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Syntax Guided Synthesis                       [Alur et al. 13]

Specification

Search space

Program

SyGuS
Synthesizer

�(P ) : 8x, y.P � x ^ P � y
^(P = x _ P = y)

<latexit sha1_base64="26m8pl9sUIywVq9ASSxKP6UNR7I="></latexit>

Start   := Start+Start

| ITE(BExpr,Start,Start)

| x | y | 0 | 1

BExpr := NOT(BExpr)

| Start > Start

| Start AND Start

ITE( x>y, x, y) 

ITE( x>y, ITE(x>0, x, x), y ) 



Applications of SyGuS



DOES IT REALLY WORK
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Does it work?



ESolver

CVC4



Program synthesis is unpredictable – part 1

Search space

Solution space
Need a way to

specify which solutions are 
better and synthesize the 

best solution 



“Synthesis is like a box of chocolate, 
You never know what you’re gonna get”



Program synthesis is unpredictable – part 2

Search space

Solution space
Existing 

solvers

Timeout
Fail

Not terminate

Ideally No solution
An almost solution



PROGRAM SYNTHESIS WITH GUARANTEES
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Does it work?



Program synthesis with guarantees

Specification

Search space

Program

Synthesizer

Ability to prefer
a solution when

there are multiple ones

Proof that no program
meets the specification

Program that satisfies
a probabilistic version

of the specification



SYNTAX-GUIDED SYNTHESIS 
WITH QUANTITATIVE SYNTACTIC OBJECTIVES
[CAV18]

Qinheping Hu



Specification

Search space

Program

SyGuS
Synthesizer

�(P ) : 8x, y.P � x ^ P � y
^(P = x _ P = y)

<latexit sha1_base64="26m8pl9sUIywVq9ASSxKP6UNR7I="></latexit>

Start   := Start+Start

| ITE(BExpr,Start,Start)

| x | y | 0 | 1

BExpr := NOT(BExpr)

| Start > Start

| Start AND Start

ITE( x>y, x, y) 

ITE( x>y, ITE(x>0, x, x), y ) 

Adding quantitative objectives

Need a way to
prefer the first

solution



Specification

Search space

Program

SyGuS
Synthesizer

�(P ) : 8x, y.P � x ^ P � y
^(P = x _ P = y)

<latexit sha1_base64="26m8pl9sUIywVq9ASSxKP6UNR7I="></latexit>

Start   := Start+Start

| ITE(BExpr,Start,Start)       1
| x | y | 0 | 1

BExpr := NOT(BExpr)

| Start > Start

| Start AND Start

Adding quantitative objectives

Need a way to
prefer the first

solution

ITE( x>y, x, y) 

ITE( x>y, ITE(x>0, x, x), y ) 

weight



What is the weight of a program?

ITE 1

>  0

x 0 y 0

y 0ITE 1

> 0

x 0

x 0x 0

0 0

ITE( x>y, ITE(x>0, x, x), y ) weight=2

Start   := Start+Start

| ITE(BExpr,Start,Start)       1
| x | y | 0 | 1

BExpr := NOT(BExpr)

| Start > Start

| Start AND Start



Specification

Search space

Program

SyGuS
Synthesizer

�(P ) : 8x, y.P � x ^ P � y
^(P = x _ P = y)

<latexit sha1_base64="26m8pl9sUIywVq9ASSxKP6UNR7I="></latexit>

Adding quantitative objectives

Programs now have
weights/costs

ITE( x>y, x, y)  1

ITE( x>y, ITE(x>0, x, x), y )   2

Start   := Start+Start

| ITE(BExpr,Start,Start)       1
| x | y | 0 | 1

BExpr := NOT(BExpr)

| Start > Start

| Start AND Start



¬9Q s.t. �(Q)
^ Q 2 L(W )
^ cost(Q)<cost(P ⇤)

<latexit sha1_base64="MuoM9xb3D4OZwoKVjIwc2owXAdk="></latexit>

Syntax Guided Synthesis with Quantitative Objectives

Formula

Weighted grammar

Program

QSyGuS
Synthesizer

�(P )
<latexit sha1_base64="f9OHPLaS8O/1+Ty9jjnvZ1cFrHY=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0mqoMeiF48R7Ae0oWy203bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZemAiujet+O2vrG5tb24Wd4u7e/sFh6ei4qeNUMWywWMSqHVKNgktsGG4EthOFNAoFtsLx3cxvPaHSPJaPZpJgENGh5APOqLFSq+uPeMW/6JXKbtWdg6wSLydlyOH3Sl/dfszSCKVhgmrd8dzEBBlVhjOB02I31ZhQNqZD7FgqaYQ6yObnTsm5VfpkECtb0pC5+nsio5HWkyi0nRE1I73szcT/vE5qBjdBxmWSGpRssWiQCmJiMvud9LlCZsTEEsoUt7cSNqKKMmMTKtoQvOWXV0mzVvUuq7WHq3L9No+jAKdwBhXw4BrqcA8+NIDBGJ7hFd6cxHlx3p2PReuak8+cwB84nz9MBI7i</latexit>

Quantitative objective
minimize cost

<latexit sha1_base64="yuQ0q7E7DlzMhLG1qFBCNffxC5Y=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BLx4jmAcka5idTJIh81hmZpW45D+8eFDEq//izb9xkuxBEwsaiqpuuruimDNjff/by62srq1v5DcLW9s7u3vF/YOGUYkmtE4UV7oVYUM5k7RumeW0FWuKRcRpMxpdT/3mA9WGKXlnxzENBR5I1mcEWyfdCyaZYE+0g4gytlss+WV/BrRMgoyUIEOtW/zq9BRJBJWWcGxMO/BjG6ZYW0Y4nRQ6iaExJiM8oG1HJRbUhOns6gk6cUoP9ZV2JS2aqb8nUiyMGYvIdQpsh2bRm4r/ee3E9i/DlMk4sVSS+aJ+wpFVaBoB6jFNieVjRzDRzN2KyBBrTKwLquBCCBZfXiaNSjk4K1duz0vVqyyOPBzBMZxCABdQhRuoQR0IaHiGV3jzHr0X7937mLfmvGzmEP7A+/wBsCmSoQ==</latexit>

How do we solve a 
QSyGuS problem?

