| {

첫번째 인자가 정해진 후, 나머지 인자에 적절한 부품
들 또한 C에서 찾음.

(      은     ,      은                              )

Component Pool

<latexit sha1_base64="DlsZ/an6aG4e6g3pW8dNDQQJjTg=">AAACBnicbVDLSsNAFJ3UV62vqEsRgkVwVRJRdFl047KCfUATw2QyaYdOZtKZiVBCVm78FTcuFHHrN7jzb5y0WWjrgXs5nHMvM/cECSVS2fa3UVlaXlldq67XNja3tnfM3b2O5KlAuI045aIXQIkpYbitiKK4lwgM44DibjC6LvzuAxaScHanJgn2YjhgJCIIKi355qHLtR0IiHDmjscpDN2i5fcZ953cN+t2w57CWiROSeqgRMs3v9yQozTGTCEKpew7dqK8DApFEMV5zU0lTiAawQHua8pgjKWXTc/IrWOthFbEhS6mrKn6eyODsZSTONCTMVRDOe8V4n9eP1XRpZcRlqQKMzR7KEqppbhVZGKFRGCk6EQTiATRf7XQEOpMlE6upkNw5k9eJJ3ThnPesG/P6s2rMo4qOABH4AQ44AI0wQ1ogTZA4BE8g1fwZjwZL8a78TEbrRjlzj74A+PzB2EKmbI=</latexit> o1z }| {

.

<latexit sha1_base64="ufktR1UxCsixDBkw0oHsOlcfhOc="></latexit>

C =

8
>>>><

>>>>:

x, “+”, “.”, “ ”, “-”,
1, · · · ,Length(x),
ConCat(x, “.”),

· · ·
Replace(ConCat(x, “.”), “.”, “� ”)

9
>>>>=

>>>>;

<latexit sha1_base64="PWSFVXdZ240x39y3XnEzPyoP8cM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi94q2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJaPZpygH9GB5CFn1Fjp4a7n9coVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVb2Lqnt/Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OcF6cd+dj3lpw8plD+APn8wfFWY11</latexit>

I1
<latexit sha1_base64="yMsISBAlJXnCY/UmYzj6RS7qozc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZq1frrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqtu86JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPfXOMug==</latexit>

2
<latexit sha1_base64="JWWaUu+sfza4rJjPUrrhSIYuStQ=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSxCPVgSUfRY9OLBQwX7AW0om+2kXbrZhN2NWmJ/ihcPinj1l3jz37htc9DWBwOP92aYmefHnCntON9Wbml5ZXUtv17Y2Nza3rGLuw0VJZJCnUY8ki2fKOBMQF0zzaEVSyChz6HpD68mfvMepGKRuNOjGLyQ9AULGCXaSF27mHZkiG9A9PVgXH48Ona7dsmpOFPgReJmpIQy1Lr2V6cX0SQEoSknSrVdJ9ZeSqRmlMO40EkUxIQOSR/ahgoSgvLS6eljfGiUHg4iaUpoPFV/T6QkVGoU+qYzJHqg5r2J+J/XTnRw4aVMxIkGQWeLgoRjHeFJDrjHJFDNR4YQKpm5FdMBkYRqk1bBhODOv7xIGicV96zi3J6WqpdZHHm0jw5QGbnoHFXRNaqhOqLoAT2jV/RmPVkv1rv1MWvNWdnMHvoD6/MHDiuTNQ==</latexit>

Length(x)� 1
<latexit sha1_base64="8+uCT4iTfswL6giDsBWjLdTK82Y=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KklR9Fj0oreK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHstHM07Qj+hA8pAzaqz0cNer9kplt+LOQJaJl5My5Kj3Sl/dfszSCKVhgmrd8dzE+BlVhjOBk2I31ZhQNqID7FgqaYTaz2anTsipVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6RRuCt/jyMmlWK95Fxb0/L9eu8zgKcAwncAYeXEINbqEODWAwgGd4hTdHOC/Ou/Mxb11x8pkj+APn8wfG3Y12</latexit>

I2



탐색�완전성

• 자유로운�인자�자리에�부품값만�들어갈�수�있음에도�불구��

• 해가�탐색�공간에�존재할�경우,�이를�항상�찾아냄�

• 부품�크기를�계속�늘리다�보면�솔루션이�포함될�것이기�때문
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Failure

Synthesis specification

Generator ComposerInitial component size n

Success
Final program

Increased n

Components of size ≤ n

Bottom-up 
Enumeration

Top-down
Propagation

Fig. 1. High-level architecture of our synthesis algorithm

To make the approach feasible, we had to address two key challenges: 1) the composition phase
should e�ciently determine unrealizability in case of insu�cient component expressions, so that
more component expressions can be promptly generated, 2) the number of component expressions
should be controlled since it determines the computational cost of the composition phase. We
address the �rst challenge by designing an e�cient but incomplete composition algorithm; our
composition algorithm may fail to construct a solution even with enough components available.
This incompleteness does not harm the search completeness of the overall algorithm though because
the component library monotonically grows. We address the second challenge by exploiting the
existing pruning technique based on observational equivalence which reduces the number of
component expressions by removing redundant expressions.

While our approach is generally applicable to any kinds of languages, we have applied the
approach to the SyGuS [Alur et al. 2013] speci�cation language. SyGuS is a standard formation
that has established various synthesis benchmarks through annual competitions. SyGuS employs a
formal grammar to describe the space of possible programs. Such a grammar is expressible in some
SMT theory. We devise inverse semantics operators specialized for the operators in theories of
strings, bitvectors, linear integer arithmetics (LIA), and SAT. By targetting the standard formulation,
our synthesis algorithm is applicable for a broad class of SyGuS problems with arbitrary grammars
in those theories.

We implemented our approach in a tool called D���1. We evaluate D��� on 1,536 benchmark
problems from three widely applicable domains: string manipulation (end-user programming
problems), bitvector manipulation (e�cient low-level algorithms), and circuit transformation
(attack-resistant crypto circuits and optimized homomorphic evaluation circuit).

We compared D��� against the state-of-the-art SyGuS solvers: EUS����� and CVC4. D��� is
able to solve 1,428 problems in less than 1 minute on average per problem, compared to only 1,258
and 987 by EUS����� and CVC4 using 3 and 5 minutes on average, respectively. We also compare
D��� against the state-of-the-art solver E������ guided by probabilistic models. E������ out-
performs D��� in the bitvector domain, but performs worse than D��� in the other domains, and
overall, D��� is 5.5x faster on average, solving more problems than E������. D��� thus provides
signi�cant performance gains that are complementary to those achieved by existing synthesizers.

We summarize the main contributions of our work:
• A novel and general approach for e�cient inductive synthesis: we bring the power of the

TDP to synthesis problems with arbitrary DSLs by incorporating it with the bottom-up
enumerative search.

1Domain-Unaware synthesizer based on Enumeration and Top-down propagation

Proc. ACM Program. Lang., Vol. 1, No. POPL, Article 1. Publication date: January 2021.



Evaluation Setup

• Benchmarks: 1,536 SyGuS problems

• 1,167 from the SyGuS annual competitions + 369 from 
optimization tasks for homomorphic evaluation [Lee et al. 
PLDI’20] 

• Comparison to three baselines (Timeout 1 hour):

• EUSolver: winner of 2016 SyGuS competition 

• CVC4: winner of 2017 - 2019 SyGuS competition 

• Euphony [Lee et al. PLDI’18]:  statistical model-guided  
synthesizer 



실험 벤치마크

• 1,536 SyGuS 문제들

• 경진대회 1,167 문제 + 프로그램 합성 기반 동형암호 프
로그램 최적화기 에서 369 문제 [Lee et al. PLDI’20] 

• 경쟁 대상들 

• EUSolver: 2016 SyGuS 경진대회 우승

• CVC4: 2017 년 이래 계속 SyGuS 경진대회 우승

• Euphony [Lee et al. PLDI’18]: 통계모델 기반 합성기



BITVEC: Efficient low-level algorithm 
750 problems

sized from a few input/output examples. The recent IT rev-
olution has created real-world opportunities for such tech-
niques. Most of today’s large number of computer users
are non-programmers and are limited to being passive con-
sumers of the software that is made available to them. IP
can empower such users to more e↵ectively leverage comput-
ers for automating their daily repetitive tasks. We discuss
below some such opportunities, especially in the areas of
End-user Programming and Education.

1.1 End-User Programming
End users of computational devices often need to create

small (and perhaps one-o↵) scripts to automate repetitive
tasks. These users can easily specify their intent using ex-
amples, making IP a great fit. For instance, consider the
domain of data manipulation. Documents of various types,
such as text/log files, spreadsheets, and webpages, o↵er their
creators great flexibility in storing and organizing hierarchi-
cal data by combining presentation and formatting with the
underlying data model. However, this makes it extremely
hard to extract the underlying data for common tasks such
as data processing, querying, altering the presentation view,
or transforming data to another storage format.

Existing programmatic solutions to manipulating data (such
as Excel macro language, regular expression libraries inside
Perl/Python, and JQuery library for Javascript) have three
key limitations. First, the solutions are domain-specific and
require expertise in di↵erent technologies for di↵erent docu-
ment types. Second, they require understanding of the entire
underlying document structure including the data fields the
end-user is not interested in (some of which may not even
be visible in the presentation layer of the document). Third,
and most significantly, they require knowledge of program-
ming. As a result, users have to resort to manually perform-
ing repetitive tasks, which is both time consuming and error
prone.
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Label 1 Label 2 Label 3
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(b)

PairSeq SS ::= LinesMap(�x:Pair(Pos(x,p1),Pos(x,p2)),LS)

| StartSeqMap(�x:Pair(x, Pos(R0[x:], p)), PS)

LineSeq LS ::= FilterInt(init, iter, BLS)

BoolLineSeq BLS ::= FilterBool(b, split(R0, ‘\n’))

PositionSeq PS ::= LinesMap(�x:Pos(x, p), LS)

| FilterInt(init, iter, PosSeq(R0, rr))

Pred b ::= �x:{Starts,Ends}With(r, x) | �x:Contains(r, k, x)

(c)

Figure 1: FlashExtract [24]: A framework for extracting
data from documents of various kinds such as text files and
web pages using examples. Once the user highlights one or
two examples of each field in the textfile in (a), FlashEx-
tract extracts more such instances and arranges them in a
structured format in the table in (b). This is enabled by syn-
thesis of a program in the domain-specific language (DSL)
in (c) that is consistent with the examples in (a) followed by
execution of that program on the textfile in (a).

