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Top-Down vs. Bottom-Up
• Top-down search

• Candidates are whole but might be incomplete (w/ holes); cannot always run 
on inputs but always relate to outputs 

• Optimization:  top-down propagation

• Efficient but only applicable for specific kinds of languages

• Bottom-up search

• Candidates are complete programs but might not be whole; can always run 
on inputs but cannot always relate to outputs

• Optimization: observational equivalence reduction

• Generally applicable but inefficient



Dichotomy : “General-purpose” vs. “Domain-specific”

i1 7! o1
i2 7! o2

· · ·

IO constraint

Synthesizer Program
DSL Definition

S ! x | F (S1, S2)
User

i1 7! o1
i2 7! o2

· · ·

IO constraint Program
User Synthesizer with a fixed DSL
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DSL Definition

S ! x | F (S1, S2)
User
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· · ·

IO constraint Program
User Synthesizer with a fixed DSL

• Encouraged by a standard formulation: Syntax-guided Synthesis (SyGuS)

• General search strategies (e.g., Bottom-up enumeration)

+ Broad application domains         − unscalable



General-purpose synthesizer

Domain-specific synthesizer

Dichotomy : “General-purpose” vs. “Domain-specific”

i1 7! o1
i2 7! o2

· · ·

IO constraint

Synthesizer Program
DSL Definition

S ! x | F (S1, S2)
User

i1 7! o1
i2 7! o2

· · ·

IO constraint Program
User Synthesizer with a fixed DSL

• Domain-specific search strategies (e.g., Top-down propagation)

• Successful industrialization (e.g.,                       )

+ very efficient         − only applicable for specific applications



A Bidirectional Search Strategy

• Woosuk Lee, Combining the Top-down Propagation and 
Bottom-up Enumeration for Inductive Program 
Synthesis, POPL 2021

• Synergistically combine top-down and bottom-up search

• Generally applicable for a wide range of SyGuS instances

• https://github.com/wslee/duet

https://github.com/wslee/duet


Overall Algorithm

Domain-Unaware inductive synthesis via Enumeration and Top-down propagation

Failure

Synthesis specification

Generator ComposerInitial component size n
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• Goal: function    converting a given phone number     into another format

•       Specification

   Syntactic: 

   Semantic:

Example

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

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

SubStr(“abc”, 0, 2) = “ab”

.
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  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”

.



Example

•        Solution: Size : 12  AST nodes

<latexit sha1_base64="IByYe7UWXzozwVN9uBzp6xkQWN0="></latexit>

Replace(SubStr( ConCat(x, “.”)| {z }
outputs: h“ +1 2.3.”,“ +4 56.78.”i

, 2,Length(x)� 1)

| {z }
outputs: h“1 2.3.”,“4 56.78.”i

, “.”, “-”)

| {z }
outputs: h“1 2�3.”,“4 56�78.”i



Example

•        Solution: 

<latexit sha1_base64="wjQVe4gu5y9Im3ghs5UPSgbmc30="></latexit>

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

Bottom-up 
Enumeration O X

Top-down 
Propagation X — 

Duet O O



Existing Bottom-up Enumerative Strategy

…

Size Expressions
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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.

• An e�cient inductive synthesis algorithm usable for a wide range of inductive synthesis
problems: by targetting the SyGuS speci�cation language, our algorithm can be used for
inductive SyGuS problems with arbitrary grammars. The algorithm is guaranteed to �nd a
correct solution if exists.

• Inverse semantics operators for theories of strings, bitvectors, LIA and SAT: the inverse
semantics operators for SyGuS are not only a core part of our synthesis system but also
can be a useful reference for applying our approach to languages other than the SyGuS
speci�cation language.

• Implementation and evaluation on benchmark problems from a variety of widely applicable
domains: the results demonstrate signi�cant performance gains over existing synthesis
techniques.

2 Overview
We illustrate existing approaches and ourmethod on the problem of synthesizing a string-manipulating
program. The desired string-manipulating program is a function f that takes as input a string of a
phone number (denoted x ) and outputs one in a di�erent format by removing a leading space and a
plus symbol, replacing all hyphens and spaces in the middle with dots, and adding a dot at the end.
For example, given a string “ +6 775-969-238”, the function is supposed to return “6.775.969.238.”. 1

We formulate this problem as an instance of the syntax-guided synthesis (SyGuS) problem [Alur
et al. 2013]. Each formulation comprises a syntactic speci�cation, in the form of a regular-tree
grammar that con�nes the space of possible programs, and a semantic speci�cation, in the form of
a logical formula which de�nes a correctness condition of the desired program.

The syntactic speci�cation for f is the grammar:

S ! x | “ ” | “-” | “.” | SubStr(S, I , I ) | Rep(S, S, S) | ConCat(S, S) | · · ·
I ! 1 | 2 | I � I | Length(S) | · · ·

where S is the start non-terminal symbol, and the operators are the ones supported in the the-
ory of strings. ConCat and Length are the string concatenation/length operators, respectively,
SubStr(s, i, j) returns the substring of s that begins at index i and extends to the length j(> 0), and
Rep(s, t1, t2) returns a new string where the �rst occurrence of t1 in s is replaced by t2.
The semantic speci�cation for f follows the programming by example (PBE) paradigm and

comprises input-output examples given as a logical formula:2

f (“ +6 775-969-238”|                     {z                     }
i1

) = “6.775.969.238.”|               {z               }
o1

^f (“ +82 10-56-80”|                {z                }
i2

) = “82.10.56.80.”|            {z            }
o2

.

Let us denote the two input and output examples by i1, i2 and o1,o2 respectively. Each expression e
in the grammar produces a vector of outputs hneo (i1), neo (i2)i on the input examples. The smallest

1A slight variant of the phone-9.sl benchmark of the annual SyGuS competition.
2Our approach is also applicable to a broad class of SyGuS instances beyond the cases where input-output examples are
provided upfront. Please see Section 3 for more details.

Proc. ACM Program. Lang., Vol. 1, No. POPL, Article 1. Publication date: January 2021.
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phone number (denoted x ) and outputs one in a di�erent format by removing a leading space and a
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We formulate this problem as an instance of the syntax-guided synthesis (SyGuS) problem [Alur
et al. 2013]. Each formulation comprises a syntactic speci�cation, in the form of a regular-tree
grammar that con�nes the space of possible programs, and a semantic speci�cation, in the form of
a logical formula which de�nes a correctness condition of the desired program.
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S ! x | “ ” | “-” | “.” | SubStr(S, I , I ) | Rep(S, S, S) | ConCat(S, S) | · · ·
I ! 1 | 2 | I � I | Length(S) | · · ·

where S is the start non-terminal symbol, and the operators are the ones supported in the the-
ory of strings. ConCat and Length are the string concatenation/length operators, respectively,
SubStr(s, i, j) returns the substring of s that begins at index i and extends to the length j(> 0), and
Rep(s, t1, t2) returns a new string where the �rst occurrence of t1 in s is replaced by t2.
The semantic speci�cation for f follows the programming by example (PBE) paradigm and

comprises input-output examples given as a logical formula:2

f (“ +6 775-969-238”|                     {z                     }
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inductive SyGuS problems with arbitrary grammars. The algorithm is guaranteed to �nd a
correct solution if exists.

• Inverse semantics operators for theories of strings, bitvectors, LIA and SAT: the inverse
semantics operators for SyGuS are not only a core part of our synthesis system but also
can be a useful reference for applying our approach to languages other than the SyGuS
speci�cation language.

• Implementation and evaluation on benchmark problems from a variety of widely applicable
domains: the results demonstrate signi�cant performance gains over existing synthesis
techniques.

2 Overview
We illustrate existing approaches and our method on the problem of synthesizing a string-manipulating
program. The desired string-manipulating program is a function f that takes as input a string of a
phone number (denoted x ) and outputs one in a di�erent format by removing a leading space and a
plus symbol, replacing all hyphens and spaces in the middle with dots, and adding a dot at the end.
For example, given a string “ +6 775-969-238”, the function is supposed to return “6.775.969.238.”. 1

We formulate this problem as an instance of the syntax-guided synthesis (SyGuS) problem [Alur
et al. 2013]. Each formulation comprises a syntactic speci�cation, in the form of a regular-tree
grammar that con�nes the space of possible programs, and a semantic speci�cation, in the form of
a logical formula which de�nes a correctness condition of the desired program.

The syntactic speci�cation for f is the grammar:
S ! x | “ ” | “-” | “.” | SubStr(S, I , I ) | Rep(S, S, S) | ConCat(S, S) | · · ·
I ! 1 | 2 | I � I | Length(S) | · · ·

where S is the start non-terminal symbol, and the operators are the ones supported in the the-
ory of strings. ConCat and Length are the string concatenation/length operators, respectively,
SubStr(s, i, j) returns the substring of s that begins at index i and extends to the length j(> 0), and
Rep(s, t1, t2) returns a new string where the �rst occurrence of t1 in s is replaced by t2.

Length(x)
Length(“ ”)
Length(“-”)
Length(“.”)

The semantic speci�cation for f follows the programming by example (PBE) paradigm and comprises
input-output examples given as a logical formula:2.

f (“ +6 775-969-238”) = “6.775.969.238.”
The smallest solution to this synthesis problem is

Rep(

ez                                                                                            }|                                                                                            {
Rep(Rep(SubStr( ConCat(x , “.”)|          {z          }

output: “ +6 775-969-238.”

, 2, Length(x) � 1)

|                                                          {z                                                          }
output: “6 775-969-238.”

, “ ”, “.”), “-”, “.”), “-”, “.”)

|                                                                                                             {z                                                                                                             }
output: “6.775.969.238.”

. (1)

1A slight variant of a synthesis problem used in the PBE-STR track of the annual SyGuS competition.
2Our approach is also applicable to a broad class of SyGuS instances beyond the cases where input-output examples are
provided upfront. Please see Section 3 for more details.
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inductive SyGuS problems with arbitrary grammars. The algorithm is guaranteed to �nd a
correct solution if exists.

• Inverse semantics operators for theories of strings, bitvectors, LIA and SAT: the inverse
semantics operators for SyGuS are not only a core part of our synthesis system but also
can be a useful reference for applying our approach to languages other than the SyGuS
speci�cation language.

• Implementation and evaluation on benchmark problems from a variety of widely applicable
domains: the results demonstrate signi�cant performance gains over existing synthesis
techniques.

2 Overview
We illustrate existing approaches and our method on the problem of synthesizing a string-manipulating
program. The desired string-manipulating program is a function f that takes as input a string of a
phone number (denoted x ) and outputs one in a di�erent format by removing a leading space and a
plus symbol, replacing all hyphens and spaces in the middle with dots, and adding a dot at the end.
For example, given a string “ +6 775-969-238”, the function is supposed to return “6.775.969.238.”. 1

We formulate this problem as an instance of the syntax-guided synthesis (SyGuS) problem [Alur
et al. 2013]. Each formulation comprises a syntactic speci�cation, in the form of a regular-tree
grammar that con�nes the space of possible programs, and a semantic speci�cation, in the form of
a logical formula which de�nes a correctness condition of the desired program.

The syntactic speci�cation for f is the grammar:
S ! x | “ ” | “-” | “.” | SubStr(S, I , I ) | Rep(S, S, S) | ConCat(S, S) | · · ·
I ! 1 | 2 | I � I | Length(S) | · · ·

where S is the start non-terminal symbol, and the operators are the ones supported in the the-
ory of strings. ConCat and Length are the string concatenation/length operators, respectively,
SubStr(s, i, j) returns the substring of s that begins at index i and extends to the length j(> 0), and
Rep(s, t1, t2) returns a new string where the �rst occurrence of t1 in s is replaced by t2.

Length(x)
Length(“ ”)
Length(“-”)
Length(“.”)

The semantic speci�cation for f follows the programming by example (PBE) paradigm and comprises
input-output examples given as a logical formula:2.

f (“ +6 775-969-238”) = “6.775.969.238.”
The smallest solution to this synthesis problem is

Rep(

ez                                                                                            }|                                                                                            {
Rep(Rep(SubStr( ConCat(x , “.”)|          {z          }

output: “ +6 775-969-238.”

, 2, Length(x) � 1)

|                                                          {z                                                          }
output: “6 775-969-238.”

, “ ”, “.”), “-”, “.”), “-”, “.”)

|                                                                                                             {z                                                                                                             }
output: “6.775.969.238.”

. (1)

1A slight variant of a synthesis problem used in the PBE-STR track of the annual SyGuS competition.
2Our approach is also applicable to a broad class of SyGuS instances beyond the cases where input-output examples are
provided upfront. Please see Section 3 for more details.
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inductive SyGuS problems with arbitrary grammars. The algorithm is guaranteed to �nd a
correct solution if exists.

• Inverse semantics operators for theories of strings, bitvectors, LIA and SAT: the inverse
semantics operators for SyGuS are not only a core part of our synthesis system but also
can be a useful reference for applying our approach to languages other than the SyGuS
speci�cation language.

• Implementation and evaluation on benchmark problems from a variety of widely applicable
domains: the results demonstrate signi�cant performance gains over existing synthesis
techniques.