P ⇤ s.t. �(P ⇤)
^ P ⇤ 2 L(W )

<latexit sha1_base64="8gptiXZES2ol1bjFadbXpHZqWGg="></latexit>

W
<latexit sha1_base64="yxUgNFppSsebkUqo0HdMiZJUGss=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqtPulsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0qhXvslJtXJVrt3kcBTiFM7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDtYOM3w==</latexit>



Solving QSyGuS problems

Specification

Weighted grammar

QSyGuS

�(P )
<latexit sha1_base64="f9OHPLaS8O/1+Ty9jjnvZ1cFrHY=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0mqoMeiF48R7Ae0oWy203bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZemAiujet+O2vrG5tb24Wd4u7e/sFh6ei4qeNUMWywWMSqHVKNgktsGG4EthOFNAoFtsLx3cxvPaHSPJaPZpJgENGh5APOqLFSq+uPeMW/6JXKbtWdg6wSLydlyOH3Sl/dfszSCKVhgmrd8dzEBBlVhjOB02I31ZhQNqZD7FgqaYQ6yObnTsm5VfpkECtb0pC5+nsio5HWkyi0nRE1I73szcT/vE5qBjdBxmWSGpRssWiQCmJiMvud9LlCZsTEEsoUt7cSNqKKMmMTKtoQvOWXV0mzVvUuq7WHq3L9No+jAKdwBhXw4BrqcA8+NIDBGJ7hFd6cxHlx3p2PReuak8+cwB84nz9MBI7i</latexit>

W
<latexit sha1_base64="yxUgNFppSsebkUqo0HdMiZJUGss=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqtPulsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0qhXvslJtXJVrt3kcBTiFM7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDtYOM3w==</latexit>

Specification

Grammar

SyGuS

�(P )
<latexit sha1_base64="f9OHPLaS8O/1+Ty9jjnvZ1cFrHY=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0mqoMeiF48R7Ae0oWy203bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZemAiujet+O2vrG5tb24Wd4u7e/sFh6ei4qeNUMWywWMSqHVKNgktsGG4EthOFNAoFtsLx3cxvPaHSPJaPZpJgENGh5APOqLFSq+uPeMW/6JXKbtWdg6wSLydlyOH3Sl/dfszSCKVhgmrd8dzEBBlVhjOB02I31ZhQNqZD7FgqaYQ6yObnTsm5VfpkECtb0pC5+nsio5HWkyi0nRE1I73szcT/vE5qBjdBxmWSGpRssWiQCmJiMvud9LlCZsTEEsoUt7cSNqKKMmMTKtoQvOWXV0mzVvUuq7WHq3L9No+jAKdwBhXw4BrqcA8+NIDBGJ7hFd6cxHlx3p2PReuak8+cwB84nz9MBI7i</latexit>

G
<latexit sha1_base64="znlNvdKUuTj8xBn7KQjYldwg35s=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BD3pMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaVbK3kW5Ur8sVW+yOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A51DjM8=</latexit>

Specification

Grammar

SyGuS

�(P )
<latexit sha1_base64="f9OHPLaS8O/1+Ty9jjnvZ1cFrHY=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0mqoMeiF48R7Ae0oWy203bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZemAiujet+O2vrG5tb24Wd4u7e/sFh6ei4qeNUMWywWMSqHVKNgktsGG4EthOFNAoFtsLx3cxvPaHSPJaPZpJgENGh5APOqLFSq+uPeMW/6JXKbtWdg6wSLydlyOH3Sl/dfszSCKVhgmrd8dzEBBlVhjOB02I31ZhQNqZD7FgqaYQ6yObnTsm5VfpkECtb0pC5+nsio5HWkyi0nRE1I73szcT/vE5qBjdBxmWSGpRssWiQCmJiMvud9LlCZsTEEsoUt7cSNqKKMmMTKtoQvOWXV0mzVvUuq7WHq3L9No+jAKdwBhXw4BrqcA8+NIDBGJ7hFd6cxHlx3p2PReuak8+cwB84nz9MBI7i</latexit>

Ignore 
weights

Restrict 
grammar

G<2
<latexit sha1_base64="xFuEuyGE+lsjOBpplbClfjCeijs=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioIVF0ELLCOYDkiPsbfaSNXu7x+6eEI77DzYWitj6f+z8N26SKzTxwcDjvRlm5gUxZ9q47rdTWFldW98obpa2tnd298r7By0tE0Vok0guVSfAmnImaNMww2knVhRHAaftYHwz9dtPVGkmxYOZxNSP8FCwkBFsrNS67adXtaxfrrhVdwa0TLycVCBHo1/+6g0kSSIqDOFY667nxsZPsTKMcJqVeommMSZjPKRdSwWOqPbT2bUZOrHKAIVS2RIGzdTfEymOtJ5Ege2MsBnpRW8q/ud1ExNe+ikTcWKoIPNFYcKRkWj6OhowRYnhE0swUczeisgIK0yMDahkQ/AWX14mrVrVO6vW7s8r9es8jiIcwTGcggcXUIc7aEATCDzCM7zCmyOdF+fd+Zi3Fpx85hD+wPn8AQmVjsY=</latexit>

Start   := Start+Start
| ITE(BExpr,Start,Start)       1
| x | y | 0 | 1

…

Start   := Start+Start
| ITE(BExpr,Start,Start)      
| x | y | 0 | 1

…

ITE( x>y, ITE(x>0, x, x), y )   2



Solving QSyGuS problems

Specification

Weighted grammar

QSyGuS

�(P )
<latexit sha1_base64="f9OHPLaS8O/1+Ty9jjnvZ1cFrHY=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0mqoMeiF48R7Ae0oWy203bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZemAiujet+O2vrG5tb24Wd4u7e/sFh6ei4qeNUMWywWMSqHVKNgktsGG4EthOFNAoFtsLx3cxvPaHSPJaPZpJgENGh5APOqLFSq+uPeMW/6JXKbtWdg6wSLydlyOH3Sl/dfszSCKVhgmrd8dzEBBlVhjOB02I31ZhQNqZD7FgqaYQ6yObnTsm5VfpkECtb0pC5+nsio5HWkyi0nRE1I73szcT/vE5qBjdBxmWSGpRssWiQCmJiMvud9LlCZsTEEsoUt7cSNqKKMmMTKtoQvOWXV0mzVvUuq7WHq3L9No+jAKdwBhXw4BrqcA8+NIDBGJ7hFd6cxHlx3p2PReuak8+cwB84nz9MBI7i</latexit>