Inductive synthesis can help out with a variety of data ma-
nipulation tasks. These include: (a) Extracting data from
semi-structured documents including text files, web pages,
and spreadsheets [24] (as in Fig. 1). (b) Transformation
of atomic data types such as strings [9] (as in Fig. 2) or
numbers. Transformation of composite data types such as
tables [11] and XML [36]. (c) Formatting data [37]. Com-
bining these technologies in a pipeline of extraction, trans-
formation, and formatting can allow end users to perform
sophisticated data manipulation tasks.

Figure 2: Flash Fill [9]: An Excel 2013 feature that
automates repetitive string transformations using exam-
ples. Once the user performs one instance of the de-
sired transformation (row 2, col. B) and proceeds to trans-
forming another instance (row 3, col. B), Flash Fill learns
a program Concatenate(ToLower(Substring(v,WordToken,1)),
“ ”, ToLower(SubString(v,WordToken,2))), which extracts the
first two words in input string v (col. A), converts them
to lowercase, and concatenates them separated by a space
character, to automate the repetitive task.

Example
Problem
+

sinA
1 + cosA

+
1 + cosA
sinA

= 2 cscA

Generalized
Problem
Template
+

T1A
1± T2A

+
1± T3A
T4A

= 2 T5A

where Ti 2 {cos, sin, tan, cot, sec, csc}

New
Similar
Problems

cosA
1� sinA

+
1� sinA
cosA

cosA
1� sinA

+
1� sinA
cosA

cosA
1� sinA

+
1� sinA
cosA

=== 2 tanA2 tanA2 tanA

cosA
1 + sinA

+
1 + sinA
cosA

cosA
1 + sinA

+
1 + sinA
cosA

cosA
1 + sinA

+
1 + sinA
cosA

=== 2 secA2 secA2 secA

cotA
1 + cscA

+
1 + cscA
cotA

cotA
1 + cscA

+
1 + cscA
cotA

cotA
1 + cscA

+
1 + cscA
cotA

=== 2 secA2 secA2 secA

tanA
1 + secA

+
1 + secA
tanA

tanA
1 + secA

+
1 + secA
tanA

tanA
1 + secA

+
1 + secA
tanA

=== 2 cscA2 cscA2 cscA

sinA
1� cosA

+
1� cosA
sinA

sinA
1� cosA

+
1� cosA
sinA

sinA
1� cosA

+
1� cosA
sinA

=== 2 cotA2 cotA2 cotA

Figure 3: Problem generation for algebraic proof problems
involving identities over analytic functions. A given problem
is generalized into a template and valid instantiations are
found by testing on random values for free variables.

STRING: End-user programming 
205 problems

CIRCUIT: Attack-resilient crypto circuits + Optimized homomorphic evaluation circuits 
581 problems

실험 벤치마크



실험 결과1:20 Woosuk Lee

(a) # Solved benchmarks. (b) # Fastest solved benchmarks.

# Solved Time (Average) Time (Median) Size (Average) Size (Median)
Domain Duet CVC EU D C E D C E D C E D C E
S����� 204 203 132 4.1 43.1 344.2 0.02 0.15 0.92 27.6 225.4 7.3 12.5 21 7
B����� 670 501 559 39.2 197.6 317.5 6.7 2.1 11.9 361.2 476.6 326.6 53.5 92 52
C������ 569 283 567 21.5 128.7 327.1 0.3 5.1 33.6 10.5 9.4 9.6 11 11 11
Overall 1443 987 1258 27.3 146.0 324.6 4.0 2.2 11.5 175.7 290.9 150.2 15 26 12

(c) Statistics for the solving times and solution sizes. All times are in seconds. The number of benchmark
problems for the S�����, B����� and C������ domains are 205, 750, 581, respectively (1536 in total).

Fig. 8. Main result comparing the performance of D���, EUS����� and CVC4 (breakdown by domains). The
timeout is set to one hour.

evaluation L������ [Lee et al. 2020]. The collected synthesis tasks are from three application
domains: i) string manipulation (S�����), ii) bit-vector manipulation (B�����), and iii) circuit
transformation (C������).
The S����� benchmarks contain 205 tasks, including 108 from the SyGuS competition, 37

queries by spreadsheet users in StackOver�ow, and 60 articles about Excel programming in Exceljet.
The background theory is SLIA (String + LIA). All the benchmarks correspond to common data
manipulation tasks in spreadsheet and input-output examples are provided for each benchmark.
The semantic speci�cations comprise 2 – 400 examples.

The B����� benchmarks comprise 750 problems from the SyGuS competition. The background
theory is BV. These problems aim at �nding programs equivalent to randomly generated bit-
manipulating programs from input-output examples. The benchmarks are motivated by program
deobfuscation [Jha et al. 2010]. The semantic speci�cations comprise 10 – 1000 examples.
The C������ benchmarks comprise 581 problems. The background theory is SAT. Among

them, 212 problems used in the SyGuS competition are motivated by side-channel attacks on
cryptographic modules in embedded systems [Eldib et al. 2016]. Each problem is, given a circuit C ,
to synthesize a constant-time circuit C 0 (i.e. resilient to timing attacks) that behaves the same as C .
The other 369 problems are from [Lee et al. 2020]. These problems are motivated by optimizing
homomorphic evaluation circuits. Each problem is, given a circuit C , to synthesize a circuit C 0

of smaller multiplicative depth (the maximal number of consecutive AND operations) that is
functionally equivalent to C . The semantic speci�cation is a boolean formula expressing the
functional equivalence.

Baseline Solvers. We compare D��� to existing synthesis tools. For all of the three domains,
we compare with general-purpose tools EUS����� and CVC4. EUS����� won the 2016 SyGuS

Proc. ACM Program. Lang., Vol. 1, No. POPL, Article 1. Publication date: January 2021.

Duet solved more 
problems than the 

others …
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manipulating programs from input-output examples. The benchmarks are motivated by program
deobfuscation [Jha et al. 2010]. The semantic speci�cations comprise 10 – 1000 examples.
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them, 212 problems used in the SyGuS competition are motivated by side-channel attacks on
cryptographic modules in embedded systems [Eldib et al. 2016]. Each problem is, given a circuit C ,
to synthesize a constant-time circuit C 0 (i.e. resilient to timing attacks) that behaves the same as C .
The other 369 problems are from [Lee et al. 2020]. These problems are motivated by optimizing
homomorphic evaluation circuits. Each problem is, given a circuit C , to synthesize a circuit C 0

of smaller multiplicative depth (the maximal number of consecutive AND operations) that is
functionally equivalent to C . The semantic speci�cation is a boolean formula expressing the
functional equivalence.

Baseline Solvers. We compare D��� to existing synthesis tools. For all of the three domains,
we compare with general-purpose tools EUS����� and CVC4. EUS����� won the 2016 SyGuS

Proc. ACM Program. Lang., Vol. 1, No. POPL, Article 1. Publication date: January 2021.

… in the fastest speed!

실험 결과



Duet solved

40% within 1 sec
77% within 10 secs
90% within 1 min.

Duet solved all!

실험 결과



실험 결과 (vs. Euphony)

• Training: 1,069 solved EUSolver in 10 min

• Testing: 467

• # solved: Duet: 374,  Euphony 324 



부품 크기 분석

• 해를 찾는데 필요한 부품 크기

• STRING: 1 ~ 6 (avg: 1.8)

• BITVEC: 3 ~ 5 (avg: 3.5)

• CIRCUIT: 3 ~ 12 (avg: 5.9) 

• 92% 의 문제가 크기 7 이하 부품으로 해결 가능. 
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내용

• 프로그램 합성 개괄 

• 귀납 합성 전략 

•연역 합성 전략



입출력 예제는 종종 (제약조건으로) 너무 느슨

78

Montgomery multiplication kernel from the OpenSSL RSA library. Compilations shown for 
gcc −O3 (left) and a stochastic optimizer (right). 

http://stoke.stanford.edu



입출력 예제는 종종 (제약조건으로) 너무 느슨

• 원본 프로그램     과 의미가 같으면서 최적화된 프로그램   

을 원할 경우, 

• 귀납합성으로 간단히 생각 할 수 있는 방법: 랜덤 입력들
을 생성하여 원본 프로그램에 대해서 돌린 후 출력값 얻
은 후, 입출력 예제들을 사용

• 문제: 올바름 조건 100% 보장 안됨

• 제대로 된 올바름 조건:  

<latexit sha1_base64="djRhg0G2LUAFch7eeP0VDknmiDo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUCPvlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVtXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBzEOM7g==</latexit>

f
<latexit sha1_base64="yeR5EmAEeCPcol5cujnlmMGZk5I=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbRU0lE0WPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ6CE975YpbdWcgy8TLSQVy1Hvlr24/ZmmE0jBBte54bmL8jCrDmcBJqZtqTCgb0QF2LJU0Qu1ns0sn5MQqfRLGypY0ZKb+nshopPU4CmxnRM1QL3pT8T+vk5rw2s+4TFKDks0XhakgJibTt0mfK2RGjC2hTHF7K2FDqigzNpySDcFbfHmZNM+r3mXVvb+o1G7yOIpwBMdwBh5cQQ3uoA4NYBDCM7zCmzNyXpx352PeWnDymUP4A+fzByy4jR8=</latexit>

f 0

<latexit sha1_base64="8wcdoP08YGZyTCTfgw4FlXLebho=">AAACAXicbVC7SgNBFL0bXzG+Vm0Em8EgxmbZFUUbIWhjGcE8IFnC7GQ2GTL7YGZWEpak8VdsLBSx9S/s/BsnyRaaeGCYwzn3cu89XsyZVLb9beSWlldW1/LrhY3Nre0dc3evJqNEEFolEY9Ew8OSchbSqmKK00YsKA48Tute/3bi1x+pkCwKH9Qwpm6AuyHzGcFKS23zoOVHAnOOBtYY+aXBKbpG/on+22bRtuwp0CJxMlKEDJW2+dXqRCQJaKgIx1I2HTtWboqFYoTTUaGVSBpj0sdd2tQ0xAGVbjq9YISOtdJBehX9QoWm6u+OFAdSDgNPVwZY9eS8NxH/85qJ8q/clIVxomhIZoP8hCMVoUkcqMMEJYoPNcFEML0rIj0sMFE6tIIOwZk/eZHUziznwrLvz4vlmyyOPBzCEZTAgUsowx1UoAoExvAMr/BmPBkvxrvxMSvNGVnPPvyB8fkDW3+U4Q==</latexit>

8x. f(x) = f 0(x)



입출력 예제는 종종 (제약조건으로) 너무 느슨

• 올바름 조건이 논리식으로 사전/사후(pre/post) 조건으로 기술된 경우에
도 기존 귀납 합성 전략 먹통.

