
Program Synthesis 
(Part I)
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Agenda
• A gentle introduction to program synthesis 

• Mostly using examples/demos/figures 

• But also some formalisms/algorithms (Part 1 and Part 2) 

• Goals 

• Get exposed to “program synthesis”  

• Appreciate this research topic  

• Learn a little bit about how synthesis works 
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Example 1
What are we doing here?
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Example 1
What are we doing here?

Filling in Initials for Names
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Example 1

How would you do it?

What are we doing here?
Filling in Initials for Names
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Example 1

How would you do it?

What are we doing here?
Filling in Initials for Names

Idea 1: manually 
Idea 2: write an Excel formula?
Idea 3: hire someone to do it for you?
Idea 4: StackOverflow?
Idea 5: ChatGPT?



8

Example 1

What are some problems with 
each idea?

How would you do it?

What are we doing here?
Filling in Initials for Names

Idea 1: manually 
Idea 2: write an Excel formula?
Idea 3: hire someone to do it for you?
Idea 4: StackOverflow?
Idea 5: ChatGPT?
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FlashFill
•No (very little) manual work 

•No need to write Excel macros 

•Highly automated 

•People love it
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FlashFill Demo

https://www.youtube.com/watch?v=LbK-FfCEBOw&t=20s

Watch video demo..
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What’s FlashFill?
•FlashFill is an Excel feature that automatically transforms 

strings using examples.
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What’s FlashFill?

What does a desired program do in this case?

•FlashFill is an Excel feature that automatically transforms 
strings using examples.
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What’s FlashFill?

FlashFill synthesizes a program:  

(1) Take the first char. of first name  

(2) Concatenate it with space  

(3) Concatenate it with the first char. of last name

What does a desired program do in this case?

•FlashFill is an Excel feature that automatically transforms 
strings using examples.
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Guess What FlashFill Would Do?



15

Guess What FlashFill Would Do?

https://twitter.com/i/status/1462868647815397377

What (kind of) program do you 
think FlashFill would synthesize?

(next)
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Guess What FlashFill Would Do?

https://twitter.com/i/status/1462868647815397377

What (kind of) program do you 
think FlashFill would synthesize?



17

Guess What FlashFill Would Do?

https://twitter.com/kurtsh/status/1462999130960064515?s=20&t=RRDbl1bBg0CTapPZielzhg

What (kind of) program do you 
think FlashFill would synthesize?

(next)
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Guess What FlashFill Would Do?

https://twitter.com/kurtsh/status/1462999130960064515?s=20&t=RRDbl1bBg0CTapPZielzhg

What (kind of) program do you 
think FlashFill would synthesize?
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Guess What FlashFill Would Do?

https://twitter.com/DataChaz/status/1454954213302312962?s=20&t=RRDbl1bBg0CTapPZielzhg

What (kind of) program do you 
think FlashFill would synthesize?

(no next!)
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Guess What FlashFill Would Do?

https://twitter.com/DataChaz/status/1454954213302312962?s=20&t=RRDbl1bBg0CTapPZielzhg

What (kind of) program do you 
think FlashFill would synthesize?

Why?
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Guess What FlashFill Would Do?

https://twitter.com/Standplaats_KRK/status/1465722790481432576?s=20&t=RRDbl1bBg0CTapPZielzhg

What (kind of) program do you think 
FlashFill would synthesize?

(no next!)
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Guess What FlashFill Would Do?

https://twitter.com/Standplaats_KRK/status/1465722790481432576?s=20&t=RRDbl1bBg0CTapPZielzhg

Why?
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FlashFill Doesn’t Always Work As Expected…
•FlashFill has an underlying programming language 

• Domain-specific language (DSL) for string transformation 
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FlashFill Doesn’t Always Work As Expected…
•FlashFill has an underlying programming language 

• Domain-specific language (DSL) for string transformation 

Some examples: SQL, MATLAB, HTML, etc.
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FlashFill Doesn’t Always Work As Expected…
•FlashFill has an underlying programming language 