W
<latexit sha1_base64="yxUgNFppSsebkUqo0HdMiZJUGss=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqtPulsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0qhXvslJtXJVrt3kcBTiFM7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDtYOM3w==</latexit>

Specification

Grammar

SyGuS

�(P )
<latexit sha1_base64="f9OHPLaS8O/1+Ty9jjnvZ1cFrHY=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0mqoMeiF48R7Ae0oWy203bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZemAiujet+O2vrG5tb24Wd4u7e/sFh6ei4qeNUMWywWMSqHVKNgktsGG4EthOFNAoFtsLx3cxvPaHSPJaPZpJgENGh5APOqLFSq+uPeMW/6JXKbtWdg6wSLydlyOH3Sl/dfszSCKVhgmrd8dzEBBlVhjOB02I31ZhQNqZD7FgqaYQ6yObnTsm5VfpkECtb0pC5+nsio5HWkyi0nRE1I73szcT/vE5qBjdBxmWSGpRssWiQCmJiMvud9LlCZsTEEsoUt7cSNqKKMmMTKtoQvOWXV0mzVvUuq7WHq3L9No+jAKdwBhXw4BrqcA8+NIDBGJ7hFd6cxHlx3p2PReuak8+cwB84nz9MBI7i</latexit>

G
<latexit sha1_base64="znlNvdKUuTj8xBn7KQjYldwg35s=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BD3pMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaVbK3kW5Ur8sVW+yOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A51DjM8=</latexit>

Start   := Start0 | Start1

Start0 := Start0+Start0

| x | y | 0 | 1

Start1 := ITE(BExpr, Start0, Start0) 

| Start0+Start1 | Start1+Start0
| x | y | 0 | 1

…

Specification

Grammar

SyGuS

�(P )
<latexit sha1_base64="f9OHPLaS8O/1+Ty9jjnvZ1cFrHY=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0mqoMeiF48R7Ae0oWy203bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZemAiujet+O2vrG5tb24Wd4u7e/sFh6ei4qeNUMWywWMSqHVKNgktsGG4EthOFNAoFtsLx3cxvPaHSPJaPZpJgENGh5APOqLFSq+uPeMW/6JXKbtWdg6wSLydlyOH3Sl/dfszSCKVhgmrd8dzEBBlVhjOB02I31ZhQNqZD7FgqaYQ6yObnTsm5VfpkECtb0pC5+nsio5HWkyi0nRE1I73szcT/vE5qBjdBxmWSGpRssWiQCmJiMvud9LlCZsTEEsoUt7cSNqKKMmMTKtoQvOWXV0mzVvUuq7WHq3L9No+jAKdwBhXw4BrqcA8+NIDBGJ7hFd6cxHlx3p2PReuak8+cwB84nz9MBI7i</latexit>

Ignore 
weights

Restrict 
grammar

G<2
<latexit sha1_base64="xFuEuyGE+lsjOBpplbClfjCeijs=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioIVF0ELLCOYDkiPsbfaSNXu7x+6eEI77DzYWitj6f+z8N26SKzTxwcDjvRlm5gUxZ9q47rdTWFldW98obpa2tnd298r7By0tE0Vok0guVSfAmnImaNMww2knVhRHAaftYHwz9dtPVGkmxYOZxNSP8FCwkBFsrNS67adXtaxfrrhVdwa0TLycVCBHo1/+6g0kSSIqDOFY667nxsZPsTKMcJqVeommMSZjPKRdSwWOqPbT2bUZOrHKAIVS2RIGzdTfEymOtJ5Ege2MsBnpRW8q/ud1ExNe+ikTcWKoIPNFYcKRkWj6OhowRYnhE0swUczeisgIK0yMDahkQ/AWX14mrVrVO6vW7s8r9es8jiIcwTGcggcXUIc7aEATCDzCM7zCmyOdF+fd+Zi3Fpx85hD+wPn8AQmVjsY=</latexit>

Restrict 
grammar

Start   := Start+Start
| ITE(BExpr,Start,Start)       1
| x | y | 0 | 1

…

ITE( x>y, ITE(x>0, x, x), y )   2 ITE( x>y, x, y)  1



Soundness of grammar restriction

Weighted grammar
does not contain
negative weights

Reduced grammar accepts
all and only the terms

of weight < c

W
<latexit sha1_base64="yxUgNFppSsebkUqo0HdMiZJUGss=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqtPulsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0qhXvslJtXJVrt3kcBTiFM7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDtYOM3w==</latexit> G<c

<latexit sha1_base64="bP7m5mRsgfMlHmeCQ3W8ZLspXMg=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioIVF0ELLCOYDkiPsbfaSNXu7x+6eEI77DzYWitj6f+z8N26SKzTxwcDjvRlm5gUxZ9q47rdTWFldW98obpa2tnd298r7By0tE0Vok0guVSfAmnImaNMww2knVhRHAaftYHwz9dtPVGkmxYOZxNSP8FCwkBFsrNS67adXJOuXK27VnQEtEy8nFcjR6Je/egNJkogKQzjWuuu5sfFTrAwjnGalXqJpjMkYD2nXUoEjqv10dm2GTqwyQKFUtoRBM/X3RIojrSdRYDsjbEZ60ZuK/3ndxISXfspEnBgqyHxRmHBkJJq+jgZMUWL4xBJMFLO3IjLCChNjAyrZELzFl5dJq1b1zqq1+/NK/TqPowhHcAyn4MEF1OEOGtAEAo/wDK/w5kjnxXl3PuatBSefOYQ/cD5/AFQKjvc=</latexit>