2 Overview
We illustrate existing approaches and our method on the problem of synthesizing a string-manipulating
program. The desired string-manipulating program is a function f that takes as input a string of a
phone number (denoted x ) and outputs one in a di�erent format by removing a leading space and a
plus symbol, replacing all hyphens and spaces in the middle with dots, and adding a dot at the end.
For example, given a string “ +6 775-969-238”, the function is supposed to return “6.775.969.238.”. 1

We formulate this problem as an instance of the syntax-guided synthesis (SyGuS) problem [Alur
et al. 2013]. Each formulation comprises a syntactic speci�cation, in the form of a regular-tree
grammar that con�nes the space of possible programs, and a semantic speci�cation, in the form of
a logical formula which de�nes a correctness condition of the desired program.

The syntactic speci�cation for f is the grammar:
S ! x | “ ” | “-” | “.” | SubStr(S, I , I ) | Rep(S, S, S) | ConCat(S, S) | · · ·
I ! 1 | 2 | I � I | Length(S) | · · ·

where S is the start non-terminal symbol, and the operators are the ones supported in the the-
ory of strings. ConCat and Length are the string concatenation/length operators, respectively,
SubStr(s, i, j) returns the substring of s that begins at index i and extends to the length j(> 0), and
Rep(s, t1, t2) returns a new string where the �rst occurrence of t1 in s is replaced by t2.

Length(x)
Length(“ ”)
Length(“-”)
Length(“.”)

The semantic speci�cation for f follows the programming by example (PBE) paradigm and comprises
input-output examples given as a logical formula:2.

f (“ +6 775-969-238”) = “6.775.969.238.”
The smallest solution to this synthesis problem is

Rep(

ez                                                                                            }|                                                                                            {
Rep(Rep(SubStr( ConCat(x , “.”)|          {z          }

output: “ +6 775-969-238.”

, 2, Length(x) � 1)

|                                                          {z                                                          }
output: “6 775-969-238.”

, “ ”, “.”), “-”, “.”), “-”, “.”)

|                                                                                                             {z                                                                                                             }
output: “6.775.969.238.”

. (1)

1A slight variant of a synthesis problem used in the PBE-STR track of the annual SyGuS competition.
2Our approach is also applicable to a broad class of SyGuS instances beyond the cases where input-output examples are
provided upfront. Please see Section 3 for more details.
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inductive SyGuS problems with arbitrary grammars. The algorithm is guaranteed to �nd a
correct solution if exists.

• Inverse semantics operators for theories of strings, bitvectors, LIA and SAT: the inverse
semantics operators for SyGuS are not only a core part of our synthesis system but also
can be a useful reference for applying our approach to languages other than the SyGuS
speci�cation language.

• Implementation and evaluation on benchmark problems from a variety of widely applicable
domains: the results demonstrate signi�cant performance gains over existing synthesis
techniques.

2 Overview
We illustrate existing approaches and our method on the problem of synthesizing a string-manipulating
program. The desired string-manipulating program is a function f that takes as input a string of a
phone number (denoted x ) and outputs one in a di�erent format by removing a leading space and a
plus symbol, replacing all hyphens and spaces in the middle with dots, and adding a dot at the end.
For example, given a string “ +6 775-969-238”, the function is supposed to return “6.775.969.238.”. 1

We formulate this problem as an instance of the syntax-guided synthesis (SyGuS) problem [Alur
et al. 2013]. Each formulation comprises a syntactic speci�cation, in the form of a regular-tree
grammar that con�nes the space of possible programs, and a semantic speci�cation, in the form of
a logical formula which de�nes a correctness condition of the desired program.

The syntactic speci�cation for f is the grammar:
S ! x | “ ” | “-” | “.” | SubStr(S, I , I ) | Rep(S, S, S) | ConCat(S, S) | · · ·
I ! 1 | 2 | I � I | Length(S) | · · ·

where S is the start non-terminal symbol, and the operators are the ones supported in the the-
ory of strings. ConCat and Length are the string concatenation/length operators, respectively,
SubStr(s, i, j) returns the substring of s that begins at index i and extends to the length j(> 0), and
Rep(s, t1, t2) returns a new string where the �rst occurrence of t1 in s is replaced by t2.

Length(x)
Length(“ ”)
Length(“-”)
Length(“.”)

The semantic speci�cation for f follows the programming by example (PBE) paradigm and comprises
input-output examples given as a logical formula:2.

f (“ +6 775-969-238”) = “6.775.969.238.”
The smallest solution to this synthesis problem is

Rep(

ez                                                                                            }|                                                                                            {
Rep(Rep(SubStr( ConCat(x , “.”)|          {z          }

output: “ +6 775-969-238.”

, 2, Length(x) � 1)

|                                                          {z                                                          }
output: “6 775-969-238.”

, “ ”, “.”), “-”, “.”), “-”, “.”)

|                                                                                                             {z                                                                                                             }
output: “6.775.969.238.”

. (1)

1A slight variant of a synthesis problem used in the PBE-STR track of the annual SyGuS competition.
2Our approach is also applicable to a broad class of SyGuS instances beyond the cases where input-output examples are
provided upfront. Please see Section 3 for more details.
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inductive SyGuS problems with arbitrary grammars. The algorithm is guaranteed to �nd a
correct solution if exists.

• Inverse semantics operators for theories of strings, bitvectors, LIA and SAT: the inverse
semantics operators for SyGuS are not only a core part of our synthesis system but also
can be a useful reference for applying our approach to languages other than the SyGuS
speci�cation language.

• Implementation and evaluation on benchmark problems from a variety of widely applicable
domains: the results demonstrate signi�cant performance gains over existing synthesis
techniques.

2 Overview
We illustrate existing approaches and our method on the problem of synthesizing a string-manipulating
program. The desired string-manipulating program is a function f that takes as input a string of a
phone number (denoted x ) and outputs one in a di�erent format by removing a leading space and a
plus symbol, replacing all hyphens and spaces in the middle with dots, and adding a dot at the end.
For example, given a string “ +6 775-969-238”, the function is supposed to return “6.775.969.238.”. 1

We formulate this problem as an instance of the syntax-guided synthesis (SyGuS) problem [Alur
et al. 2013]. Each formulation comprises a syntactic speci�cation, in the form of a regular-tree
grammar that con�nes the space of possible programs, and a semantic speci�cation, in the form of
a logical formula which de�nes a correctness condition of the desired program.

The syntactic speci�cation for f is the grammar:
S ! x | “ ” | “-” | “.” | SubStr(S, I , I ) | Rep(S, S, S) | ConCat(S, S) | · · ·
I ! 1 | 2 | I � I | Length(S) | · · ·

where S is the start non-terminal symbol, and the operators are the ones supported in the the-
ory of strings. ConCat and Length are the string concatenation/length operators, respectively,
SubStr(s, i, j) returns the substring of s that begins at index i and extends to the length j(> 0), and
Rep(s, t1, t2) returns a new string where the �rst occurrence of t1 in s is replaced by t2.

1 � 2
2 � 1

ConCat(x , )
SubStr(x , 0, 1)

The semantic speci�cation for f follows the programming by example (PBE) paradigm and comprises
input-output examples given as a logical formula:2.

f (“ +6 775-969-238”) = “6.775.969.238.”
The smallest solution to this synthesis problem is

Rep(

ez                                                                                            }|                                                                                            {
Rep(Rep(SubStr( ConCat(x , “.”)|          {z          }

output: “ +6 775-969-238.”

, 2, Length(x) � 1)

|                                                          {z                                                          }
output: “6 775-969-238.”

, “ ”, “.”), “-”, “.”), “-”, “.”)

|                                                                                                             {z                                                                                                             }
output: “6.775.969.238.”

. (1)

1A slight variant of a synthesis problem used in the PBE-STR track of the annual SyGuS competition.
2Our approach is also applicable to a broad class of SyGuS instances beyond the cases where input-output examples are
provided upfront. Please see Section 3 for more details.
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inductive SyGuS problems with arbitrary grammars. The algorithm is guaranteed to �nd a
correct solution if exists.

• Inverse semantics operators for theories of strings, bitvectors, LIA and SAT: the inverse
semantics operators for SyGuS are not only a core part of our synthesis system but also
can be a useful reference for applying our approach to languages other than the SyGuS
speci�cation language.

• Implementation and evaluation on benchmark problems from a variety of widely applicable
domains: the results demonstrate signi�cant performance gains over existing synthesis
techniques.

2 Overview
We illustrate existing approaches and our method on the problem of synthesizing a string-manipulating
program. The desired string-manipulating program is a function f that takes as input a string of a
phone number (denoted x ) and outputs one in a di�erent format by removing a leading space and a
plus symbol, replacing all hyphens and spaces in the middle with dots, and adding a dot at the end.
For example, given a string “ +6 775-969-238”, the function is supposed to return “6.775.969.238.”. 1

We formulate this problem as an instance of the syntax-guided synthesis (SyGuS) problem [Alur
et al. 2013]. Each formulation comprises a syntactic speci�cation, in the form of a regular-tree
grammar that con�nes the space of possible programs, and a semantic speci�cation, in the form of
a logical formula which de�nes a correctness condition of the desired program.

The syntactic speci�cation for f is the grammar:
S ! x | “ ” | “-” | “.” | SubStr(S, I , I ) | Rep(S, S, S) | ConCat(S, S) | · · ·
I ! 1 | 2 | I � I | Length(S) | · · ·

where S is the start non-terminal symbol, and the operators are the ones supported in the the-
ory of strings. ConCat and Length are the string concatenation/length operators, respectively,
SubStr(s, i, j) returns the substring of s that begins at index i and extends to the length j(> 0), and
Rep(s, t1, t2) returns a new string where the �rst occurrence of t1 in s is replaced by t2.

1 � 2
2 � 1

ConCat(x , )
SubStr(x , 0, 1)

The semantic speci�cation for f follows the programming by example (PBE) paradigm and comprises
input-output examples given as a logical formula:2.

f (“ +6 775-969-238”) = “6.775.969.238.”
The smallest solution to this synthesis problem is

Rep(

ez                                                                                            }|                                                                                            {
Rep(Rep(SubStr( ConCat(x , “.”)|          {z          }

output: “ +6 775-969-238.”

, 2, Length(x) � 1)

|                                                          {z                                                          }
output: “6 775-969-238.”

, “ ”, “.”), “-”, “.”), “-”, “.”)

|                                                                                                             {z                                                                                                             }
output: “6.775.969.238.”

. (1)

1A slight variant of a synthesis problem used in the PBE-STR track of the annual SyGuS competition.
2Our approach is also applicable to a broad class of SyGuS instances beyond the cases where input-output examples are
provided upfront. Please see Section 3 for more details.

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

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

1:4 Anon.

inductive SyGuS problems with arbitrary grammars. The algorithm is guaranteed to �nd a
correct solution if exists.

• Inverse semantics operators for theories of strings, bitvectors, LIA and SAT: the inverse
semantics operators for SyGuS are not only a core part of our synthesis system but also
can be a useful reference for applying our approach to languages other than the SyGuS
speci�cation language.

• Implementation and evaluation on benchmark problems from a variety of widely applicable
domains: the results demonstrate signi�cant performance gains over existing synthesis
techniques.

2 Overview
We illustrate existing approaches and our method on the problem of synthesizing a string-manipulating
program. The desired string-manipulating program is a function f that takes as input a string of a
phone number (denoted x ) and outputs one in a di�erent format by removing a leading space and a
plus symbol, replacing all hyphens and spaces in the middle with dots, and adding a dot at the end.
For example, given a string “ +6 775-969-238”, the function is supposed to return “6.775.969.238.”. 1

We formulate this problem as an instance of the syntax-guided synthesis (SyGuS) problem [Alur
et al. 2013]. Each formulation comprises a syntactic speci�cation, in the form of a regular-tree
grammar that con�nes the space of possible programs, and a semantic speci�cation, in the form of
a logical formula which de�nes a correctness condition of the desired program.

The syntactic speci�cation for f is the grammar:
S ! x | “ ” | “-” | “.” | SubStr(S, I , I ) | Rep(S, S, S) | ConCat(S, S) | · · ·
I ! 1 | 2 | I � I | Length(S) | · · ·

where S is the start non-terminal symbol, and the operators are the ones supported in the the-
ory of strings. ConCat and Length are the string concatenation/length operators, respectively,
SubStr(s, i, j) returns the substring of s that begins at index i and extends to the length j(> 0), and
Rep(s, t1, t2) returns a new string where the �rst occurrence of t1 in s is replaced by t2.

1 � 2
2 � 1

ConCat(x , )
SubStr(x , 0, 1)

The semantic speci�cation for f follows the programming by example (PBE) paradigm and comprises
input-output examples given as a logical formula:2.

f (“ +6 775-969-238”) = “6.775.969.238.”
The smallest solution to this synthesis problem is

Rep(

ez                                                                                            }|                                                                                            {
Rep(Rep(SubStr( ConCat(x , “.”)|          {z          }

output: “ +6 775-969-238.”

, 2, Length(x) � 1)

|                                                          {z                                                          }
output: “6 775-969-238.”

, “ ”, “.”), “-”, “.”), “-”, “.”)

|                                                                                                             {z                                                                                                             }
output: “6.775.969.238.”