• Program sketch:  https://people.csail.mit.edu/asolar/sketch-1.7.6.tar.gz 

Combinatorial Sketching for Finite Programs, ASPLOS’06

https://people.csail.mit.edu/asolar/sketch-1.7.6.tar.gz


프로그램 합성 문제의 일반적 기술

• 모든 가능한 입력에 대해 (∀x) 어떤 성질을 만족하는 함수 찾기 

• 기존 SMT solvers로 풀 수 있는가? ⇒ NO! 2차 변수 f 와 

∀(universal quantifier) 이 붙은 1차 변수가 있는 식 잘 못 다룸.

81

The Synthesis problem 

�f.�x.P(f,x) 
 
 There exists a function f such that for all x, property P holds 

� Most existing approaches for synthesis 
� E.g. [Solar-Lezama et al 2006, Udupa et al 2013, Milicevic et al 2014] 
� Rely on specialized solver that makes subcalls to an SMT Solver 

� Approach for synthesis in this talk: 
� Instrument an approach for synthesis entirely inside SMT solver 



프로그램 합성 문제의 일반적 기술

• 그냥 가능한 f를 나열하면서 찾아보기? ⇒ 2차 변수가 사라져
서 SMT solver가 다룰 수 있으나, SMT solver 호출(계산비용 비
쌈) 횟수가 너무 많아짐. 
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The Synthesis problem 

�f.�x.P(f,x) 
 
 There exists a function f such that for all x, property P holds 

� Most existing approaches for synthesis 
� E.g. [Solar-Lezama et al 2006, Udupa et al 2013, Milicevic et al 2014] 
� Rely on specialized solver that makes subcalls to an SMT Solver 

� Approach for synthesis in this talk: 
� Instrument an approach for synthesis entirely inside SMT solver 



Counterexample guided Inductive 
Synthesis (CEGIS)

• 2008년 Armando Solar-Lezama 가 제안한 알고리즘.

• 기존의 귀납 합성 전략을 일반적인 제약조건을 다루는 연역
합성에 사용할 수 있게 해 줌. 

• 합성 대상 함수의 후보를 제안하는 탐색파트(generator)와, 

제안된 후보가 정말 맞는지 체크하는 검증파트(verifier)로 

나뉨. 



• Goal: a function f computes the maximum of integers x and y 

•       Specification 

   Syntactic specification:  

    Semantic specification: 

•           Solution

Example

84

S ! x | y | n | ite(C, S, S)
C ! S  S | ¬C | C&C

8x, y. f(x, y) � x ^ f(x, y) � y ^ (f(x, y) = x _ f(x, y) = y)

f(x, y) = ite(x > y, x, y)

if C then S else S



CEGIS + 상향식 나열
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Generator Verifier

Candidate

Counterexample

;
<latexit sha1_base64="4McsGRci4oMtfo0yGlrzVnp4JtI=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPRi8cK9kPaUDbbSbt0Nwm7EyGE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqDi0ey1h3A2ZAighaKFBCN9HAVCChE0xuZ37nCbQRcfSAWQK+YqNIhIIztNJjH1SCmQEcVGtu3Z2DrhKvIDVSoDmofvWHMU8VRMglM6bnuQn6OdMouIRppZ8aSBifsBH0LI2YAuPn84On9MwqQxrG2laEdK7+nsiZMiZTge1UDMdm2ZuJ/3m9FMNrPxdRkiJEfLEoTCXFmM6+p0OhgaPMLGFcC3sr5WOmGUebUcWG4C2/vEraF3XPrXv3l7XGTRFHmZyQU3JOPHJFGuSONEmLcKLIM3klb452Xpx352PRWnKKmWPyB87nDzjdkKs=</latexit><latexit sha1_base64="4McsGRci4oMtfo0yGlrzVnp4JtI=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPRi8cK9kPaUDbbSbt0Nwm7EyGE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqDi0ey1h3A2ZAighaKFBCN9HAVCChE0xuZ37nCbQRcfSAWQK+YqNIhIIztNJjH1SCmQEcVGtu3Z2DrhKvIDVSoDmofvWHMU8VRMglM6bnuQn6OdMouIRppZ8aSBifsBH0LI2YAuPn84On9MwqQxrG2laEdK7+nsiZMiZTge1UDMdm2ZuJ/3m9FMNrPxdRkiJEfLEoTCXFmM6+p0OhgaPMLGFcC3sr5WOmGUebUcWG4C2/vEraF3XPrXv3l7XGTRFHmZyQU3JOPHJFGuSONEmLcKLIM3klb452Xpx352PRWnKKmWPyB87nDzjdkKs=</latexit><latexit sha1_base64="4McsGRci4oMtfo0yGlrzVnp4JtI=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPRi8cK9kPaUDbbSbt0Nwm7EyGE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqDi0ey1h3A2ZAighaKFBCN9HAVCChE0xuZ37nCbQRcfSAWQK+YqNIhIIztNJjH1SCmQEcVGtu3Z2DrhKvIDVSoDmofvWHMU8VRMglM6bnuQn6OdMouIRppZ8aSBifsBH0LI2YAuPn84On9MwqQxrG2laEdK7+nsiZMiZTge1UDMdm2ZuJ/3m9FMNrPxdRkiJEfLEoTCXFmM6+p0OhgaPMLGFcC3sr5WOmGUebUcWG4C2/vEraF3XPrXv3l7XGTRFHmZyQU3JOPHJFGuSONEmLcKLIM3klb452Xpx352PRWnKKmWPyB87nDzjdkKs=</latexit><latexit sha1_base64="4McsGRci4oMtfo0yGlrzVnp4JtI=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPRi8cK9kPaUDbbSbt0Nwm7EyGE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqDi0ey1h3A2ZAighaKFBCN9HAVCChE0xuZ37nCbQRcfSAWQK+YqNIhIIztNJjH1SCmQEcVGtu3Z2DrhKvIDVSoDmofvWHMU8VRMglM6bnuQn6OdMouIRppZ8aSBifsBH0LI2YAuPn84On9MwqQxrG2laEdK7+nsiZMiZTge1UDMdm2ZuJ/3m9FMNrPxdRkiJEfLEoTCXFmM6+p0OhgaPMLGFcC3sr5WOmGUebUcWG4C2/vEraF3XPrXv3l7XGTRFHmZyQU3JOPHJFGuSONEmLcKLIM3klb452Xpx352PRWnKKmWPyB87nDzjdkKs=</latexit>
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context-free grammar [21], probabilistic higher-order gram-
mar [6], a log-bilinear model [1], a decision tree model [28],
and a neural network [5].
To address the second challenge, we target probabilistic

higher order grammars (PHOG) [6], a powerful probabilistic
model that generalizes probabilistic context-free grammars
by allowing conditioning of each production rule beyond the
parent non-terminal. It thereby allows capturing rich con-
texts to e�ectively distinguish likely programs from unlikely
ones. We learn the model from known solutions of synthesis
problems that were solved by existing techniques. A direct
application, however, su�ers from over�tting the model to
speci�cations in those synthesis problems. We propose a
novel learning method inspired by transfer learning [23, 24]
to learn the model from features of speci�cations. The fea-
tures are provided by a domain expert and are akin to domain
knowledge used to guide synthesis in existing techniques,
such as features of input-output examples [21] or abstract
semantics of programs [33].
We implemented our approach in a tool called E������

that we built atop EUS����� [4], an open-source state-of-the-
art search-based synthesizer. We evaluate E������ on 1,167
benchmark problems from three widely applicable domains:
string manipulation (end-user programming problems), bit-
vector manipulation (e�cient low-level algorithms), and cir-
cuit transformation (attack-resistant crypto circuits). For
each of these domains, we observe that it su�ces to train
E������ using easily obtainable solutions—those that can
be generated by EUS����� in under 10 minutes. These solu-
tions comprise 762 (⇠ 65%) of our benchmark problems.
The trained E������ is able to solve 236 new problems

in 11 minutes on average per problem, compared to only 87
by EUS����� using 29 minutes on average. EUS����� fails
to solve the remaining problems even after 6 hours—a conse-
quence of the fact that the search space grows exponentially
with program size, despite the use of powerful techniques
to optimize the search (see Section 3.4). We also compare
E������ to F����F��� [12], a synthesizer tailored to the
string manipulation domain that is shipped with Microsoft
PowerShell. E������ outperforms F����F��� on 20 out of
22 synthesis problems and is 10x faster on average. E������
thus provides signi�cant performance gains that are comple-
mentary to those achieved by existing general-purpose and
domain-speci�c synthesizers.

We summarize the main contributions of our work:
• A general approach to accelerate search-based program
synthesis by using a probabilistic model to guide the search
towards likely programs. It targets the widely-used SyGuS
formulation and supports a wide range of models.

• Amethod based on transfer learning that enables to learn a
powerful model called probabilistic higher order grammar
(PHOG) from known solutions without over�tting.

Iter. Enumerated programs Counterex.

1 “.” “-.”