Results also generalize to multiplicative weights and bounded negative weights



Beyond minimization constraints

minimize cost
<latexit sha1_base64="yuQ0q7E7DlzMhLG1qFBCNffxC5Y=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BLx4jmAcka5idTJIh81hmZpW45D+8eFDEq//izb9xkuxBEwsaiqpuuruimDNjff/by62srq1v5DcLW9s7u3vF/YOGUYkmtE4UV7oVYUM5k7RumeW0FWuKRcRpMxpdT/3mA9WGKXlnxzENBR5I1mcEWyfdCyaZYE+0g4gytlss+WV/BrRMgoyUIEOtW/zq9BRJBJWWcGxMO/BjG6ZYW0Y4nRQ6iaExJiM8oG1HJRbUhOns6gk6cUoP9ZV2JS2aqb8nUiyMGYvIdQpsh2bRm4r/ee3E9i/DlMk4sVSS+aJ+wpFVaBoB6jFNieVjRzDRzN2KyBBrTKwLquBCCBZfXiaNSjk4K1duz0vVqyyOPBzBMZxCABdQhRuoQR0IaHiGV3jzHr0X7937mLfmvGzmEP7A+/wBsCmSoQ==</latexit> Linear search

cost > 3
<latexit sha1_base64="IXP/ri0nuT1ke00E2xBa0NRu5e0=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKewmgp4k6MVjBPOAZAmzk9lkzOzMMtMrhJB/8OJBEa/+jzf/xkmyB00saCiquunuChPBDXret5NbW9/Y3MpvF3Z29/YPiodHTaNSTVmDKqF0OySGCS5ZAzkK1k40I3EoWCsc3c781hPThiv5gOOEBTEZSB5xStBKTaoMXld7xZJX9uZwV4mfkRJkqPeKX92+omnMJFJBjOn4XoLBhGjkVLBpoZsalhA6IgPWsVSSmJlgMr926p5Zpe9GStuS6M7V3xMTEhszjkPbGRMcmmVvJv7ndVKMroIJl0mKTNLFoigVLip39rrb55pRFGNLCNXc3urSIdGEog2oYEPwl19eJc1K2a+WK/cXpdpNFkceTuAUzsGHS6jBHdShARQe4Rle4c1Rzovz7nwsWnNONnMMf+B8/gA4PY7k</latexit>

complement(G<4)
<latexit sha1_base64="hnnHL1bQU0ucidxTypH8lb9Pvhs=">AAAB+3icbVC7TsMwFHXKq5RXKCOLRYVUlioplWBgqGCAsUj0IbVR5Lhua9WxI9tBVFF+hYUBhFj5ETb+BqfNAC1HutLROffa954gYlRpx/m2CmvrG5tbxe3Szu7e/oF9WO4oEUtM2lgwIXsBUoRRTtqaakZ6kSQoDBjpBtObzO8+Eqmo4A96FhEvRGNORxQjbSTfLmMRRoyEhOvqrZ9cNdIz3644NWcOuErcnFRAjpZvfw2GAsfZG5ghpfquE2kvQVJTzEhaGsSKRAhP0Zj0DeUoJMpL5run8NQoQzgS0hTXcK7+nkhQqNQsDExniPRELXuZ+J/Xj/Xo0ksoj2JNOF58NIoZ1AJmQcAhlQRrNjMEYUnNrhBPkERYm7hKJgR3+eRV0qnX3PNa/b5RaV7ncRTBMTgBVeCCC9AEd6AF2gCDJ/AMXsGblVov1rv1sWgtWPnMEfgD6/MHUfuT9g==</latexit>



DOES IT WORK?



Implementation

Specification

Weighted grammar

QSyGuS

�(P )
<latexit sha1_base64="f9OHPLaS8O/1+Ty9jjnvZ1cFrHY=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0mqoMeiF48R7Ae0oWy203bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZemAiujet+O2vrG5tb24Wd4u7e/sFh6ei4qeNUMWywWMSqHVKNgktsGG4EthOFNAoFtsLx3cxvPaHSPJaPZpJgENGh5APOqLFSq+uPeMW/6JXKbtWdg6wSLydlyOH3Sl/dfszSCKVhgmrd8dzEBBlVhjOB02I31ZhQNqZD7FgqaYQ6yObnTsm5VfpkECtb0pC5+nsio5HWkyi0nRE1I73szcT/vE5qBjdBxmWSGpRssWiQCmJiMvud9LlCZsTEEsoUt7cSNqKKMmMTKtoQvOWXV0mzVvUuq7WHq3L9No+jAKdwBhXw4BrqcA8+NIDBGJ7hFd6cxHlx3p2PReuak8+cwB84nz9MBI7i</latexit>

W
<latexit sha1_base64="yxUgNFppSsebkUqo0HdMiZJUGss=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqtPulsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0qhXvslJtXJVrt3kcBTiFM7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDtYOM3w==</latexit>

Specification

Grammar

SyGuS

�(P )
<latexit sha1_base64="f9OHPLaS8O/1+Ty9jjnvZ1cFrHY=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0mqoMeiF48R7Ae0oWy203bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZemAiujet+O2vrG5tb24Wd4u7e/sFh6ei4qeNUMWywWMSqHVKNgktsGG4EthOFNAoFtsLx3cxvPaHSPJaPZpJgENGh5APOqLFSq+uPeMW/6JXKbtWdg6wSLydlyOH3Sl/dfszSCKVhgmrd8dzEBBlVhjOB02I31ZhQNqZD7FgqaYQ6yObnTsm5VfpkECtb0pC5+nsio5HWkyi0nRE1I73szcT/vE5qBjdBxmWSGpRssWiQCmJiMvud9LlCZsTEEsoUt7cSNqKKMmMTKtoQvOWXV0mzVvUuq7WHq3L9No+jAKdwBhXw4BrqcA8+NIDBGJ7hFd6cxHlx3p2PReuak8+cwB84nz9MBI7i</latexit>

G
<latexit sha1_base64="znlNvdKUuTj8xBn7KQjYldwg35s=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BD3pMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaVbK3kW5Ur8sVW+yOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A51DjM8=</latexit>

Specification

Grammar

SyGuS

�(P )
<latexit sha1_base64="f9OHPLaS8O/1+Ty9jjnvZ1cFrHY=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0mqoMeiF48R7Ae0oWy203bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZemAiujet+O2vrG5tb24Wd4u7e/sFh6ei4qeNUMWywWMSqHVKNgktsGG4EthOFNAoFtsLx3cxvPaHSPJaPZpJgENGh5APOqLFSq+uPeMW/6JXKbtWdg6wSLydlyOH3Sl/dfszSCKVhgmrd8dzEBBlVhjOB02I31ZhQNqZD7FgqaYQ6yObnTsm5VfpkECtb0pC5+nsio5HWkyi0nRE1I73szcT/vE5qBjdBxmWSGpRssWiQCmJiMvud9LlCZsTEEsoUt7cSNqKKMmMTKtoQvOWXV0mzVvUuq7WHq3L9No+jAKdwBhXw4BrqcA8+NIDBGJ7hFd6cxHlx3p2PReuak8+cwB84nz9MBI7i</latexit>