. (1)

1A slight variant of a synthesis problem used in the PBE-STR track of the annual SyGuS competition.
2Our approach is also applicable to a broad class of SyGuS instances beyond the cases where input-output examples are
provided upfront. Please see Section 3 for more details.
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inductive SyGuS problems with arbitrary grammars. The algorithm is guaranteed to �nd a
correct solution if exists.

• Inverse semantics operators for theories of strings, bitvectors, LIA and SAT: the inverse
semantics operators for SyGuS are not only a core part of our synthesis system but also
can be a useful reference for applying our approach to languages other than the SyGuS
speci�cation language.

• Implementation and evaluation on benchmark problems from a variety of widely applicable
domains: the results demonstrate signi�cant performance gains over existing synthesis
techniques.

2 Overview
We illustrate existing approaches and our method on the problem of synthesizing a string-manipulating
program. The desired string-manipulating program is a function f that takes as input a string of a
phone number (denoted x ) and outputs one in a di�erent format by removing a leading space and a
plus symbol, replacing all hyphens and spaces in the middle with dots, and adding a dot at the end.
For example, given a string “ +6 775-969-238”, the function is supposed to return “6.775.969.238.”. 1

We formulate this problem as an instance of the syntax-guided synthesis (SyGuS) problem [Alur
et al. 2013]. Each formulation comprises a syntactic speci�cation, in the form of a regular-tree
grammar that con�nes the space of possible programs, and a semantic speci�cation, in the form of
a logical formula which de�nes a correctness condition of the desired program.

The syntactic speci�cation for f is the grammar:
S ! x | “ ” | “-” | “.” | SubStr(S, I , I ) | Rep(S, S, S) | ConCat(S, S) | · · ·
I ! 1 | 2 | I � I | Length(S) | · · ·

where S is the start non-terminal symbol, and the operators are the ones supported in the the-
ory of strings. ConCat and Length are the string concatenation/length operators, respectively,
SubStr(s, i, j) returns the substring of s that begins at index i and extends to the length j(> 0), and
Rep(s, t1, t2) returns a new string where the �rst occurrence of t1 in s is replaced by t2.

1 � 2
2 � 1

ConCat(x , )
SubStr(x , 0, 1)

The semantic speci�cation for f follows the programming by example (PBE) paradigm and comprises
input-output examples given as a logical formula:2.

f (“ +6 775-969-238”) = “6.775.969.238.”
The smallest solution to this synthesis problem is

Rep(

ez                                                                                            }|                                                                                            {
Rep(Rep(SubStr( ConCat(x , “.”)|          {z          }

output: “ +6 775-969-238.”
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1A slight variant of a synthesis problem used in the PBE-STR track of the annual SyGuS competition.
2Our approach is also applicable to a broad class of SyGuS instances beyond the cases where input-output examples are
provided upfront. Please see Section 3 for more details.
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inductive SyGuS problems with arbitrary grammars. The algorithm is guaranteed to �nd a
correct solution if exists.

• Inverse semantics operators for theories of strings, bitvectors, LIA and SAT: the inverse
semantics operators for SyGuS are not only a core part of our synthesis system but also
can be a useful reference for applying our approach to languages other than the SyGuS
speci�cation language.

• Implementation and evaluation on benchmark problems from a variety of widely applicable
domains: the results demonstrate signi�cant performance gains over existing synthesis
techniques.

2 Overview
We illustrate existing approaches and our method on the problem of synthesizing a string-manipulating
program. The desired string-manipulating program is a function f that takes as input a string of a
phone number (denoted x ) and outputs one in a di�erent format by removing a leading space and a
plus symbol, replacing all hyphens and spaces in the middle with dots, and adding a dot at the end.
For example, given a string “ +6 775-969-238”, the function is supposed to return “6.775.969.238.”. 1

We formulate this problem as an instance of the syntax-guided synthesis (SyGuS) problem [Alur
et al. 2013]. Each formulation comprises a syntactic speci�cation, in the form of a regular-tree
grammar that con�nes the space of possible programs, and a semantic speci�cation, in the form of
a logical formula which de�nes a correctness condition of the desired program.

The syntactic speci�cation for f is the grammar:
S ! x | “ ” | “-” | “.” | SubStr(S, I , I ) | Rep(S, S, S) | ConCat(S, S) | · · ·
I ! 1 | 2 | I � I | Length(S) | · · ·

where S is the start non-terminal symbol, and the operators are the ones supported in the the-
ory of strings. ConCat and Length are the string concatenation/length operators, respectively,
SubStr(s, i, j) returns the substring of s that begins at index i and extends to the length j(> 0), and
Rep(s, t1, t2) returns a new string where the �rst occurrence of t1 in s is replaced by t2.

Length(x)
Length(“ ”)
Length(“-”)
Length(“.”)

The semantic speci�cation for f follows the programming by example (PBE) paradigm and comprises
input-output examples given as a logical formula:2.

f (“ +6 775-969-238”) = “6.775.969.238.”
The smallest solution to this synthesis problem is

Rep(
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output: “ +6 775-969-238.”
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|                                                                                                             {z                                                                                                             }
output: “6.775.969.238.”

. (1)

1A slight variant of a synthesis problem used in the PBE-STR track of the annual SyGuS competition.
2Our approach is also applicable to a broad class of SyGuS instances beyond the cases where input-output examples are
provided upfront. Please see Section 3 for more details.
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inductive SyGuS problems with arbitrary grammars. The algorithm is guaranteed to �nd a
correct solution if exists.

• Inverse semantics operators for theories of strings, bitvectors, LIA and SAT: the inverse
semantics operators for SyGuS are not only a core part of our synthesis system but also
can be a useful reference for applying our approach to languages other than the SyGuS
speci�cation language.

• Implementation and evaluation on benchmark problems from a variety of widely applicable
domains: the results demonstrate signi�cant performance gains over existing synthesis
techniques.

2 Overview
We illustrate existing approaches and our method on the problem of synthesizing a string-manipulating
program. The desired string-manipulating program is a function f that takes as input a string of a
phone number (denoted x ) and outputs one in a di�erent format by removing a leading space and a
plus symbol, replacing all hyphens and spaces in the middle with dots, and adding a dot at the end.
For example, given a string “ +6 775-969-238”, the function is supposed to return “6.775.969.238.”. 1

We formulate this problem as an instance of the syntax-guided synthesis (SyGuS) problem [Alur
et al. 2013]. Each formulation comprises a syntactic speci�cation, in the form of a regular-tree
grammar that con�nes the space of possible programs, and a semantic speci�cation, in the form of
a logical formula which de�nes a correctness condition of the desired program.

The syntactic speci�cation for f is the grammar:
S ! x | “ ” | “-” | “.” | SubStr(S, I , I ) | Rep(S, S, S) | ConCat(S, S) | · · ·
I ! 1 | 2 | I � I | Length(S) | · · ·

where S is the start non-terminal symbol, and the operators are the ones supported in the the-
ory of strings. ConCat and Length are the string concatenation/length operators, respectively,
SubStr(s, i, j) returns the substring of s that begins at index i and extends to the length j(> 0), and
Rep(s, t1, t2) returns a new string where the �rst occurrence of t1 in s is replaced by t2.

Length(x)
Length(“ ”)
Length(“-”)
Length(“.”)

The semantic speci�cation for f follows the programming by example (PBE) paradigm and comprises
input-output examples given as a logical formula:2.

f (“ +6 775-969-238”) = “6.775.969.238.”
The smallest solution to this synthesis problem is

Rep(

ez                                                                                            }|                                                                                            {
Rep(Rep(SubStr( ConCat(x , “.”)|          {z          }

output: “ +6 775-969-238.”

, 2, Length(x) � 1)

|                                                          {z                                                          }
output: “6 775-969-238.”

, “ ”, “.”), “-”, “.”), “-”, “.”)

|                                                                                                             {z                                                                                                             }
output: “6.775.969.238.”

. (1)

1A slight variant of a synthesis problem used in the PBE-STR track of the annual SyGuS competition.
2Our approach is also applicable to a broad class of SyGuS instances beyond the cases where input-output examples are
provided upfront. Please see Section 3 for more details.
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inductive SyGuS problems with arbitrary grammars. The algorithm is guaranteed to �nd a
correct solution if exists.

• Inverse semantics operators for theories of strings, bitvectors, LIA and SAT: the inverse
semantics operators for SyGuS are not only a core part of our synthesis system but also
can be a useful reference for applying our approach to languages other than the SyGuS
speci�cation language.

• Implementation and evaluation on benchmark problems from a variety of widely applicable
domains: the results demonstrate signi�cant performance gains over existing synthesis
techniques.

2 Overview
We illustrate existing approaches and our method on the problem of synthesizing a string-manipulating
program. The desired string-manipulating program is a function f that takes as input a string of a
phone number (denoted x ) and outputs one in a di�erent format by removing a leading space and a
plus symbol, replacing all hyphens and spaces in the middle with dots, and adding a dot at the end.
For example, given a string “ +6 775-969-238”, the function is supposed to return “6.775.969.238.”. 1

We formulate this problem as an instance of the syntax-guided synthesis (SyGuS) problem [Alur
et al. 2013]. Each formulation comprises a syntactic speci�cation, in the form of a regular-tree
grammar that con�nes the space of possible programs, and a semantic speci�cation, in the form of
a logical formula which de�nes a correctness condition of the desired program.

The syntactic speci�cation for f is the grammar:
S ! x | “ ” | “-” | “.” | SubStr(S, I , I ) | Rep(S, S, S) | ConCat(S, S) | · · ·
I ! 1 | 2 | I � I | Length(S) | · · ·

where S is the start non-terminal symbol, and the operators are the ones supported in the the-
ory of strings. ConCat and Length are the string concatenation/length operators, respectively,
SubStr(s, i, j) returns the substring of s that begins at index i and extends to the length j(> 0), and
Rep(s, t1, t2) returns a new string where the �rst occurrence of t1 in s is replaced by t2.

Length(x)
Length(“ ”)
Length(“-”)
Length(“.”)

The semantic speci�cation for f follows the programming by example (PBE) paradigm and comprises
input-output examples given as a logical formula:2.

f (“ +6 775-969-238”) = “6.775.969.238.”
The smallest solution to this synthesis problem is

Rep(

ez                                                                                            }|                                                                                            {
Rep(Rep(SubStr( ConCat(x , “.”)|          {z          }

output: “ +6 775-969-238.”

, 2, Length(x) � 1)

|                                                          {z                                                          }
output: “6 775-969-238.”

, “ ”, “.”), “-”, “.”), “-”, “.”)

|                                                                                                             {z                                                                                                             }
output: “6.775.969.238.”

. (1)

1A slight variant of a synthesis problem used in the PBE-STR track of the annual SyGuS competition.
2Our approach is also applicable to a broad class of SyGuS instances beyond the cases where input-output examples are
provided upfront. Please see Section 3 for more details.
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inductive SyGuS problems with arbitrary grammars. The algorithm is guaranteed to �nd a
correct solution if exists.

• Inverse semantics operators for theories of strings, bitvectors, LIA and SAT: the inverse
semantics operators for SyGuS are not only a core part of our synthesis system but also
can be a useful reference for applying our approach to languages other than the SyGuS
speci�cation language.

• Implementation and evaluation on benchmark problems from a variety of widely applicable
domains: the results demonstrate signi�cant performance gains over existing synthesis
techniques.

2 Overview
We illustrate existing approaches and our method on the problem of synthesizing a string-manipulating
program. The desired string-manipulating program is a function f that takes as input a string of a
phone number (denoted x ) and outputs one in a di�erent format by removing a leading space and a
plus symbol, replacing all hyphens and spaces in the middle with dots, and adding a dot at the end.
For example, given a string “ +6 775-969-238”, the function is supposed to return “6.775.969.238.”. 1

We formulate this problem as an instance of the syntax-guided synthesis (SyGuS) problem [Alur
et al. 2013]. Each formulation comprises a syntactic speci�cation, in the form of a regular-tree
grammar that con�nes the space of possible programs, and a semantic speci�cation, in the form of
a logical formula which de�nes a correctness condition of the desired program.

The syntactic speci�cation for f is the grammar:
S ! x | “ ” | “-” | “.” | SubStr(S, I , I ) | Rep(S, S, S) | ConCat(S, S) | · · ·
I ! 1 | 2 | I � I | Length(S) | · · ·

where S is the start non-terminal symbol, and the operators are the ones supported in the the-
ory of strings. ConCat and Length are the string concatenation/length operators, respectively,
SubStr(s, i, j) returns the substring of s that begins at index i and extends to the length j(> 0), and
Rep(s, t1, t2) returns a new string where the �rst occurrence of t1 in s is replaced by t2.

Length(x)
Length(“ ”)
Length(“-”)
Length(“.”)

The semantic speci�cation for f follows the programming by example (PBE) paradigm and comprises
input-output examples given as a logical formula:2.

f (“ +6 775-969-238”) = “6.775.969.238.”
The smallest solution to this synthesis problem is

Rep(

ez                                                                                            }|                                                                                            {
Rep(Rep(SubStr( ConCat(x , “.”)|          {z          }

output: “ +6 775-969-238.”

, 2, Length(x) � 1)

|                                                          {z                                                          }
output: “6 775-969-238.”

, “ ”, “.”), “-”, “.”), “-”, “.”)

|                                                                                                             {z                                                                                                             }
output: “6.775.969.238.”