2 “.”, “-”, x|     {z     }
size 1

, “-” + “-”, “.” + “-”, · · · , “.” + “.”|                                    {z                                    }
size 3

“308-916”

3 “.”, “-”, x|     {z     }
size 1

, “-” + “-”, · · · ,x + “.”|                   {z                   }
size 3

, Rep(x , “.”, “-”), Rep(x , “-”, “.”)|                                  {z                                  }
size 4

Table 1. Enumeration using an unguided search.

• Implementation atop an open-source tool and evaluation
on benchmark problems from a variety of widely applica-
ble domains. The results demonstrate signi�cant perfor-
mance gains over existing synthesis techniques.

2 Overview
We illustrate our approach on the problem of synthesizing a
certain string transformation program. The desired program
is a function f that takes as input a string denoted x and
outputs a string with each hyphen in x replaced by a dot.
We formulate this problem as an instance of the syntax-

guided synthesis (SyGuS) problem [3]. The formulation com-
prises a syntactic speci�cation, in the form of a context-free
grammar that constrains the space of possible programs,
and a semantic speci�cation, in the form of a logical formula
which de�nes a correctness condition that f must satisfy.
The syntactic speci�cation for f is the grammar:

S ! x | “-” | “.” | S + S | Rep(S, S, S) (1)

S =) S + S =) x + S =) x + “.”
where S is the start symbol, + is the string concatenation
operator, and Rep(s, t1, t2) is a new string where each oc-
currence of substring t1 in s is replaced by string t2. The
semantic speci�cation for f follows the programming by ex-
ample (PBE) paradigm and comprises input-output examples
given as a logical formula:1

f (“-.”) = “..” ^ f (“308-916”) = “308.916” ^ f (“1”) = “1” (2)

A solution to this synthesis problem is Rep(x , “-”, “.”).
We next illustrate how a typical search-based synthesizer

�nds this solution using the CEGIS procedure that combines
a search algorithm with a veri�cation oracle. It maintains
a �nite set of program inputs pts that is initially empty. In
each iteration, it searches for a candidate program that is
correct on the inputs in pts, and veri�es the correctness of
the program according to the given semantic speci�cation.
If correct, it returns the program; otherwise, it adds new
counterexample inputs to pts and repeats the process. The
overall performance of this procedure depends heavily on
the search algorithm it uses to �nd candidate programs.

1Our approach is also applicable to SyGuS instances that use semantic
speci�cation 8x : ... instead of input-output examples; we evaluate it on
both kinds of synthesis problems.

* f(“-.”) = “..”
<latexit sha1_base64="SeDbWtkfHJMlOtFMRVavhBXN40A=">AAACEnicbZDJSgNBEIZ7XGPcoh69NAZJcnCYEcFchIAXjxHMAklIejo12tiz0F0jhiHP4MVX8eJBEa+evPk2dhZBE39o+Pmqiur6vVgKjY7zZS0sLi2vrGbWsusbm1vbuZ3duo4SxaHGIxmppsc0SBFCDQVKaMYKWOBJaHi356N64w6UFlF4hYMYOgG7DoUvOEODurlS2wPOEg3UL7YR7jHt9Y7sQmFYomf0B9gj0M3lHdsZi84bd2ryZKpqN/fZ7kc8CSBELpnWLdeJsZMyhYJLGGbbZmvM+C27hpaxIQtAd9LxSUN6aEif+pEyL0Q6pr8nUhZoPQg80xkwvNGztRH8r9ZK0C93UhHGCULIJ4v8RFKM6Cgf2hcKOMqBMYwrYf5K+Q1TjKNJMWtCcGdPnjf1Y9t1bPfyJF8pT+PIkH1yQIrEJaekQi5IldQIJw/kibyQV+vRerberPdJ64I1ndkjf2R9fAMZbZvI</latexit><latexit sha1_base64="SeDbWtkfHJMlOtFMRVavhBXN40A=">AAACEnicbZDJSgNBEIZ7XGPcoh69NAZJcnCYEcFchIAXjxHMAklIejo12tiz0F0jhiHP4MVX8eJBEa+evPk2dhZBE39o+Pmqiur6vVgKjY7zZS0sLi2vrGbWsusbm1vbuZ3duo4SxaHGIxmppsc0SBFCDQVKaMYKWOBJaHi356N64w6UFlF4hYMYOgG7DoUvOEODurlS2wPOEg3UL7YR7jHt9Y7sQmFYomf0B9gj0M3lHdsZi84bd2ryZKpqN/fZ7kc8CSBELpnWLdeJsZMyhYJLGGbbZmvM+C27hpaxIQtAd9LxSUN6aEif+pEyL0Q6pr8nUhZoPQg80xkwvNGztRH8r9ZK0C93UhHGCULIJ4v8RFKM6Cgf2hcKOMqBMYwrYf5K+Q1TjKNJMWtCcGdPnjf1Y9t1bPfyJF8pT+PIkH1yQIrEJaekQi5IldQIJw/kibyQV+vRerberPdJ64I1ndkjf2R9fAMZbZvI</latexit><latexit sha1_base64="SeDbWtkfHJMlOtFMRVavhBXN40A=">AAACEnicbZDJSgNBEIZ7XGPcoh69NAZJcnCYEcFchIAXjxHMAklIejo12tiz0F0jhiHP4MVX8eJBEa+evPk2dhZBE39o+Pmqiur6vVgKjY7zZS0sLi2vrGbWsusbm1vbuZ3duo4SxaHGIxmppsc0SBFCDQVKaMYKWOBJaHi356N64w6UFlF4hYMYOgG7DoUvOEODurlS2wPOEg3UL7YR7jHt9Y7sQmFYomf0B9gj0M3lHdsZi84bd2ryZKpqN/fZ7kc8CSBELpnWLdeJsZMyhYJLGGbbZmvM+C27hpaxIQtAd9LxSUN6aEif+pEyL0Q6pr8nUhZoPQg80xkwvNGztRH8r9ZK0C93UhHGCULIJ4v8RFKM6Cgf2hcKOMqBMYwrYf5K+Q1TjKNJMWtCcGdPnjf1Y9t1bPfyJF8pT+PIkH1yQIrEJaekQi5IldQIJw/kibyQV+vRerberPdJ64I1ndkjf2R9fAMZbZvI</latexit><latexit sha1_base64="SeDbWtkfHJMlOtFMRVavhBXN40A=">AAACEnicbZDJSgNBEIZ7XGPcoh69NAZJcnCYEcFchIAXjxHMAklIejo12tiz0F0jhiHP4MVX8eJBEa+evPk2dhZBE39o+Pmqiur6vVgKjY7zZS0sLi2vrGbWsusbm1vbuZ3duo4SxaHGIxmppsc0SBFCDQVKaMYKWOBJaHi356N64w6UFlF4hYMYOgG7DoUvOEODurlS2wPOEg3UL7YR7jHt9Y7sQmFYomf0B9gj0M3lHdsZi84bd2ryZKpqN/fZ7kc8CSBELpnWLdeJsZMyhYJLGGbbZmvM+C27hpaxIQtAd9LxSUN6aEif+pEyL0Q6pr8nUhZoPQg80xkwvNGztRH8r9ZK0C93UhHGCULIJ4v8RFKM6Cgf2hcKOMqBMYwrYf5K+Q1TjKNJMWtCcGdPnjf1Y9t1bPfyJF8pT+PIkH1yQIrEJaekQi5IldQIJw/kibyQV+vRerberPdJ64I1ndkjf2R9fAMZbZvI</latexit>

“-.”
<latexit sha1_base64="1+u9xxQ8OzzgTvytwcLrEZZAjKw=">AAAB9HicbVDLTgJBEJz1ifhCPXqZSAxe3OwaEzmSePGIiTwS2MDs0MCE2YczvUSy4Tu8eNAYr36MN//GAfagYCWdVKq6093lx1JodJxva219Y3NrO7eT393bPzgsHB3XdZQoDjUeyUg1faZBihBqKFBCM1bAAl9Cwx/dzvzGGJQWUfiAkxi8gA1C0RecoZG8NsITpt3upV0qTTuFomM7c9BV4makSDJUO4Wvdi/iSQAhcsm0brlOjF7KFAouYZpvJxpixkdsAC1DQxaA9tL50VN6bpQe7UfKVIh0rv6eSFmg9STwTWfAcKiXvZn4n9dKsF/2UhHGCULIF4v6iaQY0VkCtCcUcJQTQxhXwtxK+ZApxtHklDchuMsvr5L6le06tnt/XayUszhy5JSckQvikhtSIXekSmqEk0fyTF7JmzW2Xqx362PRumZlMyfkD6zPH9xRkXQ=</latexit><latexit sha1_base64="1+u9xxQ8OzzgTvytwcLrEZZAjKw=">AAAB9HicbVDLTgJBEJz1ifhCPXqZSAxe3OwaEzmSePGIiTwS2MDs0MCE2YczvUSy4Tu8eNAYr36MN//GAfagYCWdVKq6093lx1JodJxva219Y3NrO7eT393bPzgsHB3XdZQoDjUeyUg1faZBihBqKFBCM1bAAl9Cwx/dzvzGGJQWUfiAkxi8gA1C0RecoZG8NsITpt3upV0qTTuFomM7c9BV4makSDJUO4Wvdi/iSQAhcsm0brlOjF7KFAouYZpvJxpixkdsAC1DQxaA9tL50VN6bpQe7UfKVIh0rv6eSFmg9STwTWfAcKiXvZn4n9dKsF/2UhHGCULIF4v6iaQY0VkCtCcUcJQTQxhXwtxK+ZApxtHklDchuMsvr5L6le06tnt/XayUszhy5JSckQvikhtSIXekSmqEk0fyTF7JmzW2Xqx362PRumZlMyfkD6zPH9xRkXQ=</latexit><latexit sha1_base64="1+u9xxQ8OzzgTvytwcLrEZZAjKw=">AAAB9HicbVDLTgJBEJz1ifhCPXqZSAxe3OwaEzmSePGIiTwS2MDs0MCE2YczvUSy4Tu8eNAYr36MN//GAfagYCWdVKq6093lx1JodJxva219Y3NrO7eT393bPzgsHB3XdZQoDjUeyUg1faZBihBqKFBCM1bAAl9Cwx/dzvzGGJQWUfiAkxi8gA1C0RecoZG8NsITpt3upV0qTTuFomM7c9BV4makSDJUO4Wvdi/iSQAhcsm0brlOjF7KFAouYZpvJxpixkdsAC1DQxaA9tL50VN6bpQe7UfKVIh0rv6eSFmg9STwTWfAcKiXvZn4n9dKsF/2UhHGCULIF4v6iaQY0VkCtCcUcJQTQxhXwtxK+ZApxtHklDchuMsvr5L6le06tnt/XayUszhy5JSckQvikhtSIXekSmqEk0fyTF7JmzW2Xqx362PRumZlMyfkD6zPH9xRkXQ=</latexit><latexit sha1_base64="1+u9xxQ8OzzgTvytwcLrEZZAjKw=">AAAB9HicbVDLTgJBEJz1ifhCPXqZSAxe3OwaEzmSePGIiTwS2MDs0MCE2YczvUSy4Tu8eNAYr36MN//GAfagYCWdVKq6093lx1JodJxva219Y3NrO7eT393bPzgsHB3XdZQoDjUeyUg1faZBihBqKFBCM1bAAl9Cwx/dzvzGGJQWUfiAkxi8gA1C0RecoZG8NsITpt3upV0qTTuFomM7c9BV4makSDJUO4Wvdi/iSQAhcsm0brlOjF7KFAouYZpvJxpixkdsAC1DQxaA9tL50VN6bpQe7UfKVIh0rv6eSFmg9STwTWfAcKiXvZn4n9dKsF/2UhHGCULIF4v6iaQY0VkCtCcUcJQTQxhXwtxK+ZApxtHklDchuMsvr5L6le06tnt/XayUszhy5JSckQvikhtSIXekSmqEk0fyTF7JmzW2Xqx362PRumZlMyfkD6zPH9xRkXQ=</latexit>