Ignore 
weights

Restrict 
grammar

Restrict 
grammar

G<c
<latexit sha1_base64="bP7m5mRsgfMlHmeCQ3W8ZLspXMg=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioIVF0ELLCOYDkiPsbfaSNXu7x+6eEI77DzYWitj6f+z8N26SKzTxwcDjvRlm5gUxZ9q47rdTWFldW98obpa2tnd298r7By0tE0Vok0guVSfAmnImaNMww2knVhRHAaftYHwz9dtPVGkmxYOZxNSP8FCwkBFsrNS67adXJOuXK27VnQEtEy8nFcjR6Je/egNJkogKQzjWuuu5sfFTrAwjnGalXqJpjMkYD2nXUoEjqv10dm2GTqwyQKFUtoRBM/X3RIojrSdRYDsjbEZ60ZuK/3ndxISXfspEnBgqyHxRmHBkJJq+jgZMUWL4xBJMFLO3IjLCChNjAyrZELzFl5dJq1b1zqq1+/NK/TqPowhHcAyn4MEF1OEOGtAEAo/wDK/w5kjnxXl3PuatBSefOYQ/cD5/AFQKjvc=</latexit>

ESolver, CVC4



Benchmarks
26 SyGuS benchmarks

ℝ,+ : minimize number of specified operator
minimize solution size

( 0,1 ,∗): maximize solution probability

(ℝ,+)×(ℝ,+): find sorted optimal for (# of specified operators, size)
find Pareto optimal for (# of specified operators, size)



Summary of results
Solution with better cost than one without QSyGuS for 16/26 benchmarks

Found optimal solution for 14/26 benchmarks



Why couldn’t we prove optimality?

Specification

Weighted grammar

QSyGuS

�(P )
<latexit sha1_base64="f9OHPLaS8O/1+Ty9jjnvZ1cFrHY=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0mqoMeiF48R7Ae0oWy203bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZemAiujet+O2vrG5tb24Wd4u7e/sFh6ei4qeNUMWywWMSqHVKNgktsGG4EthOFNAoFtsLx3cxvPaHSPJaPZpJgENGh5APOqLFSq+uPeMW/6JXKbtWdg6wSLydlyOH3Sl/dfszSCKVhgmrd8dzEBBlVhjOB02I31ZhQNqZD7FgqaYQ6yObnTsm5VfpkECtb0pC5+nsio5HWkyi0nRE1I73szcT/vE5qBjdBxmWSGpRssWiQCmJiMvud9LlCZsTEEsoUt7cSNqKKMmMTKtoQvOWXV0mzVvUuq7WHq3L9No+jAKdwBhXw4BrqcA8+NIDBGJ7hFd6cxHlx3p2PReuak8+cwB84nz9MBI7i</latexit>

W
<latexit sha1_base64="yxUgNFppSsebkUqo0HdMiZJUGss=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqtPulsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0qhXvslJtXJVrt3kcBTiFM7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDtYOM3w==</latexit>

Specification

Grammar

SyGuS

�(P )
<latexit sha1_base64="f9OHPLaS8O/1+Ty9jjnvZ1cFrHY=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0mqoMeiF48R7Ae0oWy203bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZemAiujet+O2vrG5tb24Wd4u7e/sFh6ei4qeNUMWywWMSqHVKNgktsGG4EthOFNAoFtsLx3cxvPaHSPJaPZpJgENGh5APOqLFSq+uPeMW/6JXKbtWdg6wSLydlyOH3Sl/dfszSCKVhgmrd8dzEBBlVhjOB02I31ZhQNqZD7FgqaYQ6yObnTsm5VfpkECtb0pC5+nsio5HWkyi0nRE1I73szcT/vE5qBjdBxmWSGpRssWiQCmJiMvud9LlCZsTEEsoUt7cSNqKKMmMTKtoQvOWXV0mzVvUuq7WHq3L9No+jAKdwBhXw4BrqcA8+NIDBGJ7hFd6cxHlx3p2PReuak8+cwB84nz9MBI7i</latexit>Restrict 

grammar

G<2
<latexit sha1_base64="xFuEuyGE+lsjOBpplbClfjCeijs=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioIVF0ELLCOYDkiPsbfaSNXu7x+6eEI77DzYWitj6f+z8N26SKzTxwcDjvRlm5gUxZ9q47rdTWFldW98obpa2tnd298r7By0tE0Vok0guVSfAmnImaNMww2knVhRHAaftYHwz9dtPVGkmxYOZxNSP8FCwkBFsrNS67adXtaxfrrhVdwa0TLycVCBHo1/+6g0kSSIqDOFY667nxsZPsTKMcJqVeommMSZjPKRdSwWOqPbT2bUZOrHKAIVS2RIGzdTfEymOtJ5Ege2MsBnpRW8q/ud1ExNe+ikTcWKoIPNFYcKRkWj6OhowRYnhE0swUczeisgIK0yMDahkQ/AWX14mrVrVO6vW7s8r9es8jiIcwTGcggcXUIc7aEATCDzCM7zCmyOdF+fd+Zi3Fpx85hD+wPn8AQmVjsY=</latexit>

Restrict 
grammar…

Specification

Grammar

SyGuS

�(P )
<latexit sha1_base64="f9OHPLaS8O/1+Ty9jjnvZ1cFrHY=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0mqoMeiF48R7Ae0oWy203bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZemAiujet+O2vrG5tb24Wd4u7e/sFh6ei4qeNUMWywWMSqHVKNgktsGG4EthOFNAoFtsLx3cxvPaHSPJaPZpJgENGh5APOqLFSq+uPeMW/6JXKbtWdg6wSLydlyOH3Sl/dfszSCKVhgmrd8dzEBBlVhjOB02I31ZhQNqZD7FgqaYQ6yObnTsm5VfpkECtb0pC5+nsio5HWkyi0nRE1I73szcT/vE5qBjdBxmWSGpRssWiQCmJiMvud9LlCZsTEEsoUt7cSNqKKMmMTKtoQvOWXV0mzVvUuq7WHq3L9No+jAKdwBhXw4BrqcA8+NIDBGJ7hFd6cxHlx3p2PReuak8+cwB84nz9MBI7i</latexit>

G<1
<latexit sha1_base64="Z0gVuCoBhEzxf6tYWuhuyhraulE=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioIVF0ELLCOYDkiPsbfaSNXu7x+6eEI77DzYWitj6f+z8N26SKzTxwcDjvRlm5gUxZ9q47rdTWFldW98obpa2tnd298r7By0tE0Vok0guVSfAmnImaNMww2knVhRHAaftYHwz9dtPVGkmxYOZxNSP8FCwkBFsrNS67adXXtYvV9yqOwNaJl5OKpCj0S9/9QaSJBEVhnCsdddzY+OnWBlGOM1KvUTTGJMxHtKupQJHVPvp7NoMnVhlgEKpbAmDZurviRRHWk+iwHZG2Iz0ojcV//O6iQkv/ZSJODFUkPmiMOHISDR9HQ2YosTwiSWYKGZvRWSEFSbGBlSyIXiLLy+TVq3qnVVr9+eV+nUeRxGO4BhOwYMLqMMdNKAJBB7hGV7hzZHOi/PufMxbC04+cwh/4Hz+AAgQjsU=</latexit>

No solution!