. (1)

1A slight variant of a synthesis problem used in the PBE-STR track of the annual SyGuS competition.
2Our approach is also applicable to a broad class of SyGuS instances beyond the cases where input-output examples are
provided upfront. Please see Section 3 for more details.
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inductive SyGuS problems with arbitrary grammars. The algorithm is guaranteed to �nd a
correct solution if exists.

• Inverse semantics operators for theories of strings, bitvectors, LIA and SAT: the inverse
semantics operators for SyGuS are not only a core part of our synthesis system but also
can be a useful reference for applying our approach to languages other than the SyGuS
speci�cation language.

• Implementation and evaluation on benchmark problems from a variety of widely applicable
domains: the results demonstrate signi�cant performance gains over existing synthesis
techniques.

2 Overview
We illustrate existing approaches and our method on the problem of synthesizing a string-manipulating
program. The desired string-manipulating program is a function f that takes as input a string of a
phone number (denoted x ) and outputs one in a di�erent format by removing a leading space and a
plus symbol, replacing all hyphens and spaces in the middle with dots, and adding a dot at the end.
For example, given a string “ +6 775-969-238”, the function is supposed to return “6.775.969.238.”. 1

We formulate this problem as an instance of the syntax-guided synthesis (SyGuS) problem [Alur
et al. 2013]. Each formulation comprises a syntactic speci�cation, in the form of a regular-tree
grammar that con�nes the space of possible programs, and a semantic speci�cation, in the form of
a logical formula which de�nes a correctness condition of the desired program.

The syntactic speci�cation for f is the grammar:
S ! x | “ ” | “-” | “.” | SubStr(S, I , I ) | Rep(S, S, S) | ConCat(S, S) | · · ·
I ! 1 | 2 | I � I | Length(S) | · · ·

where S is the start non-terminal symbol, and the operators are the ones supported in the the-
ory of strings. ConCat and Length are the string concatenation/length operators, respectively,
SubStr(s, i, j) returns the substring of s that begins at index i and extends to the length j(> 0), and
Rep(s, t1, t2) returns a new string where the �rst occurrence of t1 in s is replaced by t2.

1 � 2
2 � 1

ConCat(x , )
SubStr(x , 0, 1)

The semantic speci�cation for f follows the programming by example (PBE) paradigm and comprises
input-output examples given as a logical formula:2.

f (“ +6 775-969-238”) = “6.775.969.238.”
The smallest solution to this synthesis problem is

Rep(

ez                                                                                            }|                                                                                            {
Rep(Rep(SubStr( ConCat(x , “.”)|          {z          }

output: “ +6 775-969-238.”

, 2, Length(x) � 1)
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output: “6 775-969-238.”

, “ ”, “.”), “-”, “.”), “-”, “.”)
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output: “6.775.969.238.”

. (1)

1A slight variant of a synthesis problem used in the PBE-STR track of the annual SyGuS competition.
2Our approach is also applicable to a broad class of SyGuS instances beyond the cases where input-output examples are
provided upfront. Please see Section 3 for more details.
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inductive SyGuS problems with arbitrary grammars. The algorithm is guaranteed to �nd a
correct solution if exists.

• Inverse semantics operators for theories of strings, bitvectors, LIA and SAT: the inverse
semantics operators for SyGuS are not only a core part of our synthesis system but also
can be a useful reference for applying our approach to languages other than the SyGuS
speci�cation language.

• Implementation and evaluation on benchmark problems from a variety of widely applicable
domains: the results demonstrate signi�cant performance gains over existing synthesis
techniques.

2 Overview
We illustrate existing approaches and our method on the problem of synthesizing a string-manipulating
program. The desired string-manipulating program is a function f that takes as input a string of a
phone number (denoted x ) and outputs one in a di�erent format by removing a leading space and a
plus symbol, replacing all hyphens and spaces in the middle with dots, and adding a dot at the end.
For example, given a string “ +6 775-969-238”, the function is supposed to return “6.775.969.238.”. 1

We formulate this problem as an instance of the syntax-guided synthesis (SyGuS) problem [Alur
et al. 2013]. Each formulation comprises a syntactic speci�cation, in the form of a regular-tree
grammar that con�nes the space of possible programs, and a semantic speci�cation, in the form of
a logical formula which de�nes a correctness condition of the desired program.

The syntactic speci�cation for f is the grammar:
S ! x | “ ” | “-” | “.” | SubStr(S, I , I ) | Rep(S, S, S) | ConCat(S, S) | · · ·
I ! 1 | 2 | I � I | Length(S) | · · ·

where S is the start non-terminal symbol, and the operators are the ones supported in the the-
ory of strings. ConCat and Length are the string concatenation/length operators, respectively,
SubStr(s, i, j) returns the substring of s that begins at index i and extends to the length j(> 0), and
Rep(s, t1, t2) returns a new string where the �rst occurrence of t1 in s is replaced by t2.

1 � 2
2 � 1

ConCat(x , )
SubStr(x , 0, 1)

The semantic speci�cation for f follows the programming by example (PBE) paradigm and comprises
input-output examples given as a logical formula:2.

f (“ +6 775-969-238”) = “6.775.969.238.”
The smallest solution to this synthesis problem is

Rep(
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Rep(Rep(SubStr( ConCat(x , “.”)|          {z          }

output: “ +6 775-969-238.”
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. (1)

1A slight variant of a synthesis problem used in the PBE-STR track of the annual SyGuS competition.
2Our approach is also applicable to a broad class of SyGuS instances beyond the cases where input-output examples are
provided upfront. Please see Section 3 for more details.
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inductive SyGuS problems with arbitrary grammars. The algorithm is guaranteed to �nd a
correct solution if exists.

• Inverse semantics operators for theories of strings, bitvectors, LIA and SAT: the inverse
semantics operators for SyGuS are not only a core part of our synthesis system but also
can be a useful reference for applying our approach to languages other than the SyGuS
speci�cation language.

• Implementation and evaluation on benchmark problems from a variety of widely applicable
domains: the results demonstrate signi�cant performance gains over existing synthesis
techniques.

2 Overview
We illustrate existing approaches and our method on the problem of synthesizing a string-manipulating
program. The desired string-manipulating program is a function f that takes as input a string of a
phone number (denoted x ) and outputs one in a di�erent format by removing a leading space and a
plus symbol, replacing all hyphens and spaces in the middle with dots, and adding a dot at the end.
For example, given a string “ +6 775-969-238”, the function is supposed to return “6.775.969.238.”. 1

We formulate this problem as an instance of the syntax-guided synthesis (SyGuS) problem [Alur
et al. 2013]. Each formulation comprises a syntactic speci�cation, in the form of a regular-tree
grammar that con�nes the space of possible programs, and a semantic speci�cation, in the form of
a logical formula which de�nes a correctness condition of the desired program.

The syntactic speci�cation for f is the grammar:
S ! x | “ ” | “-” | “.” | SubStr(S, I , I ) | Rep(S, S, S) | ConCat(S, S) | · · ·
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where S is the start non-terminal symbol, and the operators are the ones supported in the the-
ory of strings. ConCat and Length are the string concatenation/length operators, respectively,
SubStr(s, i, j) returns the substring of s that begins at index i and extends to the length j(> 0), and
Rep(s, t1, t2) returns a new string where the �rst occurrence of t1 in s is replaced by t2.

1 � 2
2 � 1

ConCat(x , )
SubStr(x , 0, 1)

The semantic speci�cation for f follows the programming by example (PBE) paradigm and comprises
input-output examples given as a logical formula:2.

f (“ +6 775-969-238”) = “6.775.969.238.”
The smallest solution to this synthesis problem is
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1A slight variant of a synthesis problem used in the PBE-STR track of the annual SyGuS competition.
2Our approach is also applicable to a broad class of SyGuS instances beyond the cases where input-output examples are
provided upfront. Please see Section 3 for more details.
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inductive SyGuS problems with arbitrary grammars. The algorithm is guaranteed to �nd a
correct solution if exists.

• Inverse semantics operators for theories of strings, bitvectors, LIA and SAT: the inverse
semantics operators for SyGuS are not only a core part of our synthesis system but also
can be a useful reference for applying our approach to languages other than the SyGuS
speci�cation language.

• Implementation and evaluation on benchmark problems from a variety of widely applicable
domains: the results demonstrate signi�cant performance gains over existing synthesis
techniques.

2 Overview
We illustrate existing approaches and our method on the problem of synthesizing a string-manipulating
program. The desired string-manipulating program is a function f that takes as input a string of a
phone number (denoted x ) and outputs one in a di�erent format by removing a leading space and a
plus symbol, replacing all hyphens and spaces in the middle with dots, and adding a dot at the end.
For example, given a string “ +6 775-969-238”, the function is supposed to return “6.775.969.238.”. 1

We formulate this problem as an instance of the syntax-guided synthesis (SyGuS) problem [Alur
et al. 2013]. Each formulation comprises a syntactic speci�cation, in the form of a regular-tree
grammar that con�nes the space of possible programs, and a semantic speci�cation, in the form of
a logical formula which de�nes a correctness condition of the desired program.

The syntactic speci�cation for f is the grammar:
S ! x | “ ” | “-” | “.” | SubStr(S, I , I ) | Rep(S, S, S) | ConCat(S, S) | · · ·
I ! 1 | 2 | I � I | Length(S) | · · ·

where S is the start non-terminal symbol, and the operators are the ones supported in the the-
ory of strings. ConCat and Length are the string concatenation/length operators, respectively,
SubStr(s, i, j) returns the substring of s that begins at index i and extends to the length j(> 0), and
Rep(s, t1, t2) returns a new string where the �rst occurrence of t1 in s is replaced by t2.

1 � 2
2 � 1

ConCat(x , )
SubStr(x , 0, 1)

The semantic speci�cation for f follows the programming by example (PBE) paradigm and comprises
input-output examples given as a logical formula:2.

f (“ +6 775-969-238”) = “6.775.969.238.”
The smallest solution to this synthesis problem is
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1A slight variant of a synthesis problem used in the PBE-STR track of the annual SyGuS competition.
2Our approach is also applicable to a broad class of SyGuS instances beyond the cases where input-output examples are
provided upfront. Please see Section 3 for more details.
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problems: by targetting the SyGuS speci�cation language, our algorithm can be used for
inductive SyGuS problems with arbitrary grammars. The algorithm is guaranteed to �nd a
correct solution if exists.

• Inverse semantics operators for theories of strings, bitvectors, LIA and SAT: the inverse
semantics operators for SyGuS are not only a core part of our synthesis system but also
can be a useful reference for applying our approach to languages other than the SyGuS
speci�cation language.

• Implementation and evaluation on benchmark problems from a variety of widely applicable
domains: the results demonstrate signi�cant performance gains over existing synthesis
techniques.

2 Overview
We illustrate existing approaches and ourmethod on the problem of synthesizing a string-manipulating
program. The desired string-manipulating program is a function f that takes as input a string of a
phone number (denoted x ) and outputs one in a di�erent format by removing a leading space and a
plus symbol, replacing all hyphens and spaces in the middle with dots, and adding a dot at the end.
For example, given a string “ +6 775-969-238”, the function is supposed to return “6.775.969.238.”. 1

We formulate this problem as an instance of the syntax-guided synthesis (SyGuS) problem [Alur
et al. 2013]. Each formulation comprises a syntactic speci�cation, in the form of a regular-tree
grammar that con�nes the space of possible programs, and a semantic speci�cation, in the form of
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I ! 1 | 2 | I � I | Length(S) | · · ·

where S is the start non-terminal symbol, and the operators are the ones supported in the the-
ory of strings. ConCat and Length are the string concatenation/length operators, respectively,
SubStr(s, i, j) returns the substring of s that begins at index i and extends to the length j(> 0), and
Rep(s, t1, t2) returns a new string where the �rst occurrence of t1 in s is replaced by t2.
The semantic speci�cation for f follows the programming by example (PBE) paradigm and

comprises input-output examples given as a logical formula:2

f (“ +6 775-969-238”|                     {z                     }
i1

) = “6.775.969.238.”|               {z               }
o1

^f (“ +82 10-56-80”|                {z                }
i2

) = “82.10.56.80.”|            {z            }
o2

.

Let us denote the two input and output examples by i1, i2 and o1,o2 respectively. Each expression e
in the grammar produces a vector of outputs hneo (i1), neo (i2)i on the input examples. The smallest

1A slight variant of the phone-9.sl benchmark of the annual SyGuS competition.
2Our approach is also applicable to a broad class of SyGuS instances beyond the cases where input-output examples are
provided upfront. Please see Section 3 for more details.
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correct solution if exists.

• Inverse semantics operators for theories of strings, bitvectors, LIA and SAT: the inverse
semantics operators for SyGuS are not only a core part of our synthesis system but also
can be a useful reference for applying our approach to languages other than the SyGuS
speci�cation language.

• Implementation and evaluation on benchmark problems from a variety of widely applicable
domains: the results demonstrate signi�cant performance gains over existing synthesis
techniques.