f(x, y) = x

x = 0, y = 1

f(0, 1) = 1
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Generator Verifier

Candidate

Counterexample

;
<latexit sha1_base64="4McsGRci4oMtfo0yGlrzVnp4JtI=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPRi8cK9kPaUDbbSbt0Nwm7EyGE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqDi0ey1h3A2ZAighaKFBCN9HAVCChE0xuZ37nCbQRcfSAWQK+YqNIhIIztNJjH1SCmQEcVGtu3Z2DrhKvIDVSoDmofvWHMU8VRMglM6bnuQn6OdMouIRppZ8aSBifsBH0LI2YAuPn84On9MwqQxrG2laEdK7+nsiZMiZTge1UDMdm2ZuJ/3m9FMNrPxdRkiJEfLEoTCXFmM6+p0OhgaPMLGFcC3sr5WOmGUebUcWG4C2/vEraF3XPrXv3l7XGTRFHmZyQU3JOPHJFGuSONEmLcKLIM3klb452Xpx352PRWnKKmWPyB87nDzjdkKs=</latexit><latexit sha1_base64="4McsGRci4oMtfo0yGlrzVnp4JtI=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPRi8cK9kPaUDbbSbt0Nwm7EyGE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqDi0ey1h3A2ZAighaKFBCN9HAVCChE0xuZ37nCbQRcfSAWQK+YqNIhIIztNJjH1SCmQEcVGtu3Z2DrhKvIDVSoDmofvWHMU8VRMglM6bnuQn6OdMouIRppZ8aSBifsBH0LI2YAuPn84On9MwqQxrG2laEdK7+nsiZMiZTge1UDMdm2ZuJ/3m9FMNrPxdRkiJEfLEoTCXFmM6+p0OhgaPMLGFcC3sr5WOmGUebUcWG4C2/vEraF3XPrXv3l7XGTRFHmZyQU3JOPHJFGuSONEmLcKLIM3klb452Xpx352PRWnKKmWPyB87nDzjdkKs=</latexit><latexit sha1_base64="4McsGRci4oMtfo0yGlrzVnp4JtI=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPRi8cK9kPaUDbbSbt0Nwm7EyGE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqDi0ey1h3A2ZAighaKFBCN9HAVCChE0xuZ37nCbQRcfSAWQK+YqNIhIIztNJjH1SCmQEcVGtu3Z2DrhKvIDVSoDmofvWHMU8VRMglM6bnuQn6OdMouIRppZ8aSBifsBH0LI2YAuPn84On9MwqQxrG2laEdK7+nsiZMiZTge1UDMdm2ZuJ/3m9FMNrPxdRkiJEfLEoTCXFmM6+p0OhgaPMLGFcC3sr5WOmGUebUcWG4C2/vEraF3XPrXv3l7XGTRFHmZyQU3JOPHJFGuSONEmLcKLIM3klb452Xpx352PRWnKKmWPyB87nDzjdkKs=</latexit><latexit sha1_base64="4McsGRci4oMtfo0yGlrzVnp4JtI=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPRi8cK9kPaUDbbSbt0Nwm7EyGE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqDi0ey1h3A2ZAighaKFBCN9HAVCChE0xuZ37nCbQRcfSAWQK+YqNIhIIztNJjH1SCmQEcVGtu3Z2DrhKvIDVSoDmofvWHMU8VRMglM6bnuQn6OdMouIRppZ8aSBifsBH0LI2YAuPn84On9MwqQxrG2laEdK7+nsiZMiZTge1UDMdm2ZuJ/3m9FMNrPxdRkiJEfLEoTCXFmM6+p0OhgaPMLGFcC3sr5WOmGUebUcWG4C2/vEraF3XPrXv3l7XGTRFHmZyQU3JOPHJFGuSONEmLcKLIM3klb452Xpx352PRWnKKmWPyB87nDzjdkKs=</latexit>
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context-free grammar [21], probabilistic higher-order gram-
mar [6], a log-bilinear model [1], a decision tree model [28],
and a neural network [5].
To address the second challenge, we target probabilistic

higher order grammars (PHOG) [6], a powerful probabilistic
model that generalizes probabilistic context-free grammars
by allowing conditioning of each production rule beyond the
parent non-terminal. It thereby allows capturing rich con-
texts to e�ectively distinguish likely programs from unlikely
ones. We learn the model from known solutions of synthesis
problems that were solved by existing techniques. A direct
application, however, su�ers from over�tting the model to
speci�cations in those synthesis problems. We propose a
novel learning method inspired by transfer learning [23, 24]
to learn the model from features of speci�cations. The fea-
tures are provided by a domain expert and are akin to domain
knowledge used to guide synthesis in existing techniques,
such as features of input-output examples [21] or abstract
semantics of programs [33].
We implemented our approach in a tool called E������

that we built atop EUS����� [4], an open-source state-of-the-
art search-based synthesizer. We evaluate E������ on 1,167
benchmark problems from three widely applicable domains:
string manipulation (end-user programming problems), bit-
vector manipulation (e�cient low-level algorithms), and cir-
cuit transformation (attack-resistant crypto circuits). For
each of these domains, we observe that it su�ces to train
E������ using easily obtainable solutions—those that can
be generated by EUS����� in under 10 minutes. These solu-
tions comprise 762 (⇠ 65%) of our benchmark problems.
The trained E������ is able to solve 236 new problems

in 11 minutes on average per problem, compared to only 87
by EUS����� using 29 minutes on average. EUS����� fails
to solve the remaining problems even after 6 hours—a conse-
quence of the fact that the search space grows exponentially
with program size, despite the use of powerful techniques
to optimize the search (see Section 3.4). We also compare
E������ to F����F��� [12], a synthesizer tailored to the
string manipulation domain that is shipped with Microsoft
PowerShell. E������ outperforms F����F��� on 20 out of
22 synthesis problems and is 10x faster on average. E������
thus provides signi�cant performance gains that are comple-
mentary to those achieved by existing general-purpose and
domain-speci�c synthesizers.

We summarize the main contributions of our work:
• A general approach to accelerate search-based program
synthesis by using a probabilistic model to guide the search
towards likely programs. It targets the widely-used SyGuS
formulation and supports a wide range of models.

• Amethod based on transfer learning that enables to learn a
powerful model called probabilistic higher order grammar
(PHOG) from known solutions without over�tting.

Iter. Enumerated programs Counterex.

1 “.” “-.”

2 “.”, “-”, x|     {z     }
size 1

, “-” + “-”, “.” + “-”, · · · , “.” + “.”|                                    {z                                    }
size 3

“308-916”

3 “.”, “-”, x|     {z     }
size 1

, “-” + “-”, · · · ,x + “.”|                   {z                   }
size 3

, Rep(x , “.”, “-”), Rep(x , “-”, “.”)|                                  {z                                  }
size 4

Table 1. Enumeration using an unguided search.

• Implementation atop an open-source tool and evaluation
on benchmark problems from a variety of widely applica-
ble domains. The results demonstrate signi�cant perfor-
mance gains over existing synthesis techniques.

2 Overview
We illustrate our approach on the problem of synthesizing a
certain string transformation program. The desired program
is a function f that takes as input a string denoted x and
outputs a string with each hyphen in x replaced by a dot.
We formulate this problem as an instance of the syntax-

guided synthesis (SyGuS) problem [3]. The formulation com-
prises a syntactic speci�cation, in the form of a context-free
grammar that constrains the space of possible programs,
and a semantic speci�cation, in the form of a logical formula
which de�nes a correctness condition that f must satisfy.
The syntactic speci�cation for f is the grammar:

S ! x | “-” | “.” | S + S | Rep(S, S, S) (1)

S =) S + S =) x + S =) x + “.”
where S is the start symbol, + is the string concatenation
operator, and Rep(s, t1, t2) is a new string where each oc-
currence of substring t1 in s is replaced by string t2. The
semantic speci�cation for f follows the programming by ex-
ample (PBE) paradigm and comprises input-output examples
given as a logical formula:1

f (“-.”) = “..” ^ f (“308-916”) = “308.916” ^ f (“1”) = “1” (2)

A solution to this synthesis problem is Rep(x , “-”, “.”).
We next illustrate how a typical search-based synthesizer

�nds this solution using the CEGIS procedure that combines
a search algorithm with a veri�cation oracle. It maintains
a �nite set of program inputs pts that is initially empty. In
each iteration, it searches for a candidate program that is
correct on the inputs in pts, and veri�es the correctness of
the program according to the given semantic speci�cation.
If correct, it returns the program; otherwise, it adds new
counterexample inputs to pts and repeats the process. The
overall performance of this procedure depends heavily on
the search algorithm it uses to �nd candidate programs.