Start   := Start+Start
| ITE(BExpr,Start,Start)       1
| x | y | 0 | 1

…

ITE( x>y, x, y)  1
Start   := Start0

Start0 := Start0+Start0

| x | y | 0 | 1



Program synthesis with guarantees

Specification

Search space

Program

Synthesizer

Ability to prefer
a solution when

there are multiple ones

Program that satisfies
a probabilistic version

of the specification

Proof that no program
meets the specification



PROVING UNREALIZABILITY IN 
SYNTAX-GUIDED SYNTHESIS
Q. HU, J. BRECK, J. CYPHERT, L. D'ANTONI, T. REPS [CAV19]



Specification

Search space SyGuS
solver

�(P ) : 8x, y.P � x ^ P � y
^(P = x _ P = y)

<latexit sha1_base64="26m8pl9sUIywVq9ASSxKP6UNR7I="></latexit>

Why is this hard?

Proof that

¬9Q s.t. �(Q)
^ Q 2 L(G)

<latexit sha1_base64="XJjDe/bydFdwQMfumovrs0gM/Po="></latexit>

Infinite grammar makes 
the problem undecidable

Unrealizable

Start := Start+Start

| x | y | 0 | 1



Examples E:        
(x0,y0)=(0,0)
(x1,y1)=(0,1)
(x2,y2)=(1,0)
(x3,y3)=(1,1)

Synthesizer
Sy"E

Sy"E = ^(x,y)2E �(f, x, y)

Unrealizable!



Soundness of CEGIS for unrealizability

No solution over E No solution

Sy"E unrealizable Sy unrealizable



Outline of the algorithm

The assert always holds  

construct

int[4] Start(x_0,y_0,x_1,y_1,x_2,y_2,x_3,y_3){
if(??){return (0,0,0,0);} // Start -> 0
if(??){return (1,1,1,1);} // Start -> 1
if(??){return (x_0,x_1,x_2,x_3);} // Start -> x
if(??){return (y_0,y_1,y_2,y_3);} // Start -> y
else{ // Start -> Start + Start

int[4] L = Start(x_0,y_0,x_1,y_1);
int[4] R = Start(x_0,y_0,x_1,y_1);
return (L[0]+R[0],L[1]+R[1],L[2]+R[2],L[3]+R[3]);}

}
int[4] P = Start(0,0,0,1,1,0,2,0);
assert (P[0]!=0 || P[1]!=1 || P[2]!=1 || P[3]!=2);

Sy"E unrealizable

Sy"E := (�, G,E)



Reachability Problem

void main(){
int x = 0;
while(nd()){

x++;
}
assert(x<0)

}

Goal: can the assert be falsified?

Nondeterministic 
choice

Reachability solvers:
CPA-checker
Uautomizer

Seahorn



𝑆𝑦* to 𝑅𝑒*

�⃗� ← 𝐸

�⃗� ← 𝑓!(�⃗�)

𝑓! is non-deterministically drawn from 𝐿(𝐺)

Set input to 𝐸

assert(¬⋀𝑥( ∈ 𝐸.φ(𝑜( , 𝑥())

Check if �⃗� doesn’t satisfy φ 𝑓!(�⃗�) does not satisfy φ on 𝐸

Sy"E unrealizable¬'(o, x)



𝑆𝑦* to 𝑅𝑒*

�⃗� ← 𝐸

�⃗� ← 𝑓!(�⃗�)

𝑓! is non-deterministically drawn from 𝐿(𝐺)

Set input to 𝐸

Check if �⃗� doesn’t satisfy φ

assert(¬⋀𝑥( ∈ 𝐸.φ(𝑜( , 𝑥())¬'(o, x)



assert(¬⋀𝑥( ∈ 𝐸.φ(𝑜( , 𝑥())

void main(){
…
assert(!(spec(x0,y0,o0)&&spec(x1,y1,o1)));

}
bool spec(x,y,o){

return (o>=x)&&(o>=y)&&(o==x||o==y);
}

Check if �⃗� doesn’t satisfy φ



𝑆𝑦* to 𝑅𝑒*

�⃗� ← 𝐸

�⃗� ← 𝑓!(�⃗�)

𝑓! is non-deterministically drawn from 𝐿(𝐺)

Set input to 𝐸

Check if �⃗� doesn’t satisfy φ

assert(¬⋀𝑥( ∈ 𝐸.φ(𝑜( , 𝑥())¬'(o, x)



�⃗� ← 𝑓!(�⃗�)

𝑓! is non-deterministically drawn from 𝐿(𝐺)

o0 = fStart(x0,y0);

int fStart(x0,y0){
if(nd()){ return 0;}
if(nd()){ return 1;}
if(nd()){ return x0;} 
if(nd()}{ return y0;} 
if(nd()){ 

left = fStart(x0,y0);
right = fStart(x0,y0);
return left + right;}

}

\\ Start -> 0
\\ Start -> 1
\\ Start -> x
\\ Start -> y
\\ Start -> +(Start,Start)



o0=fStart(x0,y0);
o0 is 𝑓! x0,y0 for some 𝑓! in 𝐿 𝐺

o1=fStart(x1,y1);
o1 is 𝑓! x1,y1 for some 𝑓! in 𝐿 𝐺

The two 𝑓+ can be different!