2 Overview
We illustrate existing approaches and our method on the problem of synthesizing a string-manipulating
program. The desired string-manipulating program is a function f that takes as input a string of a
phone number (denoted x ) and outputs one in a di�erent format by removing a leading space and a
plus symbol, replacing all hyphens and spaces in the middle with dots, and adding a dot at the end.
For example, given a string “ +6 775-969-238”, the function is supposed to return “6.775.969.238.”. 1

We formulate this problem as an instance of the syntax-guided synthesis (SyGuS) problem [Alur
et al. 2013]. Each formulation comprises a syntactic speci�cation, in the form of a regular-tree
grammar that con�nes the space of possible programs, and a semantic speci�cation, in the form of
a logical formula which de�nes a correctness condition of the desired program.

The syntactic speci�cation for f is the grammar:
S ! x | “ ” | “-” | “.” | SubStr(S, I , I ) | Rep(S, S, S) | ConCat(S, S) | · · ·
I ! 1 | 2 | I � I | Length(S) | · · ·

where S is the start non-terminal symbol, and the operators are the ones supported in the the-
ory of strings. ConCat and Length are the string concatenation/length operators, respectively,
SubStr(s, i, j) returns the substring of s that begins at index i and extends to the length j(> 0), and
Rep(s, t1, t2) returns a new string where the �rst occurrence of t1 in s is replaced by t2.

Length(x)
Length(“ ”)
Length(“-”)
Length(“.”)

The semantic speci�cation for f follows the programming by example (PBE) paradigm and comprises
input-output examples given as a logical formula:2.

f (“ +6 775-969-238”) = “6.775.969.238.”
The smallest solution to this synthesis problem is

Rep(
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Rep(Rep(SubStr( ConCat(x , “.”)|          {z          }

output: “ +6 775-969-238.”
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. (1)

1A slight variant of a synthesis problem used in the PBE-STR track of the annual SyGuS competition.
2Our approach is also applicable to a broad class of SyGuS instances beyond the cases where input-output examples are
provided upfront. Please see Section 3 for more details.

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

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

1:4 Anon.

inductive SyGuS problems with arbitrary grammars. The algorithm is guaranteed to �nd a
correct solution if exists.

• Inverse semantics operators for theories of strings, bitvectors, LIA and SAT: the inverse
semantics operators for SyGuS are not only a core part of our synthesis system but also
can be a useful reference for applying our approach to languages other than the SyGuS
speci�cation language.

• Implementation and evaluation on benchmark problems from a variety of widely applicable
domains: the results demonstrate signi�cant performance gains over existing synthesis
techniques.

2 Overview
We illustrate existing approaches and our method on the problem of synthesizing a string-manipulating
program. The desired string-manipulating program is a function f that takes as input a string of a
phone number (denoted x ) and outputs one in a di�erent format by removing a leading space and a
plus symbol, replacing all hyphens and spaces in the middle with dots, and adding a dot at the end.
For example, given a string “ +6 775-969-238”, the function is supposed to return “6.775.969.238.”. 1

We formulate this problem as an instance of the syntax-guided synthesis (SyGuS) problem [Alur
et al. 2013]. Each formulation comprises a syntactic speci�cation, in the form of a regular-tree
grammar that con�nes the space of possible programs, and a semantic speci�cation, in the form of
a logical formula which de�nes a correctness condition of the desired program.

The syntactic speci�cation for f is the grammar:
S ! x | “ ” | “-” | “.” | SubStr(S, I , I ) | Rep(S, S, S) | ConCat(S, S) | · · ·
I ! 1 | 2 | I � I | Length(S) | · · ·
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The semantic speci�cation for f follows the programming by example (PBE) paradigm and comprises
input-output examples given as a logical formula:2.

f (“ +6 775-969-238”) = “6.775.969.238.”
The smallest solution to this synthesis problem is

Rep(

ez                                                                                            }|                                                                                            {
Rep(Rep(SubStr( ConCat(x , “.”)|          {z          }

output: “ +6 775-969-238.”

, 2, Length(x) � 1)

|                                                          {z                                                          }
output: “6 775-969-238.”

, “ ”, “.”), “-”, “.”), “-”, “.”)

|                                                                                                             {z                                                                                                             }
output: “6.775.969.238.”

. (1)

1A slight variant of a synthesis problem used in the PBE-STR track of the annual SyGuS competition.
2Our approach is also applicable to a broad class of SyGuS instances beyond the cases where input-output examples are
provided upfront. Please see Section 3 for more details.
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inductive SyGuS problems with arbitrary grammars. The algorithm is guaranteed to �nd a
correct solution if exists.

• Inverse semantics operators for theories of strings, bitvectors, LIA and SAT: the inverse
semantics operators for SyGuS are not only a core part of our synthesis system but also
can be a useful reference for applying our approach to languages other than the SyGuS
speci�cation language.

• Implementation and evaluation on benchmark problems from a variety of widely applicable
domains: the results demonstrate signi�cant performance gains over existing synthesis
techniques.

2 Overview
We illustrate existing approaches and our method on the problem of synthesizing a string-manipulating
program. The desired string-manipulating program is a function f that takes as input a string of a
phone number (denoted x ) and outputs one in a di�erent format by removing a leading space and a
plus symbol, replacing all hyphens and spaces in the middle with dots, and adding a dot at the end.
For example, given a string “ +6 775-969-238”, the function is supposed to return “6.775.969.238.”. 1

We formulate this problem as an instance of the syntax-guided synthesis (SyGuS) problem [Alur
et al. 2013]. Each formulation comprises a syntactic speci�cation, in the form of a regular-tree
grammar that con�nes the space of possible programs, and a semantic speci�cation, in the form of
a logical formula which de�nes a correctness condition of the desired program.

The syntactic speci�cation for f is the grammar:
S ! x | “ ” | “-” | “.” | SubStr(S, I , I ) | Rep(S, S, S) | ConCat(S, S) | · · ·
I ! 1 | 2 | I � I | Length(S) | · · ·

where S is the start non-terminal symbol, and the operators are the ones supported in the the-
ory of strings. ConCat and Length are the string concatenation/length operators, respectively,
SubStr(s, i, j) returns the substring of s that begins at index i and extends to the length j(> 0), and
Rep(s, t1, t2) returns a new string where the �rst occurrence of t1 in s is replaced by t2.

1 � 2
2 � 1

ConCat(x , )
SubStr(x , 0, 1)

The semantic speci�cation for f follows the programming by example (PBE) paradigm and comprises
input-output examples given as a logical formula:2.

f (“ +6 775-969-238”) = “6.775.969.238.”
The smallest solution to this synthesis problem is

Rep(

ez                                                                                            }|                                                                                            {
Rep(Rep(SubStr( ConCat(x , “.”)|          {z          }

output: “ +6 775-969-238.”

, 2, Length(x) � 1)

|                                                          {z                                                          }
output: “6 775-969-238.”

, “ ”, “.”), “-”, “.”), “-”, “.”)

|                                                                                                             {z                                                                                                             }
output: “6.775.969.238.”

. (1)

1A slight variant of a synthesis problem used in the PBE-STR track of the annual SyGuS competition.
2Our approach is also applicable to a broad class of SyGuS instances beyond the cases where input-output examples are
provided upfront. Please see Section 3 for more details.
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inductive SyGuS problems with arbitrary grammars. The algorithm is guaranteed to �nd a
correct solution if exists.

• Inverse semantics operators for theories of strings, bitvectors, LIA and SAT: the inverse
semantics operators for SyGuS are not only a core part of our synthesis system but also
can be a useful reference for applying our approach to languages other than the SyGuS
speci�cation language.

• Implementation and evaluation on benchmark problems from a variety of widely applicable
domains: the results demonstrate signi�cant performance gains over existing synthesis
techniques.

2 Overview
We illustrate existing approaches and our method on the problem of synthesizing a string-manipulating
program. The desired string-manipulating program is a function f that takes as input a string of a
phone number (denoted x ) and outputs one in a di�erent format by removing a leading space and a
plus symbol, replacing all hyphens and spaces in the middle with dots, and adding a dot at the end.
For example, given a string “ +6 775-969-238”, the function is supposed to return “6.775.969.238.”. 1

We formulate this problem as an instance of the syntax-guided synthesis (SyGuS) problem [Alur
et al. 2013]. Each formulation comprises a syntactic speci�cation, in the form of a regular-tree
grammar that con�nes the space of possible programs, and a semantic speci�cation, in the form of
a logical formula which de�nes a correctness condition of the desired program.

The syntactic speci�cation for f is the grammar:
S ! x | “ ” | “-” | “.” | SubStr(S, I , I ) | Rep(S, S, S) | ConCat(S, S) | · · ·
I ! 1 | 2 | I � I | Length(S) | · · ·

where S is the start non-terminal symbol, and the operators are the ones supported in the the-
ory of strings. ConCat and Length are the string concatenation/length operators, respectively,
SubStr(s, i, j) returns the substring of s that begins at index i and extends to the length j(> 0), and
Rep(s, t1, t2) returns a new string where the �rst occurrence of t1 in s is replaced by t2.

1 � 2
2 � 1

ConCat(x , )
SubStr(x , 0, 1)

The semantic speci�cation for f follows the programming by example (PBE) paradigm and comprises
input-output examples given as a logical formula:2.

f (“ +6 775-969-238”) = “6.775.969.238.”
The smallest solution to this synthesis problem is

Rep(

ez                                                                                            }|                                                                                            {
Rep(Rep(SubStr( ConCat(x , “.”)|          {z          }

output: “ +6 775-969-238.”

, 2, Length(x) � 1)

|                                                          {z                                                          }
output: “6 775-969-238.”

, “ ”, “.”), “-”, “.”), “-”, “.”)

|                                                                                                             {z                                                                                                             }
output: “6.775.969.238.”

. (1)

1A slight variant of a synthesis problem used in the PBE-STR track of the annual SyGuS competition.
2Our approach is also applicable to a broad class of SyGuS instances beyond the cases where input-output examples are
provided upfront. Please see Section 3 for more details.
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inductive SyGuS problems with arbitrary grammars. The algorithm is guaranteed to �nd a
correct solution if exists.

• Inverse semantics operators for theories of strings, bitvectors, LIA and SAT: the inverse
semantics operators for SyGuS are not only a core part of our synthesis system but also
can be a useful reference for applying our approach to languages other than the SyGuS
speci�cation language.

• Implementation and evaluation on benchmark problems from a variety of widely applicable
domains: the results demonstrate signi�cant performance gains over existing synthesis
techniques.

2 Overview
We illustrate existing approaches and our method on the problem of synthesizing a string-manipulating
program. The desired string-manipulating program is a function f that takes as input a string of a
phone number (denoted x ) and outputs one in a di�erent format by removing a leading space and a
plus symbol, replacing all hyphens and spaces in the middle with dots, and adding a dot at the end.
For example, given a string “ +6 775-969-238”, the function is supposed to return “6.775.969.238.”. 1

We formulate this problem as an instance of the syntax-guided synthesis (SyGuS) problem [Alur
et al. 2013]. Each formulation comprises a syntactic speci�cation, in the form of a regular-tree
grammar that con�nes the space of possible programs, and a semantic speci�cation, in the form of
a logical formula which de�nes a correctness condition of the desired program.

The syntactic speci�cation for f is the grammar:
S ! x | “ ” | “-” | “.” | SubStr(S, I , I ) | Rep(S, S, S) | ConCat(S, S) | · · ·
I ! 1 | 2 | I � I | Length(S) | · · ·

where S is the start non-terminal symbol, and the operators are the ones supported in the the-
ory of strings. ConCat and Length are the string concatenation/length operators, respectively,
SubStr(s, i, j) returns the substring of s that begins at index i and extends to the length j(> 0), and
Rep(s, t1, t2) returns a new string where the �rst occurrence of t1 in s is replaced by t2.

1 � 2
2 � 1

ConCat(x , )
SubStr(x , 0, 1)

The semantic speci�cation for f follows the programming by example (PBE) paradigm and comprises
input-output examples given as a logical formula:2.

f (“ +6 775-969-238”) = “6.775.969.238.”
The smallest solution to this synthesis problem is

Rep(

ez                                                                                            }|                                                                                            {
Rep(Rep(SubStr( ConCat(x , “.”)|          {z          }

output: “ +6 775-969-238.”

, 2, Length(x) � 1)

|                                                          {z                                                          }
output: “6 775-969-238.”

, “ ”, “.”), “-”, “.”), “-”, “.”)

|                                                                                                             {z                                                                                                             }
output: “6.775.969.238.”

. (1)

1A slight variant of a synthesis problem used in the PBE-STR track of the annual SyGuS competition.
2Our approach is also applicable to a broad class of SyGuS instances beyond the cases where input-output examples are
provided upfront. Please see Section 3 for more details.
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inductive SyGuS problems with arbitrary grammars. The algorithm is guaranteed to �nd a
correct solution if exists.

• Inverse semantics operators for theories of strings, bitvectors, LIA and SAT: the inverse
semantics operators for SyGuS are not only a core part of our synthesis system but also
can be a useful reference for applying our approach to languages other than the SyGuS
speci�cation language.

• Implementation and evaluation on benchmark problems from a variety of widely applicable
domains: the results demonstrate signi�cant performance gains over existing synthesis
techniques.