1Our approach is also applicable to SyGuS instances that use semantic
speci�cation 8x : ... instead of input-output examples; we evaluate it on
both kinds of synthesis problems.
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x = 0, y = 1

f(x, y) = y

x = 1, y = 0

f(1, 0) = 1
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context-free grammar [21], probabilistic higher-order gram-
mar [6], a log-bilinear model [1], a decision tree model [28],
and a neural network [5].
To address the second challenge, we target probabilistic

higher order grammars (PHOG) [6], a powerful probabilistic
model that generalizes probabilistic context-free grammars
by allowing conditioning of each production rule beyond the
parent non-terminal. It thereby allows capturing rich con-
texts to e�ectively distinguish likely programs from unlikely
ones. We learn the model from known solutions of synthesis
problems that were solved by existing techniques. A direct
application, however, su�ers from over�tting the model to
speci�cations in those synthesis problems. We propose a
novel learning method inspired by transfer learning [23, 24]
to learn the model from features of speci�cations. The fea-
tures are provided by a domain expert and are akin to domain
knowledge used to guide synthesis in existing techniques,
such as features of input-output examples [21] or abstract
semantics of programs [33].
We implemented our approach in a tool called E������

that we built atop EUS����� [4], an open-source state-of-the-
art search-based synthesizer. We evaluate E������ on 1,167
benchmark problems from three widely applicable domains:
string manipulation (end-user programming problems), bit-
vector manipulation (e�cient low-level algorithms), and cir-
cuit transformation (attack-resistant crypto circuits). For
each of these domains, we observe that it su�ces to train
E������ using easily obtainable solutions—those that can
be generated by EUS����� in under 10 minutes. These solu-
tions comprise 762 (⇠ 65%) of our benchmark problems.
The trained E������ is able to solve 236 new problems

in 11 minutes on average per problem, compared to only 87
by EUS����� using 29 minutes on average. EUS����� fails
to solve the remaining problems even after 6 hours—a conse-
quence of the fact that the search space grows exponentially
with program size, despite the use of powerful techniques
to optimize the search (see Section 3.4). We also compare
E������ to F����F��� [12], a synthesizer tailored to the
string manipulation domain that is shipped with Microsoft
PowerShell. E������ outperforms F����F��� on 20 out of
22 synthesis problems and is 10x faster on average. E������
thus provides signi�cant performance gains that are comple-
mentary to those achieved by existing general-purpose and
domain-speci�c synthesizers.

We summarize the main contributions of our work:
• A general approach to accelerate search-based program
synthesis by using a probabilistic model to guide the search
towards likely programs. It targets the widely-used SyGuS
formulation and supports a wide range of models.

• Amethod based on transfer learning that enables to learn a
powerful model called probabilistic higher order grammar
(PHOG) from known solutions without over�tting.

Iter. Enumerated programs Counterex.

1 “.” “-.”

2 “.”, “-”, x|     {z     }
size 1

, “-” + “-”, “.” + “-”, · · · , “.” + “.”|                                    {z                                    }
size 3

“308-916”

3 “.”, “-”, x|     {z     }
size 1

, “-” + “-”, · · · ,x + “.”|                   {z                   }
size 3

, Rep(x , “.”, “-”), Rep(x , “-”, “.”)|                                  {z                                  }
size 4

Table 1. Enumeration using an unguided search.

• Implementation atop an open-source tool and evaluation
on benchmark problems from a variety of widely applica-
ble domains. The results demonstrate signi�cant perfor-
mance gains over existing synthesis techniques.

2 Overview
We illustrate our approach on the problem of synthesizing a
certain string transformation program. The desired program
is a function f that takes as input a string denoted x and
outputs a string with each hyphen in x replaced by a dot.
We formulate this problem as an instance of the syntax-

guided synthesis (SyGuS) problem [3]. The formulation com-
prises a syntactic speci�cation, in the form of a context-free
grammar that constrains the space of possible programs,
and a semantic speci�cation, in the form of a logical formula
which de�nes a correctness condition that f must satisfy.
The syntactic speci�cation for f is the grammar:

S ! x | “-” | “.” | S + S | Rep(S, S, S) (1)

S =) S + S =) x + S =) x + “.”
where S is the start symbol, + is the string concatenation
operator, and Rep(s, t1, t2) is a new string where each oc-
currence of substring t1 in s is replaced by string t2. The
semantic speci�cation for f follows the programming by ex-
ample (PBE) paradigm and comprises input-output examples
given as a logical formula:1

f (“-.”) = “..” ^ f (“308-916”) = “308.916” ^ f (“1”) = “1” (2)

A solution to this synthesis problem is Rep(x , “-”, “.”).
We next illustrate how a typical search-based synthesizer

�nds this solution using the CEGIS procedure that combines
a search algorithm with a veri�cation oracle. It maintains
a �nite set of program inputs pts that is initially empty. In
each iteration, it searches for a candidate program that is
correct on the inputs in pts, and veri�es the correctness of
the program according to the given semantic speci�cation.
If correct, it returns the program; otherwise, it adds new
counterexample inputs to pts and repeats the process. The
overall performance of this procedure depends heavily on
the search algorithm it uses to �nd candidate programs.

1Our approach is also applicable to SyGuS instances that use semantic
speci�cation 8x : ... instead of input-output examples; we evaluate it on
both kinds of synthesis problems.

* f(“-.”) = “..”
<latexit sha1_base64="SeDbWtkfHJMlOtFMRVavhBXN40A=">AAACEnicbZDJSgNBEIZ7XGPcoh69NAZJcnCYEcFchIAXjxHMAklIejo12tiz0F0jhiHP4MVX8eJBEa+evPk2dhZBE39o+Pmqiur6vVgKjY7zZS0sLi2vrGbWsusbm1vbuZ3duo4SxaHGIxmppsc0SBFCDQVKaMYKWOBJaHi356N64w6UFlF4hYMYOgG7DoUvOEODurlS2wPOEg3UL7YR7jHt9Y7sQmFYomf0B9gj0M3lHdsZi84bd2ryZKpqN/fZ7kc8CSBELpnWLdeJsZMyhYJLGGbbZmvM+C27hpaxIQtAd9LxSUN6aEif+pEyL0Q6pr8nUhZoPQg80xkwvNGztRH8r9ZK0C93UhHGCULIJ4v8RFKM6Cgf2hcKOMqBMYwrYf5K+Q1TjKNJMWtCcGdPnjf1Y9t1bPfyJF8pT+PIkH1yQIrEJaekQi5IldQIJw/kibyQV+vRerberPdJ64I1ndkjf2R9fAMZbZvI</latexit><latexit sha1_base64="SeDbWtkfHJMlOtFMRVavhBXN40A=">AAACEnicbZDJSgNBEIZ7XGPcoh69NAZJcnCYEcFchIAXjxHMAklIejo12tiz0F0jhiHP4MVX8eJBEa+evPk2dhZBE39o+Pmqiur6vVgKjY7zZS0sLi2vrGbWsusbm1vbuZ3duo4SxaHGIxmppsc0SBFCDQVKaMYKWOBJaHi356N64w6UFlF4hYMYOgG7DoUvOEODurlS2wPOEg3UL7YR7jHt9Y7sQmFYomf0B9gj0M3lHdsZi84bd2ryZKpqN/fZ7kc8CSBELpnWLdeJsZMyhYJLGGbbZmvM+C27hpaxIQtAd9LxSUN6aEif+pEyL0Q6pr8nUhZoPQg80xkwvNGztRH8r9ZK0C93UhHGCULIJ4v8RFKM6Cgf2hcKOMqBMYwrYf5K+Q1TjKNJMWtCcGdPnjf1Y9t1bPfyJF8pT+PIkH1yQIrEJaekQi5IldQIJw/kibyQV+vRerberPdJ64I1ndkjf2R9fAMZbZvI</latexit><latexit sha1_base64="SeDbWtkfHJMlOtFMRVavhBXN40A=">AAACEnicbZDJSgNBEIZ7XGPcoh69NAZJcnCYEcFchIAXjxHMAklIejo12tiz0F0jhiHP4MVX8eJBEa+evPk2dhZBE39o+Pmqiur6vVgKjY7zZS0sLi2vrGbWsusbm1vbuZ3duo4SxaHGIxmppsc0SBFCDQVKaMYKWOBJaHi356N64w6UFlF4hYMYOgG7DoUvOEODurlS2wPOEg3UL7YR7jHt9Y7sQmFYomf0B9gj0M3lHdsZi84bd2ryZKpqN/fZ7kc8CSBELpnWLdeJsZMyhYJLGGbbZmvM+C27hpaxIQtAd9LxSUN6aEif+pEyL0Q6pr8nUhZoPQg80xkwvNGztRH8r9ZK0C93UhHGCULIJ4v8RFKM6Cgf2hcKOMqBMYwrYf5K+Q1TjKNJMWtCcGdPnjf1Y9t1bPfyJF8pT+PIkH1yQIrEJaekQi5IldQIJw/kibyQV+vRerberPdJ64I1ndkjf2R9fAMZbZvI</latexit><latexit sha1_base64="SeDbWtkfHJMlOtFMRVavhBXN40A=">AAACEnicbZDJSgNBEIZ7XGPcoh69NAZJcnCYEcFchIAXjxHMAklIejo12tiz0F0jhiHP4MVX8eJBEa+evPk2dhZBE39o+Pmqiur6vVgKjY7zZS0sLi2vrGbWsusbm1vbuZ3duo4SxaHGIxmppsc0SBFCDQVKaMYKWOBJaHi356N64w6UFlF4hYMYOgG7DoUvOEODurlS2wPOEg3UL7YR7jHt9Y7sQmFYomf0B9gj0M3lHdsZi84bd2ryZKpqN/fZ7kc8CSBELpnWLdeJsZMyhYJLGGbbZmvM+C27hpaxIQtAd9LxSUN6aEif+pEyL0Q6pr8nUhZoPQg80xkwvNGztRH8r9ZK0C93UhHGCULIJ4v8RFKM6Cgf2hcKOMqBMYwrYf5K+Q1TjKNJMWtCcGdPnjf1Y9t1bPfyJF8pT+PIkH1yQIrEJaekQi5IldQIJw/kibyQV+vRerberPdJ64I1ndkjf2R9fAMZbZvI</latexit>