Example 0 Example 1



�⃗� ← 𝑓!(�⃗�)

𝑓! is non-deterministically drawn from 𝐿(𝐺)

(o0,o1) = fStart(x0,y0,x1,y1);

<int,int> fStart(x0,y0,x1,y1){
if(nd()){ return (0,0);}
if(nd()){ return (1,1);}
if(nd()){ return (x0,x1);} 
if(nd()}{ return (y0,y1);} 
if(nd()){ 

(a0,a1) = fStart(x0,y0,x1,y1);
(b0,b1) = fStart(x0,y0,x1,y1);
return (a0+b0,a1+b1);}

}

\\ Start -> 0
\\ Start -> 1
\\ Start -> x
\\ Start -> y
\\ Start -> +(Start,Start)



DOES IT WORK?



Benchmarks

60  SyGuS benchmarks
over LIA

132 benchmarks that 
should be unrealizable

QSyGuS

Specification

Weighted grammar

QSyGuS

�(P )
<latexit sha1_base64="f9OHPLaS8O/1+Ty9jjnvZ1cFrHY=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0mqoMeiF48R7Ae0oWy203bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZemAiujet+O2vrG5tb24Wd4u7e/sFh6ei4qeNUMWywWMSqHVKNgktsGG4EthOFNAoFtsLx3cxvPaHSPJaPZpJgENGh5APOqLFSq+uPeMW/6JXKbtWdg6wSLydlyOH3Sl/dfszSCKVhgmrd8dzEBBlVhjOB02I31ZhQNqZD7FgqaYQ6yObnTsm5VfpkECtb0pC5+nsio5HWkyi0nRE1I73szcT/vE5qBjdBxmWSGpRssWiQCmJiMvud9LlCZsTEEsoUt7cSNqKKMmMTKtoQvOWXV0mzVvUuq7WHq3L9No+jAKdwBhXw4BrqcA8+NIDBGJ7hFd6cxHlx3p2PReuak8+cwB84nz9MBI7i</latexit>

W
<latexit sha1_base64="yxUgNFppSsebkUqo0HdMiZJUGss=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqtPulsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0qhXvslJtXJVrt3kcBTiFM7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDtYOM3w==</latexit>

Specification

Grammar

SyGuS

�(P )
<latexit sha1_base64="f9OHPLaS8O/1+Ty9jjnvZ1cFrHY=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0mqoMeiF48R7Ae0oWy203bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZemAiujet+O2vrG5tb24Wd4u7e/sFh6ei4qeNUMWywWMSqHVKNgktsGG4EthOFNAoFtsLx3cxvPaHSPJaPZpJgENGh5APOqLFSq+uPeMW/6JXKbtWdg6wSLydlyOH3Sl/dfszSCKVhgmrd8dzEBBlVhjOB02I31ZhQNqZD7FgqaYQ6yObnTsm5VfpkECtb0pC5+nsio5HWkyi0nRE1I73szcT/vE5qBjdBxmWSGpRssWiQCmJiMvud9LlCZsTEEsoUt7cSNqKKMmMTKtoQvOWXV0mzVvUuq7WHq3L9No+jAKdwBhXw4BrqcA8+NIDBGJ7hFd6cxHlx3p2PReuak8+cwB84nz9MBI7i</latexit>Restrict 

grammar

G<2
<latexit sha1_base64="xFuEuyGE+lsjOBpplbClfjCeijs=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioIVF0ELLCOYDkiPsbfaSNXu7x+6eEI77DzYWitj6f+z8N26SKzTxwcDjvRlm5gUxZ9q47rdTWFldW98obpa2tnd298r7By0tE0Vok0guVSfAmnImaNMww2knVhRHAaftYHwz9dtPVGkmxYOZxNSP8FCwkBFsrNS67adXtaxfrrhVdwa0TLycVCBHo1/+6g0kSSIqDOFY667nxsZPsTKMcJqVeommMSZjPKRdSwWOqPbT2bUZOrHKAIVS2RIGzdTfEymOtJ5Ege2MsBnpRW8q/ud1ExNe+ikTcWKoIPNFYcKRkWj6OhowRYnhE0swUczeisgIK0yMDahkQ/AWX14mrVrVO6vW7s8r9es8jiIcwTGcggcXUIc7aEATCDzCM7zCmyOdF+fd+Zi3Fpx85hD+wPn8AQmVjsY=</latexit>

Restrict 
grammar…

Specification

Grammar

SyGuS

�(P )
<latexit sha1_base64="f9OHPLaS8O/1+Ty9jjnvZ1cFrHY=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0mqoMeiF48R7Ae0oWy203bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZemAiujet+O2vrG5tb24Wd4u7e/sFh6ei4qeNUMWywWMSqHVKNgktsGG4EthOFNAoFtsLx3cxvPaHSPJaPZpJgENGh5APOqLFSq+uPeMW/6JXKbtWdg6wSLydlyOH3Sl/dfszSCKVhgmrd8dzEBBlVhjOB02I31ZhQNqZD7FgqaYQ6yObnTsm5VfpkECtb0pC5+nsio5HWkyi0nRE1I73szcT/vE5qBjdBxmWSGpRssWiQCmJiMvud9LlCZsTEEsoUt7cSNqKKMmMTKtoQvOWXV0mzVvUuq7WHq3L9No+jAKdwBhXw4BrqcA8+NIDBGJ7hFd6cxHlx3p2PReuak8+cwB84nz9MBI7i</latexit>

G<1
<latexit sha1_base64="Z0gVuCoBhEzxf6tYWuhuyhraulE=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioIVF0ELLCOYDkiPsbfaSNXu7x+6eEI77DzYWitj6f+z8N26SKzTxwcDjvRlm5gUxZ9q47rdTWFldW98obpa2tnd298r7By0tE0Vok0guVSfAmnImaNMww2knVhRHAaftYHwz9dtPVGkmxYOZxNSP8FCwkBFsrNS67adXXtYvV9yqOwNaJl5OKpCj0S9/9QaSJBEVhnCsdddzY+OnWBlGOM1KvUTTGJMxHtKupQJHVPvp7NoMnVhlgEKpbAmDZurviRRHWk+iwHZG2Iz0ojcV//O6iQkv/ZSJODFUkPmiMOHISDR9HQ2YosTwiSWYKGZvRWSEFSbGBlSyIXiLLy+TVq3qnVVr9+eV+nUeRxGO4BhOwYMLqMMdNKAJBB7hGV7hzZHOi/PufMxbC04+cwh/4Hz+AAgQjsU=</latexit>

No solution!