2 Overview
We illustrate existing approaches and our method on the problem of synthesizing a string-manipulating
program. The desired string-manipulating program is a function f that takes as input a string of a
phone number (denoted x ) and outputs one in a di�erent format by removing a leading space and a
plus symbol, replacing all hyphens and spaces in the middle with dots, and adding a dot at the end.
For example, given a string “ +6 775-969-238”, the function is supposed to return “6.775.969.238.”. 1

We formulate this problem as an instance of the syntax-guided synthesis (SyGuS) problem [Alur
et al. 2013]. Each formulation comprises a syntactic speci�cation, in the form of a regular-tree
grammar that con�nes the space of possible programs, and a semantic speci�cation, in the form of
a logical formula which de�nes a correctness condition of the desired program.

The syntactic speci�cation for f is the grammar:
S ! x | “ ” | “-” | “.” | SubStr(S, I , I ) | Rep(S, S, S) | ConCat(S, S) | · · ·
I ! 1 | 2 | I � I | Length(S) | · · ·

where S is the start non-terminal symbol, and the operators are the ones supported in the the-
ory of strings. ConCat and Length are the string concatenation/length operators, respectively,
SubStr(s, i, j) returns the substring of s that begins at index i and extends to the length j(> 0), and
Rep(s, t1, t2) returns a new string where the �rst occurrence of t1 in s is replaced by t2.

1 � 2
2 � 1

ConCat(x , )
SubStr(x , 0, 1)

The semantic speci�cation for f follows the programming by example (PBE) paradigm and comprises
input-output examples given as a logical formula:2.

f (“ +6 775-969-238”) = “6.775.969.238.”
The smallest solution to this synthesis problem is

Rep(

ez                                                                                            }|                                                                                            {
Rep(Rep(SubStr( ConCat(x , “.”)|          {z          }

output: “ +6 775-969-238.”

, 2, Length(x) � 1)

|                                                          {z                                                          }
output: “6 775-969-238.”

, “ ”, “.”), “-”, “.”), “-”, “.”)

|                                                                                                             {z                                                                                                             }
output: “6.775.969.238.”

. (1)

1A slight variant of a synthesis problem used in the PBE-STR track of the annual SyGuS competition.
2Our approach is also applicable to a broad class of SyGuS instances beyond the cases where input-output examples are
provided upfront. Please see Section 3 for more details.
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Optimization: maintain only semantically unique expressions 

The solution is too large to be quickly 
found by Bottom-up enumeration.

+ Generally applicable           − Limited scalability



Top-Down Propagation

• Divide-and-conquer:  if a program                  
outputs     on some input, what should                  output 
on the same input? 

• infer specs for subexpressions using inverse functions

• 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}
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F (e1, · · · , ek)
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Top-Down Propagation

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

S

ConCat(S1, S2)
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i1z }| {
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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.”

. . .



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

. . .



Top-Down Propagation

∩
All possible final solutions

All possible solutions
for IO example 1

All possible solutions
for IO example 2

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.”. . .



Top-Down Propagation

∩
All possible final solutions

All possible solutions
for IO example 1

All possible solutions
for IO example 2

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.”. . .

+ very efficient (divide-and-conquer, goal-directed)

− # of IO examples↑  →  performance ↓         

− Not always applicable 



Problem:  unconstrained arguments

Infinitely many such strings!
Inverse set                 is infinite.

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.”

SubStr�1

Top-Down Propagation

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

“ · · · 1 2-3. · · · ”



Problem:  unconstrained arguments

Infinitely many such strings!
Inverse set                 is infinite.

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.”

SubStr�1

Top-Down Propagation

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

“ · · · 1 2-3. · · · ”
Top-down propagation is not even 

applicable due to the general grammar.



Previous incomplete workaround:  restricting the grammar 
(which limits the kinds of programs that can be synthesized)

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

Top-Down Propagation

Input example



Top-Down Propagation

Flash Fill DSL

top-level expr := |

condition-free expr := |

atomic expression :=

input string :=

position expression := |

8

Kth position in X whose left/right
side matches with R1/R2.

“Automating string processing in spreadsheets using input-output examples”
[POPL 2011] Sumit Gulwani

Slide from “Programming by Examples: PL meets ML”



Only for DSLs with Balanced Expressivity

“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)



Key Idea

• Bottom-up enumeration can quickly identify small but important 
subexpressions of the solution.

• Our Top-down propagation: if an inverse set is infinite,

• inverse set ⊆ {output of e | e is a component}, or

• inverse set ⊆ {value similar to output of e | e is a component}

<latexit sha1_base64="wjQVe4gu5y9Im3ghs5UPSgbmc30="></latexit>

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

In places of unconstrained arguments



Component Generation

Suppose the initial component size is given 1.  

Bottom-up enumeration generates

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="It9uget5t4BsoNYRDpjB9npPD9k="></latexit>

C =

⇢
x, “+”, “.”, “ ”, “-”,

1, · · · , 9

�



Inverse Set  ⊆ Outputs of Components
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 }| {

Search for a component that produces 
strings containing the outputs

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

<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

�

.



<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

�

Failure

Synthesis specification

Generator ComposerInitial component size n

Success
Final program
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Components of size ≤ n
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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 }| {

Component Pool

Simultaneous decomposition: 

• handle multiple IO examples simultaneously 

• no need for set intersection

• our method scales well on the # of IO examples.

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

Inverse Set  ⊆ Outputs of Components

.



Failure

Synthesis specification

Generator ComposerInitial component size n

Success
Final program

Increased n

Components of size ≤ n

Bottom-up 
Enumeration

Top-down
Propagation

No such a component. 
Reject the hypothesis.

S

SubStr(S, I1, I2)

S

6 9e 2 C. o1 � [[e]](i1) ^ o2 � [[e]](i2)

<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

Inverse Set  ⊆ Outputs of Components

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

�

.



We don’t miss a solution

• We may miss the following solution of form                     at 
this iteration because we used size 1 components.

• But we will find it by increasing the component size. 

• Search completeness:  if a solution exists, we find it.

We should’ve used this component (size 6)

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

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

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="gnEaiQoVxPibg8hKJQVVWQo7iR0=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0Wom5KIosuiG5eV2gc0oUwmk3boJBNmboQair/ixoUibv0Pd/6N08dCWw9cOJxzL/feE6SCa3Ccb2tpeWV1bb2wUdzc2t7Ztff2m1pmirIGlUKqdkA0EzxhDeAgWDtVjMSBYK1gcDP2Ww9MaS6TeximzI9JL+ERpwSM1LUPc0/FuJ4FdVCjsidCCfq0a5ecijMBXiTujJTQDLWu/eWFkmYxS4AKonXHdVLwc6KAU8FGRS/TLCV0QHqsY2hCYqb9fHL9CJ8YJcSRVKYSwBP190ROYq2HcWA6YwJ9Pe+Nxf+8TgbRlZ/zJM2AJXS6KMoEBonHUeCQK0ZBDA0hVHFzK6Z9oggFE1jRhODOv7xImmcV96Li3J2XqtezOAroCB2jMnLRJaqiW1RDDUTRI3pGr+jNerJerHfrY9q6ZM1mDtAfWJ8/HUeVAA==</latexit>

SubStr(. . .)



Component Generation

Now suppose the component size is increased to 3.  

Bottom-up enumeration generates

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="xP9iW4RRnseLFRSlJNpCNDDzXV0="></latexit>

C =

8
>><

>>:

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

· · ·

9
>>=

>>;



• Suppose now we consider the hypothesis 

S

Replace(S1, S2, S3) S2

S3S1

<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="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 }| {

Problem of "Inverse Set  ⊆ Outputs of Components”
Failure

Synthesis specification

Generator ComposerInitial component size n

Success
Final program

Increased n

Components of size ≤ n

Bottom-up 
Enumeration

Top-down
Propagation

• Simple               similar to              needs the following component

Replace(S1, S2, S3)

<latexit sha1_base64="wjQVe4gu5y9Im3ghs5UPSgbmc30="></latexit>

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

.

<latexit sha1_base64="+coPxYDAbiAAWdv9OfaGidlRY3k=">AAAB+nicbVBNS8NAEJ34WetXqkcvi0XwYklE0WPRi8dK7Qe0sWy2m3bpbhJ2N0qJ+SlePCji1V/izX/jts1BWx8MPN6bYWaeH3OmtON8W0vLK6tr64WN4ubW9s6uXdprqiiRhDZIxCPZ9rGinIW0oZnmtB1LioXPacsfXU/81gOVikXhnR7H1BN4ELKAEayN1LNLaVcKVE/8upbZfXriZj277FScKdAicXNShhy1nv3V7UckETTUhGOlOq4Tay/FUjPCaVbsJorGmIzwgHYMDbGgykunp2foyCh9FETSVKjRVP09kWKh1Fj4plNgPVTz3kT8z+skOrj0UhbGiaYhmS0KEo50hCY5oD6TlGg+NgQTycytiAyxxESbtIomBHf+5UXSPK245xXn9qxcvcrjKMABHMIxuHABVbiBGjSAwCM8wyu8WU/Wi/Vufcxal6x8Zh/+wPr8AeZtk8M=</latexit>

SubStr�1
<latexit sha1_base64="yHlHCtcAjcedCYJjvfshP4CmJUY=">AAAB+3icbVDLSgNBEJz1GeNrjUcvg0HwYtgVRY9BLx6jmAcka5id9CZDZmaXmVkxLPsrXjwo4tUf8ebfOHkcNLGgoajqprsrTDjTxvO+naXlldW19cJGcXNre2fX3Ss1dJwqCnUa81i1QqKBMwl1wwyHVqKAiJBDMxxej/3mIyjNYnlvRgkEgvQlixglxkpdt5R1lMB3kHBCIX/ITvy865a9ijcBXiT+jJTRDLWu+9XpxTQVIA3lROu27yUmyIgyjHLIi51UQ0LokPShbakkAnSQTW7P8ZFVejiKlS1p8ET9PZERofVIhLZTEDPQ895Y/M9rpya6DDImk9SApNNFUcqxifE4CNxjCqjhI0sIVczeiumAKEKNjatoQ/DnX14kjdOKf17xbs/K1atZHAV0gA7RMfLRBaqiG1RDdUTRE3pGr+jNyZ0X5935mLYuObOZffQHzucPmMqUJg==</latexit>

Replace�1

which is large (size 9) and cannot be efficiently generated. 



Component-guided Inverse Function

• We generate subproblems that can be eventually solved 
by the current small components. 

• Our                    : find a component producing strings 
most similar to the desired outputs → 

• Compute alignments and generate specs for arguments

<latexit sha1_base64="yHlHCtcAjcedCYJjvfshP4CmJUY=">AAAB+3icbVDLSgNBEJz1GeNrjUcvg0HwYtgVRY9BLx6jmAcka5id9CZDZmaXmVkxLPsrXjwo4tUf8ebfOHkcNLGgoajqprsrTDjTxvO+naXlldW19cJGcXNre2fX3Ss1dJwqCnUa81i1QqKBMwl1wwyHVqKAiJBDMxxej/3mIyjNYnlvRgkEgvQlixglxkpdt5R1lMB3kHBCIX/ITvy865a9ijcBXiT+jJTRDLWu+9XpxTQVIA3lROu27yUmyIgyjHLIi51UQ0LokPShbakkAnSQTW7P8ZFVejiKlS1p8ET9PZERofVIhLZTEDPQ895Y/M9rpya6DDImk9SApNNFUcqxifE4CNxjCqjhI0sIVczeiumAKEKNjatoQ/DnX14kjdOKf17xbs/K1atZHAV0gA7RMfLRBaqiG1RDdUTRE3pGr+jNyZ0X5935mLYuObOZffQHzucPmMqUJg==</latexit>

Replace�1

<latexit sha1_base64="djXEQ7cnLZU6v8QkpH5gZ4DOT20=">AAAB/XicbVDLSgMxFM3UV62v8bFzE1qECjLMiKLLYjcuK9gHtEObSTNtaCYZkoxYh+KvuHGhiFv/w51/Y9rOQqsHLhzOuZd77wliRpV23S8rt7S8srqWXy9sbG5t79i7ew0lEolJHQsmZCtAijDKSV1TzUgrlgRFASPNYFSd+s07IhUV/FaPY+JHaMBpSDHSRuraB2lHRrAqeBXpSfn+pNdzisddu+Q67gzwL/EyUgIZal37s9MXOIkI15ghpdqeG2s/RVJTzMik0EkUiREeoQFpG8pRRJSfzq6fwCOj9GEopCmu4Uz9OZGiSKlxFJjOCOmhWvSm4n9eO9HhpZ9SHieacDxfFCYMagGnUcA+lQRrNjYEYUnNrRAPkURYm8AKJgRv8eW/pHHqeOeOe3NWqlxlceTBISiCMvDABaiAa1ADdYDBA3gCL+DVerSerTfrfd6as7KZffAL1sc3oBmUBw==</latexit>

ConCat(x, “.”)

<latexit sha1_base64="g99vpdFwrWii2nJlC0r5VvNUbQo="></latexit>

+ 1 2 . 3 .
✏ ✏ 1 2 - 3 .