“-.”
<latexit sha1_base64="1+u9xxQ8OzzgTvytwcLrEZZAjKw=">AAAB9HicbVDLTgJBEJz1ifhCPXqZSAxe3OwaEzmSePGIiTwS2MDs0MCE2YczvUSy4Tu8eNAYr36MN//GAfagYCWdVKq6093lx1JodJxva219Y3NrO7eT393bPzgsHB3XdZQoDjUeyUg1faZBihBqKFBCM1bAAl9Cwx/dzvzGGJQWUfiAkxi8gA1C0RecoZG8NsITpt3upV0qTTuFomM7c9BV4makSDJUO4Wvdi/iSQAhcsm0brlOjF7KFAouYZpvJxpixkdsAC1DQxaA9tL50VN6bpQe7UfKVIh0rv6eSFmg9STwTWfAcKiXvZn4n9dKsF/2UhHGCULIF4v6iaQY0VkCtCcUcJQTQxhXwtxK+ZApxtHklDchuMsvr5L6le06tnt/XayUszhy5JSckQvikhtSIXekSmqEk0fyTF7JmzW2Xqx362PRumZlMyfkD6zPH9xRkXQ=</latexit><latexit sha1_base64="1+u9xxQ8OzzgTvytwcLrEZZAjKw=">AAAB9HicbVDLTgJBEJz1ifhCPXqZSAxe3OwaEzmSePGIiTwS2MDs0MCE2YczvUSy4Tu8eNAYr36MN//GAfagYCWdVKq6093lx1JodJxva219Y3NrO7eT393bPzgsHB3XdZQoDjUeyUg1faZBihBqKFBCM1bAAl9Cwx/dzvzGGJQWUfiAkxi8gA1C0RecoZG8NsITpt3upV0qTTuFomM7c9BV4makSDJUO4Wvdi/iSQAhcsm0brlOjF7KFAouYZpvJxpixkdsAC1DQxaA9tL50VN6bpQe7UfKVIh0rv6eSFmg9STwTWfAcKiXvZn4n9dKsF/2UhHGCULIF4v6iaQY0VkCtCcUcJQTQxhXwtxK+ZApxtHklDchuMsvr5L6le06tnt/XayUszhy5JSckQvikhtSIXekSmqEk0fyTF7JmzW2Xqx362PRumZlMyfkD6zPH9xRkXQ=</latexit><latexit sha1_base64="1+u9xxQ8OzzgTvytwcLrEZZAjKw=">AAAB9HicbVDLTgJBEJz1ifhCPXqZSAxe3OwaEzmSePGIiTwS2MDs0MCE2YczvUSy4Tu8eNAYr36MN//GAfagYCWdVKq6093lx1JodJxva219Y3NrO7eT393bPzgsHB3XdZQoDjUeyUg1faZBihBqKFBCM1bAAl9Cwx/dzvzGGJQWUfiAkxi8gA1C0RecoZG8NsITpt3upV0qTTuFomM7c9BV4makSDJUO4Wvdi/iSQAhcsm0brlOjF7KFAouYZpvJxpixkdsAC1DQxaA9tL50VN6bpQe7UfKVIh0rv6eSFmg9STwTWfAcKiXvZn4n9dKsF/2UhHGCULIF4v6iaQY0VkCtCcUcJQTQxhXwtxK+ZApxtHklDchuMsvr5L6le06tnt/XayUszhy5JSckQvikhtSIXekSmqEk0fyTF7JmzW2Xqx362PRumZlMyfkD6zPH9xRkXQ=</latexit><latexit sha1_base64="1+u9xxQ8OzzgTvytwcLrEZZAjKw=">AAAB9HicbVDLTgJBEJz1ifhCPXqZSAxe3OwaEzmSePGIiTwS2MDs0MCE2YczvUSy4Tu8eNAYr36MN//GAfagYCWdVKq6093lx1JodJxva219Y3NrO7eT393bPzgsHB3XdZQoDjUeyUg1faZBihBqKFBCM1bAAl9Cwx/dzvzGGJQWUfiAkxi8gA1C0RecoZG8NsITpt3upV0qTTuFomM7c9BV4makSDJUO4Wvdi/iSQAhcsm0brlOjF7KFAouYZpvJxpixkdsAC1DQxaA9tL50VN6bpQe7UfKVIh0rv6eSFmg9STwTWfAcKiXvZn4n9dKsF/2UhHGCULIF4v6iaQY0VkCtCcUcJQTQxhXwtxK+ZApxtHklDchuMsvr5L6le06tnt/XayUszhy5JSckQvikhtSIXekSmqEk0fyTF7JmzW2Xqx362PRumZlMyfkD6zPH9xRkXQ=</latexit>

x = 0, y = 1

x = 1, y = 0

f(x, y) = 1

f(0, 0) = 0

x = 0, y = 0



CEGIS + 상향식 나열

88

Generator Verifier

Candidate

Counterexample

;
<latexit sha1_base64="4McsGRci4oMtfo0yGlrzVnp4JtI=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPRi8cK9kPaUDbbSbt0Nwm7EyGE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqDi0ey1h3A2ZAighaKFBCN9HAVCChE0xuZ37nCbQRcfSAWQK+YqNIhIIztNJjH1SCmQEcVGtu3Z2DrhKvIDVSoDmofvWHMU8VRMglM6bnuQn6OdMouIRppZ8aSBifsBH0LI2YAuPn84On9MwqQxrG2laEdK7+nsiZMiZTge1UDMdm2ZuJ/3m9FMNrPxdRkiJEfLEoTCXFmM6+p0OhgaPMLGFcC3sr5WOmGUebUcWG4C2/vEraF3XPrXv3l7XGTRFHmZyQU3JOPHJFGuSONEmLcKLIM3klb452Xpx352PRWnKKmWPyB87nDzjdkKs=</latexit><latexit sha1_base64="4McsGRci4oMtfo0yGlrzVnp4JtI=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPRi8cK9kPaUDbbSbt0Nwm7EyGE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqDi0ey1h3A2ZAighaKFBCN9HAVCChE0xuZ37nCbQRcfSAWQK+YqNIhIIztNJjH1SCmQEcVGtu3Z2DrhKvIDVSoDmofvWHMU8VRMglM6bnuQn6OdMouIRppZ8aSBifsBH0LI2YAuPn84On9MwqQxrG2laEdK7+nsiZMiZTge1UDMdm2ZuJ/3m9FMNrPxdRkiJEfLEoTCXFmM6+p0OhgaPMLGFcC3sr5WOmGUebUcWG4C2/vEraF3XPrXv3l7XGTRFHmZyQU3JOPHJFGuSONEmLcKLIM3klb452Xpx352PRWnKKmWPyB87nDzjdkKs=</latexit><latexit sha1_base64="4McsGRci4oMtfo0yGlrzVnp4JtI=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPRi8cK9kPaUDbbSbt0Nwm7EyGE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqDi0ey1h3A2ZAighaKFBCN9HAVCChE0xuZ37nCbQRcfSAWQK+YqNIhIIztNJjH1SCmQEcVGtu3Z2DrhKvIDVSoDmofvWHMU8VRMglM6bnuQn6OdMouIRppZ8aSBifsBH0LI2YAuPn84On9MwqQxrG2laEdK7+nsiZMiZTge1UDMdm2ZuJ/3m9FMNrPxdRkiJEfLEoTCXFmM6+p0OhgaPMLGFcC3sr5WOmGUebUcWG4C2/vEraF3XPrXv3l7XGTRFHmZyQU3JOPHJFGuSONEmLcKLIM3klb452Xpx352PRWnKKmWPyB87nDzjdkKs=</latexit><latexit sha1_base64="4McsGRci4oMtfo0yGlrzVnp4JtI=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPRi8cK9kPaUDbbSbt0Nwm7EyGE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqDi0ey1h3A2ZAighaKFBCN9HAVCChE0xuZ37nCbQRcfSAWQK+YqNIhIIztNJjH1SCmQEcVGtu3Z2DrhKvIDVSoDmofvWHMU8VRMglM6bnuQn6OdMouIRppZ8aSBifsBH0LI2YAuPn84On9MwqQxrG2laEdK7+nsiZMiZTge1UDMdm2ZuJ/3m9FMNrPxdRkiJEfLEoTCXFmM6+p0OhgaPMLGFcC3sr5WOmGUebUcWG4C2/vEraF3XPrXv3l7XGTRFHmZyQU3JOPHJFGuSONEmLcKLIM3klb452Xpx352PRWnKKmWPyB87nDzjdkKs=</latexit>

Examples:

PLDI’18, June 18–22, 2018, Philadelphia, PA, USA Woosuk Lee, Kihong Heo, Rajeev Alur, and Mayur Naik

context-free grammar [21], probabilistic higher-order gram-
mar [6], a log-bilinear model [1], a decision tree model [28],
and a neural network [5].
To address the second challenge, we target probabilistic

higher order grammars (PHOG) [6], a powerful probabilistic
model that generalizes probabilistic context-free grammars
by allowing conditioning of each production rule beyond the
parent non-terminal. It thereby allows capturing rich con-
texts to e�ectively distinguish likely programs from unlikely
ones. We learn the model from known solutions of synthesis
problems that were solved by existing techniques. A direct
application, however, su�ers from over�tting the model to
speci�cations in those synthesis problems. We propose a
novel learning method inspired by transfer learning [23, 24]
to learn the model from features of speci�cations. The fea-
tures are provided by a domain expert and are akin to domain
knowledge used to guide synthesis in existing techniques,
such as features of input-output examples [21] or abstract
semantics of programs [33].
We implemented our approach in a tool called E������

that we built atop EUS����� [4], an open-source state-of-the-
art search-based synthesizer. We evaluate E������ on 1,167
benchmark problems from three widely applicable domains:
string manipulation (end-user programming problems), bit-
vector manipulation (e�cient low-level algorithms), and cir-
cuit transformation (attack-resistant crypto circuits). For
each of these domains, we observe that it su�ces to train
E������ using easily obtainable solutions—those that can
be generated by EUS����� in under 10 minutes. These solu-
tions comprise 762 (⇠ 65%) of our benchmark problems.
The trained E������ is able to solve 236 new problems

in 11 minutes on average per problem, compared to only 87
by EUS����� using 29 minutes on average. EUS����� fails
to solve the remaining problems even after 6 hours—a conse-
quence of the fact that the search space grows exponentially
with program size, despite the use of powerful techniques
to optimize the search (see Section 3.4). We also compare
E������ to F����F��� [12], a synthesizer tailored to the
string manipulation domain that is shipped with Microsoft
PowerShell. E������ outperforms F����F��� on 20 out of
22 synthesis problems and is 10x faster on average. E������
thus provides signi�cant performance gains that are comple-
mentary to those achieved by existing general-purpose and
domain-speci�c synthesizers.