The tool Nope

132 variants of benchmarks taken from SyGuS

1. bounded number of if-operators
2. bounded number of plus-operators
3. restricted range of constants

Solved

13/57
1/30

45/45

59/132



Large sized reachability problem

Limitation NOPE: size of grammars 



A SPECIALIZED UNREALIZABILITY TECHNIQUE
EXACT AND APPROXIMATE METHODS FOR PROVING UNREALIZABILITY OF SYNTAX-
GUIDED SYNTHESIS PROBLEMS [PLDI20]

Qinheping Hu



Example of an Unrealizable Problem

Start → Expr! | Expr"

Expr! → 𝑥 +𝑥 +Expr! | 1

Expr" → 𝑥 +𝑥 +𝑥 +Expr" | 0

Solution ∈ ?
Solution ∈ ?

𝑓 1 = 5
𝑓 2 = 6



Example of an Unrealizable Problem

Start → Expr! | Expr"

Expr! → 𝑥 +𝑥 +Expr! | 1

Expr" → 𝑥 +𝑥 +𝑥 +Expr" | 0Solution ∈ ?
1, 2𝑥 + 1, 4𝑥 + 1,…

∃𝜆. 2𝜆1 + 1 = 5
∧ 2𝜆2 + 1 = 6

𝟐𝝀𝒙+𝟏 :Solution ∈ ?

𝑓 1 = 5
𝑓 2 = 6

odd even



Solution ∈

Example of an Unrealizable Problem

Start → Expr! | Expr"

Expr! → 𝑥 +𝑥 +Expr! | 1

Expr" → 𝑥 +𝑥 +𝑥 +Expr" | 0

𝟐𝝀𝒙+𝟏

𝟑𝝀𝒙

𝟐𝝀𝒙+𝟏 or   𝟑𝝀𝒙

Solution ∈

No Solution
Unrealizable

𝑓 1 = 5
𝑓 2 = 6



High-level Idea

Start → Expr! | Expr"

Expr! → 𝑥 +𝑥 +Expr!
| 1

Expr" → 𝑥 +𝑥 +𝑥 +Expr"
| 0

{ 1,1 , 3,5 , 5,9 ,⋯}

{ 0,0 , 3,6 , 6,12 ,⋯}

1,1 ,⋯ ∪ { 0,0 ,⋯}

Grammar Equations Solution

𝑉#$%&$ =

𝑉'()&! =

𝑉'()&" =

Step 1 Step 2
𝑉#$%&$ = 𝑉'()&! ∪𝑉'()&"

𝑉'()&" = 3, 6 +𝑉'()&"
∪ { 0, 0 }

𝑉'()&! = 2, 4 +𝑉'()&!
∪ {(1, 1)}

𝑓 1 = 5
𝑓 2 = 6

How do I solve 
this?

Logical approach: Constrained Horn Clauses (CHC) 

Iterative approach

(5, 6) in   𝑉!"#$" ?



• Solvable by off-the-shelf Constrained Horn Clauses (CHC) solver
• Complete, but undecidable

Horn Clauses

∀𝑥, 𝑦. 𝑥 ∈ 𝑉'()&! ← (𝑥 = 2, 4 + 𝑦 ∧ 𝑦 ∈ 𝑉'()&!)
∨ 𝑥 = (1, 1)

∀𝑥. , 𝑦 𝑥 ∈ 𝑉'()&" ← (𝑥 = 3, 6 + 𝑦 ∧ 𝑦 ∈ 𝑉'()&!)
∨ 0, 0 ∈ 𝑉'()&"

∀𝑥. 𝑥 ∈ 𝑉#$%&$ ← 𝑥 ∈ 𝑉'()&! ∨ 𝑥 ∈ 𝑉'()&"

assert 5, 6 ∈ 𝑉#$%&$

Logical approach: 
Solving Equations with Horn Clauses

Equations

𝑓 1 = 5
𝑓 2 = 6

𝑉#$%&$ = 𝑉'()&! ∪𝑉'()&"

𝑉'()&" = 3, 6 +𝑉'()&"
∪ { 0, 0 }

𝑉'()&! = 2, 4 +𝑉'()&!
∪ {(1, 1)}



Iterative approach:
Solving Equations with Semi-linear Sets

• All variables and constants
are semi-linear sets

• Operators: ∪, +, 𝐼𝑇𝐸

• Fact: These equations can be solved iteratively in no more than 𝑛 rounds with 𝑛
number of equations [Esparza et al. 2010]

Equations Solution

𝑉#$%&$

𝑉'()&!

𝑉'()&"

= 1, 1 + 𝜆 2, 4
∪ { 0, 0 + 𝜆(3, 6)}

= { 1, 1 + 𝜆(2, 4)}

= { 0, 0 + 𝜆(3, 6)}

Given a conditional linear integer arithmetic (CLIA) SyGuS problem 𝑠𝑦 and a 
finite set of examples 𝐸, it is decidable whether the SyGuS problem 𝑠𝑦K is 
(un)realizable

Theorem

𝑉#$%&$ = 𝑉'()&! ∪𝑉'()&"

𝑉'()&" = 3, 6 +𝑉'()&"
∪ { 0, 0 }

𝑉'()&! = 2, 4 +𝑉'()&!
∪ {(1, 1)}



Nay (equation-based) vs Nope (reachability-based)

Nay with 
Horn clauses

Nay with 
Semi-linear sets

Nope
Seahorn

54

11

5

62 

Nay with Horn clauses is 19x 
faster than Nope

Nay Can solve 11 new 
benchmarks!



CONCLUSION



Program synthesis with guarantees

Specification

Search space

Program

Synthesizer

Ability to prefer
a solution when

there are multiple ones

Proof that no program
meets the specification

Program that satisfies
a probabilistic version

of the specification

[CAV17, CAV19][CAV18]

[CAV19, PLDI20]



Synthesize 
Imperative
Programs

Solver 1 
(e.g., Sketch)

Solver 2 
(e.g., Rosette)

Write Custom Solver
Synthesize 

Regexes

Synthesize 
Expressions

Specialized Solver
(e.g., AlphaRegex)

CVC4, Esolver,…

Encode

SyGuS



Synthesize 
Imperative
Programs

SemGuS Solver 1 
(e.g., Messy)

SemGuS Solver 2
(e.g., Messy-Enum) 

Custom Semgus Solver
Synthesize 

Regexes

Synthesize 
Expressions

Domain Specific 
Semgus Solver

Semantics-Guided 
Synthesis
(SemGuS)

Kim, Hu, D’Antoni, Reps. Semantics-guided synthesis [POPL21]