<latexit sha1_base64="9lfbH00aONzk4AFB81UP/rE0/Ro=">AAACB3icbVC7SgNBFJ2NrxhfUUtBBoMQm7AripZBG8sI5gFJCLOzN8mQ2Z1l5q4YlnQ2/oqNhSK2/oKdf+PkUWjigYHDOfdy5xw/lsKg6347maXlldW17HpuY3Nreye/u1czKtEcqlxJpRs+MyBFBFUUKKERa2ChL6HuD67Hfv0etBEqusNhDO2Q9SLRFZyhlTr5Q9XxaAvhAVNaDMAIDQFVCcYJUu9k1MkX3JI7AV0k3owUyAyVTv6rFSiehBAhl8yYpufG2E6ZRsEljHKtxEDM+ID1oGlpxEIw7XSSY0SPrRLQrtL2RUgn6u+NlIXGDEPfToYM+2beG4v/ec0Eu5ftVEQ2FUR8eqibSIqKjkuhgY3NUQ4tYVwL+1fK+0wzjra6nC3Bm4+8SGqnJe+85N6eFcpXszqy5IAckSLxyAUpkxtSIVXCySN5Jq/kzXlyXpx352M6mnFmO/vkD5zPH6NpmIY=</latexit>

o1 (desired output 1)

<latexit sha1_base64="NKabSIuCOG++s1NT/rkQ3Pn3yUY=">AAACB3icbVC7SgNBFJ31GeMrainIYBBiE3aDomXQxjKCeUASwuzsTTJkdmeZuSuGJZ2Nv2JjoYitv2Dn3zh5FJp4YOBwzr3cOcePpTDout/O0vLK6tp6ZiO7ubW9s5vb268ZlWgOVa6k0g2fGZAigioKlNCINbDQl1D3B9djv34P2ggV3eEwhnbIepHoCs7QSp3ckeqUaAvhAVNaCMAIDQFVCcYJ0tLpqJPLu0V3ArpIvBnJkxkqndxXK1A8CSFCLpkxTc+NsZ0yjYJLGGVbiYGY8QHrQdPSiIVg2ukkx4ieWCWgXaXti5BO1N8bKQuNGYa+nQwZ9s28Nxb/85oJdi/bqYhsKoj49FA3kRQVHZdCAxuboxxawrgW9q+U95lmHG11WVuCNx95kdRKRe+86N6e5ctXszoy5JAckwLxyAUpkxtSIVXCySN5Jq/kzXlyXpx352M6uuTMdg7IHzifP6aOmIg=</latexit>

o2 (desired output 2)

<latexit sha1_base64="SvGE5ubFWfnl9DxV5rUIuGnMSyM=">AAACC3icbVDLSsNAFJ34rPUVdelm2iK0ICERRZfFblxWsA9IQjuZTtqhk0mYmYgldO/GX3HjQhG3/oA7/8bpY6GtBy4czrmXe+8JEkalsu1vY2V1bX1jM7eV397Z3ds3Dw6bMk4FJg0cs1i0AyQJo5w0FFWMtBNBUBQw0gqGtYnfuidC0pjfqVFC/Aj1OQ0pRkpLHbPoegU380QEazGvITUuP5zCbtcqVnyv4Jdpx6l0zJJt2VPAZeLMSQnMUe+YX14vxmlEuMIMSek6dqL8DAlFMSPjvJdKkiA8RH3iaspRRKSfTX8ZwxOt9GAYC11cwan6eyJDkZSjKNCdEVIDuehNxP88N1XhlZ9RnqSKcDxbFKYMqhhOgoE9KghWbKQJwoLqWyEeIIGw0vHldQjO4svLpHlmOReWfXteql7P48iBY1AEZeCAS1AFN6AOGgCDR/AMXsGb8WS8GO/Gx6x1xZjPHIE/MD5/AOmtmGc=</latexit>

[[ConCat(x, “.”)]](i1)

<latexit sha1_base64="IiSq7n+PFLQbtTmEDdT20J36PzQ=">AAACC3icbVDLSsNAFJ3UV62vqks30xahBSlJUXRZ7MZlBfuAJKST6aQdOpmEmYlYQvdu/BU3LhRx6w+482+cPhbaeuDC4Zx7ufceP2ZUKtP8NjJr6xubW9nt3M7u3v5B/vCoLaNEYNLCEYtE10eSMMpJS1HFSDcWBIU+Ix1/1Jj6nXsiJI34nRrHxA3RgNOAYqS05OWLtlOwU0eEsBHxBlKT8sMZ7PWqxYrrFNwy9WoVL18yq+YMcJVYC1ICCzS9/JfTj3ASEq4wQ1LalhkrN0VCUczIJOckksQIj9CA2JpyFBLpprNfJvBUK30YREIXV3Cm/p5IUSjlOPR1Z4jUUC57U/E/z05UcOWmlMeJIhzPFwUJgyqC02BgnwqCFRtrgrCg+laIh0ggrHR8OR2CtfzyKmnXqtZF1bw9L9WvF3FkwQkogjKwwCWogxvQBC2AwSN4Bq/gzXgyXox342PemjEWM8fgD4zPH+symGg=</latexit>

[[ConCat(x, “.”)]](i2)
<latexit sha1_base64="KSM9KXdz6K7ke/x80Ix2tVRhyJY="></latexit>

+ 4 5 6 . 7 8 .
✏ ✏ 4 5 6 - 7 8 .



Component-guided Inverse Function

S

Replace(S1, S2, S3) S2

S3S1

<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="/QEAJy7KpIHHIflXUonG1umaptE="></latexit>

i2 7! “4 56.78.”

<latexit sha1_base64="IZoyhFX3kr3QPT1mshMzGkvwoME="></latexit>

i1 7! “1 2.3.”

<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 }| {

<latexit sha1_base64="g99vpdFwrWii2nJlC0r5VvNUbQo="></latexit>

+ 1 2 . 3 .
✏ ✏ 1 2 - 3 .

<latexit sha1_base64="KSM9KXdz6K7ke/x80Ix2tVRhyJY="></latexit>

+ 4 5 6 . 7 8 .
✏ ✏ 4 5 6 - 7 8 .

Desired outputs for S1

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

.



S

Replace(S1, S2, S3) S2

S3S1

i1 7! “.”
i2 7! “.”

<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="/QEAJy7KpIHHIflXUonG1umaptE="></latexit>

i2 7! “4 56.78.”

<latexit sha1_base64="IZoyhFX3kr3QPT1mshMzGkvwoME="></latexit>

i1 7! “1 2.3.”

<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 }| {

<latexit sha1_base64="g99vpdFwrWii2nJlC0r5VvNUbQo="></latexit>

+ 1 2 . 3 .
✏ ✏ 1 2 - 3 .

<latexit sha1_base64="KSM9KXdz6K7ke/x80Ix2tVRhyJY="></latexit>

+ 4 5 6 . 7 8 .
✏ ✏ 4 5 6 - 7 8 .

Desired output for S2 

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

Component-guided Inverse Function

.



<latexit sha1_base64="g99vpdFwrWii2nJlC0r5VvNUbQo="></latexit>

+ 1 2 . 3 .
✏ ✏ 1 2 - 3 .

<latexit sha1_base64="KSM9KXdz6K7ke/x80Ix2tVRhyJY="></latexit>

+ 4 5 6 . 7 8 .
✏ ✏ 4 5 6 - 7 8 .

Desired output for S3 

Continue Top-
down propagation

S

Replace(S1, S2, S3) S2

S3S1 “� ” 2 C

“.” 2 C

i1 7! “� ”
i2 7! “� ”

i1 7! “.”
i2 7! “.”

<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="/QEAJy7KpIHHIflXUonG1umaptE="></latexit>

i2 7! “4 56.78.”

<latexit sha1_base64="IZoyhFX3kr3QPT1mshMzGkvwoME="></latexit>

i1 7! “1 2.3.”

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

Component-guided Inverse Function

.



. . .

<latexit sha1_base64="g99vpdFwrWii2nJlC0r5VvNUbQo="></latexit>

+ 1 2 . 3 .
✏ ✏ 1 2 - 3 .

<latexit sha1_base64="KSM9KXdz6K7ke/x80Ix2tVRhyJY="></latexit>

+ 4 5 6 . 7 8 .
✏ ✏ 4 5 6 - 7 8 .

S1
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Fig. 2. Top-down propagation with component expressions generated by the bo�om-up enumeration on the
motivating example problem.

increase n and add larger expressions into C and repeat the composition phase. Suppose we are
given n = 3. Using the bottom-up enumerative search, we get the set C of component expressions
of size  3, which is shown in the left top of Fig. 2. Equipped with C , we go into the composition
phase.

i1z                   }|                   {
“ +6 775-969-238” 7!

o1z             }|             {
“6.775.969.238.”

i2z               }|               {
“ +82 10-56-80” 7!

o2z          }|          {
“82.10.56.80.”

i1 7! “ ”
i2 7! “ ”

i1 7! 2
i2 7! 2

i1 7! “ +6 775-969-238.”
i2 7! “ +82 10-56-80.”

Æein  h“6.775.969.238.”, “82.10.56.80.”i

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

<latexit sha1_base64="/QEAJy7KpIHHIflXUonG1umaptE="></latexit>

i2 7! “4 56.78.”

<latexit sha1_base64="IZoyhFX3kr3QPT1mshMzGkvwoME="></latexit>

i1 7! “1 2.3.”

<latexit sha1_base64="5e8lgoi7F/LZ0Sd5cH6fatHBSQ0="></latexit>

i1 7! “ +1 2.3.”
<latexit sha1_base64="wmTBnXLoP1E04qRFESQxbIbvkF4="></latexit>

i2 7! “ +4 56.78.”

<latexit sha1_base64="unqoQPPk509usM5HAnY33RXsB74=">AAAB9HicbVDJSgNBEK1xjXGLevTSGARPYUbcjkEvHiOYBZIh9HR6kia9jN09gTDkO7x4UMSrH+PNv7GTzEETHxQ83quiql6UcGas7397K6tr6xubha3i9s7u3n7p4LBhVKoJrRPFlW5F2FDOJK1bZjltJZpiEXHajIZ3U785otowJR/tOKGhwH3JYkawdVLIugHqCJwYq9BVt1T2K/4MaJkEOSlDjlq39NXpKZIKKi3h2Jh24Cc2zLC2jHA6KXZSQxNMhrhP245KLKgJs9nRE3TqlB6KlXYlLZqpvycyLIwZi8h1CmwHZtGbiv957dTGN2HGZJJaKsl8UZxy5F6cJoB6TFNi+dgRTDRztyIywBoT63IquhCCxZeXSeO8ElxW/IeLcvU2j6MAx3ACZxDANVThHmpQBwJP8Ayv8OaNvBfv3fuYt654+cwR/IH3+QOn1ZFf</latexit>

i1 7! 6
<latexit sha1_base64="4Mw4aimRT+J71aU8vnItGfi+VcU=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9ktij0WvXisYD+gXUo2zbahSXZNsoWy9Hd48aCIV3+MN/+N2XYP2vpg4PHeDDPzgpgzbVz32ylsbG5t7xR3S3v7B4dH5eOTto4SRWiLRDxS3QBrypmkLcMMp91YUSwCTjvB5C7zO1OqNIvko5nF1Bd4JFnICDZW8tmghvoCx9pEqD4oV9yquwBaJ15OKpCjOSh/9YcRSQSVhnCsdc9zY+OnWBlGOJ2X+ommMSYTPKI9SyUWVPvp4ug5urDKEIWRsiUNWqi/J1IstJ6JwHYKbMZ61cvE/7xeYsK6nzIZJ4ZKslwUJhzZF7ME0JApSgyfWYKJYvZWRMZYYWJsTiUbgrf68jpp16reddV9uKo0bvM4inAG53AJHtxAA+6hCS0g8ATP8ApvztR5cd6dj2VrwclnTuEPnM8frGuRYg==</latexit>

i2 7! 8

<latexit sha1_base64="SvGE5ubFWfnl9DxV5rUIuGnMSyM=">AAACC3icbVDLSsNAFJ34rPUVdelm2iK0ICERRZfFblxWsA9IQjuZTtqhk0mYmYgldO/GX3HjQhG3/oA7/8bpY6GtBy4czrmXe+8JEkalsu1vY2V1bX1jM7eV397Z3ds3Dw6bMk4FJg0cs1i0AyQJo5w0FFWMtBNBUBQw0gqGtYnfuidC0pjfqVFC/Aj1OQ0pRkpLHbPoegU380QEazGvITUuP5zCbtcqVnyv4Jdpx6l0zJJt2VPAZeLMSQnMUe+YX14vxmlEuMIMSek6dqL8DAlFMSPjvJdKkiA8RH3iaspRRKSfTX8ZwxOt9GAYC11cwan6eyJDkZSjKNCdEVIDuehNxP88N1XhlZ9RnqSKcDxbFKYMqhhOgoE9KghWbKQJwoLqWyEeIIGw0vHldQjO4svLpHlmOReWfXteql7P48iBY1AEZeCAS1AFN6AOGgCDR/AMXsGb8WS8GO/Gx6x1xZjPHIE/MD5/AOmtmGc=</latexit>

[[ConCat(x, “.”)]](i1)

<latexit sha1_base64="IiSq7n+PFLQbtTmEDdT20J36PzQ=">AAACC3icbVDLSsNAFJ3UV62vqks30xahBSlJUXRZ7MZlBfuAJKST6aQdOpmEmYlYQvdu/BU3LhRx6w+482+cPhbaeuDC4Zx7ufceP2ZUKtP8NjJr6xubW9nt3M7u3v5B/vCoLaNEYNLCEYtE10eSMMpJS1HFSDcWBIU+Ix1/1Jj6nXsiJI34nRrHxA3RgNOAYqS05OWLtlOwU0eEsBHxBlKT8sMZ7PWqxYrrFNwy9WoVL18yq+YMcJVYC1ICCzS9/JfTj3ASEq4wQ1LalhkrN0VCUczIJOckksQIj9CA2JpyFBLpprNfJvBUK30YREIXV3Cm/p5IUSjlOPR1Z4jUUC57U/E/z05UcOWmlMeJIhzPFwUJgyqC02BgnwqCFRtrgrCg+laIh0ggrHR8OR2CtfzyKmnXqtZF1bw9L9WvF3FkwQkogjKwwCWogxvQBC2AwSN4Bq/gzXgyXox342PemjEWM8fgD4zPH+symGg=</latexit>

[[ConCat(x, “.”)]](i2)

Component-guided Inverse Function



I2

I1 � I2

I1

I2

Length(x) 2 C

1 2 C

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

1:6 Woosuk Lee

Fig. 2. Top-down propagation with component expressions generated by the bo�om-up enumeration on the
motivating example problem.

increase n and add larger expressions into C and repeat the composition phase. Suppose we are
given n = 3. Using the bottom-up enumerative search, we get the set C of component expressions
of size  3, which is shown in the left top of Fig. 2. Equipped with C , we go into the composition
phase.

i1z                   }|                   {
“ +6 775-969-238” 7!

o1z             }|             {
“6.775.969.238.”

i2z               }|               {
“ +82 10-56-80” 7!

o2z          }|          {
“82.10.56.80.”

i1 7! “ ”
i2 7! “ ”

i1 7! 1
i2 7! 1

i1 7! “ +6 775-969-238.”
i2 7! “ +82 10-56-80.”