We summarize the main contributions of our work:
• A general approach to accelerate search-based program
synthesis by using a probabilistic model to guide the search
towards likely programs. It targets the widely-used SyGuS
formulation and supports a wide range of models.

• Amethod based on transfer learning that enables to learn a
powerful model called probabilistic higher order grammar
(PHOG) from known solutions without over�tting.

Iter. Enumerated programs Counterex.

1 “.” “-.”

2 “.”, “-”, x|     {z     }
size 1

, “-” + “-”, “.” + “-”, · · · , “.” + “.”|                                    {z                                    }
size 3

“308-916”

3 “.”, “-”, x|     {z     }
size 1

, “-” + “-”, · · · ,x + “.”|                   {z                   }
size 3

, Rep(x , “.”, “-”), Rep(x , “-”, “.”)|                                  {z                                  }
size 4

Table 1. Enumeration using an unguided search.

• Implementation atop an open-source tool and evaluation
on benchmark problems from a variety of widely applica-
ble domains. The results demonstrate signi�cant perfor-
mance gains over existing synthesis techniques.

2 Overview
We illustrate our approach on the problem of synthesizing a
certain string transformation program. The desired program
is a function f that takes as input a string denoted x and
outputs a string with each hyphen in x replaced by a dot.
We formulate this problem as an instance of the syntax-

guided synthesis (SyGuS) problem [3]. The formulation com-
prises a syntactic speci�cation, in the form of a context-free
grammar that constrains the space of possible programs,
and a semantic speci�cation, in the form of a logical formula
which de�nes a correctness condition that f must satisfy.
The syntactic speci�cation for f is the grammar:

S ! x | “-” | “.” | S + S | Rep(S, S, S) (1)

S =) S + S =) x + S =) x + “.”
where S is the start symbol, + is the string concatenation
operator, and Rep(s, t1, t2) is a new string where each oc-
currence of substring t1 in s is replaced by string t2. The
semantic speci�cation for f follows the programming by ex-
ample (PBE) paradigm and comprises input-output examples
given as a logical formula:1

f (“-.”) = “..” ^ f (“308-916”) = “308.916” ^ f (“1”) = “1” (2)

A solution to this synthesis problem is Rep(x , “-”, “.”).
We next illustrate how a typical search-based synthesizer

�nds this solution using the CEGIS procedure that combines
a search algorithm with a veri�cation oracle. It maintains
a �nite set of program inputs pts that is initially empty. In
each iteration, it searches for a candidate program that is
correct on the inputs in pts, and veri�es the correctness of
the program according to the given semantic speci�cation.
If correct, it returns the program; otherwise, it adds new
counterexample inputs to pts and repeats the process. The
overall performance of this procedure depends heavily on
the search algorithm it uses to �nd candidate programs.

1Our approach is also applicable to SyGuS instances that use semantic
speci�cation 8x : ... instead of input-output examples; we evaluate it on
both kinds of synthesis problems.
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<latexit sha1_base64="1+u9xxQ8OzzgTvytwcLrEZZAjKw=">AAAB9HicbVDLTgJBEJz1ifhCPXqZSAxe3OwaEzmSePGIiTwS2MDs0MCE2YczvUSy4Tu8eNAYr36MN//GAfagYCWdVKq6093lx1JodJxva219Y3NrO7eT393bPzgsHB3XdZQoDjUeyUg1faZBihBqKFBCM1bAAl9Cwx/dzvzGGJQWUfiAkxi8gA1C0RecoZG8NsITpt3upV0qTTuFomM7c9BV4makSDJUO4Wvdi/iSQAhcsm0brlOjF7KFAouYZpvJxpixkdsAC1DQxaA9tL50VN6bpQe7UfKVIh0rv6eSFmg9STwTWfAcKiXvZn4n9dKsF/2UhHGCULIF4v6iaQY0VkCtCcUcJQTQxhXwtxK+ZApxtHklDchuMsvr5L6le06tnt/XayUszhy5JSckQvikhtSIXekSmqEk0fyTF7JmzW2Xqx362PRumZlMyfkD6zPH9xRkXQ=</latexit><latexit sha1_base64="1+u9xxQ8OzzgTvytwcLrEZZAjKw=">AAAB9HicbVDLTgJBEJz1ifhCPXqZSAxe3OwaEzmSePGIiTwS2MDs0MCE2YczvUSy4Tu8eNAYr36MN//GAfagYCWdVKq6093lx1JodJxva219Y3NrO7eT393bPzgsHB3XdZQoDjUeyUg1faZBihBqKFBCM1bAAl9Cwx/dzvzGGJQWUfiAkxi8gA1C0RecoZG8NsITpt3upV0qTTuFomM7c9BV4makSDJUO4Wvdi/iSQAhcsm0brlOjF7KFAouYZpvJxpixkdsAC1DQxaA9tL50VN6bpQe7UfKVIh0rv6eSFmg9STwTWfAcKiXvZn4n9dKsF/2UhHGCULIF4v6iaQY0VkCtCcUcJQTQxhXwtxK+ZApxtHklDchuMsvr5L6le06tnt/XayUszhy5JSckQvikhtSIXekSmqEk0fyTF7JmzW2Xqx362PRumZlMyfkD6zPH9xRkXQ=</latexit><latexit sha1_base64="1+u9xxQ8OzzgTvytwcLrEZZAjKw=">AAAB9HicbVDLTgJBEJz1ifhCPXqZSAxe3OwaEzmSePGIiTwS2MDs0MCE2YczvUSy4Tu8eNAYr36MN//GAfagYCWdVKq6093lx1JodJxva219Y3NrO7eT393bPzgsHB3XdZQoDjUeyUg1faZBihBqKFBCM1bAAl9Cwx/dzvzGGJQWUfiAkxi8gA1C0RecoZG8NsITpt3upV0qTTuFomM7c9BV4makSDJUO4Wvdi/iSQAhcsm0brlOjF7KFAouYZpvJxpixkdsAC1DQxaA9tL50VN6bpQe7UfKVIh0rv6eSFmg9STwTWfAcKiXvZn4n9dKsF/2UhHGCULIF4v6iaQY0VkCtCcUcJQTQxhXwtxK+ZApxtHklDchuMsvr5L6le06tnt/XayUszhy5JSckQvikhtSIXekSmqEk0fyTF7JmzW2Xqx362PRumZlMyfkD6zPH9xRkXQ=</latexit><latexit sha1_base64="1+u9xxQ8OzzgTvytwcLrEZZAjKw=">AAAB9HicbVDLTgJBEJz1ifhCPXqZSAxe3OwaEzmSePGIiTwS2MDs0MCE2YczvUSy4Tu8eNAYr36MN//GAfagYCWdVKq6093lx1JodJxva219Y3NrO7eT393bPzgsHB3XdZQoDjUeyUg1faZBihBqKFBCM1bAAl9Cwx/dzvzGGJQWUfiAkxi8gA1C0RecoZG8NsITpt3upV0qTTuFomM7c9BV4makSDJUO4Wvdi/iSQAhcsm0brlOjF7KFAouYZpvJxpixkdsAC1DQxaA9tL50VN6bpQe7UfKVIh0rv6eSFmg9STwTWfAcKiXvZn4n9dKsF/2UhHGCULIF4v6iaQY0VkCtCcUcJQTQxhXwtxK+ZApxtHklDchuMsvr5L6le06tnt/XayUszhy5JSckQvikhtSIXekSmqEk0fyTF7JmzW2Xqx362PRumZlMyfkD6zPH9xRkXQ=</latexit>

x = 0, y = 1

x = 1, y = 0

x = 0, y = 0

f(x, y) = ite(x > y, x, y)

Success !

x, y, 0, 1, ite(x>y,0,0), ite(x>y,0,1), 
ite(x>y,1,0), … , ite(x>y,x,y)

ite(x > y, 0, 0) ⇡ 0

 최적화:  ite(x>y,0,0) 는 무시됨.

∵                                   wrt examples



CEGIS가 가져다주는 이점

89

• 검증기와 탐색기는 각기 따로따로 설계되어도 됨 (탐색기는 임의의 귀
납 합성전략, 검증기는 임의의 검증 방식 …)  

• 검증기는 2차변수 없이 1차변수만 다루어도 됨.  

• 탐색기는 2차변수를 다루지만 universal quantifier 는 다룰 필요가 
없음. 



정리

• 프로그램 합성 문제 = 제약조건 + 탐색공간

• 가능 탐색 전략은 제약조건, 탐색공간에 따라 결정됨. 

• 제약조건이 입출력예제인 경우 귀납합성전략 사용 

• 제약조건이 논리식인 경우 귀납합성전략 + CEGIS 사용