Æein  h“6.775.969.238.”, “82.10.56.80.”i

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

<latexit sha1_base64="unqoQPPk509usM5HAnY33RXsB74=">AAAB9HicbVDJSgNBEK1xjXGLevTSGARPYUbcjkEvHiOYBZIh9HR6kia9jN09gTDkO7x4UMSrH+PNv7GTzEETHxQ83quiql6UcGas7397K6tr6xubha3i9s7u3n7p4LBhVKoJrRPFlW5F2FDOJK1bZjltJZpiEXHajIZ3U785otowJR/tOKGhwH3JYkawdVLIugHqCJwYq9BVt1T2K/4MaJkEOSlDjlq39NXpKZIKKi3h2Jh24Cc2zLC2jHA6KXZSQxNMhrhP245KLKgJs9nRE3TqlB6KlXYlLZqpvycyLIwZi8h1CmwHZtGbiv957dTGN2HGZJJaKsl8UZxy5F6cJoB6TFNi+dgRTDRztyIywBoT63IquhCCxZeXSeO8ElxW/IeLcvU2j6MAx3ACZxDANVThHmpQBwJP8Ayv8OaNvBfv3fuYt654+cwR/IH3+QOn1ZFf</latexit>

i1 7! 6
<latexit sha1_base64="4Mw4aimRT+J71aU8vnItGfi+VcU=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9ktij0WvXisYD+gXUo2zbahSXZNsoWy9Hd48aCIV3+MN/+N2XYP2vpg4PHeDDPzgpgzbVz32ylsbG5t7xR3S3v7B4dH5eOTto4SRWiLRDxS3QBrypmkLcMMp91YUSwCTjvB5C7zO1OqNIvko5nF1Bd4JFnICDZW8tmghvoCx9pEqD4oV9yquwBaJ15OKpCjOSh/9YcRSQSVhnCsdc9zY+OnWBlGOJ2X+ommMSYTPKI9SyUWVPvp4ug5urDKEIWRsiUNWqi/J1IstJ6JwHYKbMZ61cvE/7xeYsK6nzIZJ4ZKslwUJhzZF7ME0JApSgyfWYKJYvZWRMZYYWJsTiUbgrf68jpp16reddV9uKo0bvM4inAG53AJHtxAA+6hCS0g8ATP8ApvztR5cd6dj2VrwclnTuEPnM8frGuRYg==</latexit>

i2 7! 8

<latexit sha1_base64="Za/THq7LkU0p+irNZsBn0lYK8t4=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9ktinorevFYwX5Au5Rsmm1Dk+yaZAtl6e/w4kERr/4Yb/4b0+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8d3cb0+o0iySj2YaU1/goWQhI9hYyWf9GuoJHGsToZt+ueJW3QxolXg5qUCORr/81RtEJBFUGsKx1l3PjY2fYmUY4XRW6iWaxpiM8ZB2LZVYUO2n2dEzdGaVAQojZUsalKm/J1IstJ6KwHYKbEZ62ZuL/3ndxITXfspknBgqyWJRmHBkX5wngAZMUWL41BJMFLO3IjLCChNjcyrZELzll1dJq1b1Lqvuw0WlfpvHUYQTOIVz8OAK6nAPDWgCgSd4hld4cybOi/PufCxaC04+cwx/4Hz+AK3vkWM=</latexit>

i2 7! 9

<latexit sha1_base64="8xddc6wTFWiJVOWNm3eIflnopXg=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKEo9BLx4jmBhIljA7mU2GzGOdmQ2EJd/hxYMiXv0Yb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEo1oU2iuNLtCBvKmaRNyyyn7URTLCJOH6PR7cx/HFNtmJIPdpLQUOCBZDEj2DopZL0AdQVOjFWo1itX/Ko/B1olQU4qkKPRK391+4qkgkpLODamE/iJDTOsLSOcTkvd1NAEkxEe0I6jEgtqwmx+9BSdOaWPYqVdSYvm6u+JDAtjJiJynQLboVn2ZuJ/Xie18XWYMZmklkqyWBSnHLkXZwmgPtOUWD5xBBPN3K2IDLHGxLqcSi6EYPnlVdK6qAZXVf/+slK/yeMowgmcwjkEUIM63EEDmkDgCZ7hFd68sffivXsfi9aCl88cwx94nz+pWZFg</latexit>

i1 7! 7

  .  .  .  

Component-guided Inverse Function
Failure

Synthesis specification

Generator ComposerInitial component size n

Success
Final program

Increased n

Components of size ≤ n

Bottom-up 
Enumeration

Top-down
Propagation

No subproblems unsolved.  The solution is found.



Our Inverse Functions for SyGuS

• Specialized for the operators supported in the SyGuS 
specification language (strings, bit vectors, LIA, and SAT)

• Type 1: deducing specs not directly solvable with 

components (e.g., Replace-1) → consecutive propagations

• Type 2: deducing specs directly solvable with 

components (e.g., SubStr-1) → solved in a single step



Universal Inverse Function

• In cases where (1) no particular domain knowledge of an 
underlying operator is exploitable, or (2) computing pre-
images is expensive,  we use the universal inverse function.

• Suppose a spec            is given on     and

• Then the universal inverse function computes the 
following pre-images:

<latexit sha1_base64="7eAF9WczIvMbbUgdD+8yFEw+PXg=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjOi6LLoxmUF+4DpUDJppg3NY0juCGXoZ7hxoYhbv8adf2PazkJbDwQO59xL7jlxKrgF3//2SmvrG5tb5e3Kzu7e/kH18KhtdWYoa1EttOnGxDLBFWsBB8G6qWFExoJ14vHdzO88MWO5Vo8wSVkkyVDxhFMCTgo57kmSWtBY96s1v+7PgVdJUJAaKtDsV796A00zyRRQQawNAz+FKCcGOBVsWulllqWEjsmQhY4qIpmN8vnJU3zmlAFOtHFPAZ6rvzdyIq2dyNhNSgIju+zNxP+8MIPkJsq5SjNgii4+SjKBXcRZfjzghlEQE0cINdzdiumIGELBtVRxJQTLkVdJ+6IeXNX9h8ta47aoo4xO0Ck6RwG6Rg10j5qohSjS6Bm9ojcPvBfv3ftYjJa8YucY/YH3+QPTJ5D0</latexit>

i 7! o
<latexit sha1_base64="kv0VWE3DjJaIsVAo1qBOFNW8JOk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iECqUkouiyKIirUsE+oAlhMpm0QyeTMDMRSihu/BU3LhRx61e482+ctllo64GBwzn3cuccP2FUKsv6NgpLyyura8X10sbm1vaOubvXlnEqMGnhmMWi6yNJGOWkpahipJsIgiKfkY4/vJ74nQciJI35vRolxI1Qn9OQYqS05JkHDeioGN5UGp5dhQ4OYiWrsOENTzyzbNWsKeAisXNSBjmanvnlBDFOI8IVZkjKnm0lys2QUBQzMi45qSQJwkPUJz1NOYqIdLNphDE81koAw1joxxWcqr83MhRJOYp8PRkhNZDz3kT8z+ulKrx0M8qTVBGOZ4fClEEdetIHDKggWLGRJggLqv8K8QAJhJVuraRLsOcjL5L2ac0+r1l3Z+X6VV5HERyCI1ABNrgAdXALmqAFMHgEz+AVvBlPxovxbnzMRgtGvrMP/sD4/AG4XZUU</latexit>

N ! F (N1, · · · , Nk)
<latexit sha1_base64="5KHB8FxNb0KZ2NdZSp+ZM1JPCKA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68SQt2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLFS/b5XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVbc+kW5epPHUYBjOIEz8OAKqnAHNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/p+OM1g==</latexit>

N

enumerate all possible 
combinations of components

<latexit sha1_base64="ogRTTnV+XtCivrUzwPs0KVh6P20="></latexit>

F�1(o) = {([[e1]](i), · · · , [[ek]](i)) | e1, . . . , ek 2 C,
<latexit sha1_base64="OyjAOL+0E/Q6nW8/cUtty1Coq/M=">AAACEHicbVBNS8NAEN34WetX1aOXrUWsUEoiil6EoiAeK1gtJCFsNpO6dJMNuxuhlP4EL/4VLx4U8erRm//G7cdBqw8GHu/NMDMvzDhT2ra/rJnZufmFxcJScXlldW29tLF5o0QuKbSo4EK2Q6KAsxRammkO7UwCSUIOt2H3fOjf3oNUTKTXupeBn5BOymJGiTZSUNrDrld2L6oQODXs0UhoVcMQdPd9r+xX2T4+xQJ7AxyUKnbdHgH/Jc6EVNAEzaD06UWC5gmkmnKilOvYmfb7RGpGOQyKXq4gI7RLOuAampIElN8fPTTAu0aJcCykqVTjkfpzok8SpXpJaDoTou/UtDcU//PcXMcnfp+lWa4hpeNFcc6xFniYDo6YBKp5zxBCJTO3YnpHJKHaZFg0ITjTL/8lNwd156huXx1WGmeTOApoG+2gKnLQMWqgS9RELUTRA3pCL+jVerSerTfrfdw6Y01mttAvWB/fzYOZSg==</latexit>

[[F (e1, · · · , ek)]](i) = o}



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 



Benchmarks

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

Ana Trujillo Redmond (757) 555-1634

Antonio Moreno Renton (411) 555-2786
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Christina Berglund Redmond (443) 555-6774

Hanna Moos Puyallup (376) 555-2462
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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



Comparison to the Winners of SyGuS Competitions1:20 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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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.
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we compare with general-purpose tools EUS����� and CVC4. EUS����� won the 2016 SyGuS
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… in the fastest speed!



Comparison to the Winners of SyGuS Competitions

Duet solved

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

Duet solved all!



Comparison to Euphony

• Training: 1,069 solved EUSolver in 10 min

• Testing: 467

• # solved: Duet: 374,  Euphony 324 



Comparison to Euphony

• Training: 1,069 solved EUSolver in 10 min

• Testing: 467

• # solved: Duet: 374,  Euphony 324 Duet solves harder synthesis 
problems more quickly compared 
to the state-of-the-art tools in 

diverse domains. 



• Training: 1,069 solved EUSolver in 10 min

• Testing: 467

• # solved: Duet: 374,  Euphony 324 

Euphony could not find large 
solutions due to the limitation of 
Top-down (guided) enumeration.

Euphony is outperformed 
by Duet despite the use 

of statistical models.

Comparison to Euphony



• Training: 1,069 solved EUSolver in 10 min

• Testing: 467

• # solved: Duet: 374,  Euphony 324 Euphony outperforms Duet by 
exploiting statistical regularity.

Comparison to Euphony



• Training: 1,069 solved EUSolver in 10 min

• Testing: 467

• # solved: Duet: 374,  Euphony 324 
Our approach provides 

performance gains complementary 
to the previous machine learning-

based technique. 

Comparison to Euphony



Analysis of Component Sizes

• Sizes of components needed to construct a solution

• STRING: 1 ~ 6 (avg: 1.8)

• BITVEC: 3 ~ 5 (avg: 3.5)

• CIRCUIT: 3 ~ 12 (avg: 5.9) 

• 92% of problems could be solved with components of size 
≤ 7.
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Duet could construct solutions 
from small expressions. 