• Domain-specific language (DSL) for string transformation  

• .. which means, fundamentally, it can only perform computations 
expressible in this language 

• In other words, FlashFill cannot synthesize programs that are not 
expressible in its underlying programming language 

• E.g., transforming dates is not supported, since FlashFill does not 
recognize dates. Same for US states.
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FlashFill T-Shirt!
 FlashFill author: Sumit Gulwani (Microsoft)
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Latest Developments of FlashFill

More publications can be found: https://www.microsoft.com/en-us/research/group/prose/publications/
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Example 2
Watch video..
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Example 2
What are we doing here?

Scraping Subway store information 
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Example 2
What are we doing here?

Scraping Subway store information 

How would you do it?
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Example 2
What are we doing here?

Scraping Subway store information 

How would you do it?
Idea 1: manually 
Idea 2: write a Selenium program?
Idea 3: hire someone to do it for you?
Idea 4: StackOverflow?
Idea 5: ChatGPT?
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Example 2
What are we doing here?

Scraping Subway store information 

What are some problems with 
each idea?

How would you do it?
Idea 1: manually 
Idea 2: write a Selenium program?
Idea 3: hire someone to do it for you?
Idea 4: StackOverflow?
Idea 5: ChatGPT?
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WebRobot
•No (very little) manual work 

•No need to write Selenium programs 

•Highly automated
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Follow-Ups of WebRobot
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WebRobot Demo
Watch video demo..
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How Does WebRobot Work?
•Idea: Programming-by-Demonstration (PBD) 

•Record a trace of user-performed actions, then synthesize a 
program with loops that generalizes the trace

Trace Program
PBD
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Recap.. FlashFill vs. WebRobot
FlashFill WebRobot

String editing in Excel Web automationProblem

Idea Programming-by-
Example

Programming-by-
Demonstration

DSL For string editing For web automation
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FlashFill vs. WebRobot: What’s In Common?
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FlashFill vs. WebRobot: What’s In Common?

“Specification” “Program”

• Share same “interface”.
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FlashFill vs. WebRobot: What’s In Common?

“Specification” “Program”

• Share same “interface”.

• Differ in:
• Application domains / use cases.
• Definitions of “specification”.
• Programming languages.
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“Specification” “Program”

 New terminology, but not totally unfamiliar.

“Program Synthesis”
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“Specification” “Program”

 New terminology, but not totally unfamiliar.
What do I want to do? ProgramHuman

“Program Synthesis”
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“Specification” “Program”

 New terminology, but not totally unfamiliar.
What do I want to do? ProgramHuman

C program AssemblyGCC

“Program Synthesis”
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“Specification” “Program”

 New terminology, but not totally unfamiliar.
What do I want to do? ProgramHuman

C program AssemblyGCC

“Program Synthesis”
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“Specification” “Program”

 New terminology, but not totally unfamiliar.
What do I want to do? ProgramHuman

C program AssemblyGCC

Data ML model

“Program Synthesis”
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“Specification” “Program”

 New terminology, but not totally unfamiliar.
What do I want to do? ProgramHuman

C program AssemblyGCC

Data ML modelTraining Alg.

“Program Synthesis”
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How about this?
“Program Synthesis”
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How about this?
“Program Synthesis”
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“Specification” “Program”

What do I want to do? ProgramHuman
C program AssemblyGCC
Data ML modelTraining Alg.
Partial prog. Complete prog.Autocomplete
Examples FlashFill prog.FlashFill
Demonstrations Selenium prog.WebRobot

“Program Synthesis”
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Working Definition of Program Synthesis

Specification Program
Program synthesis

I/O examples, demonstrations, 
natural language, reference 

implementation, etc.

In some programming language 
(grammar + semantics)

High-level intent Lower-level code

Typically involves search
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Program Synthesis vs. Machine Learning/Deep Learning

•Is ML/DL also program synthesis? 
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Program Synthesis vs. Machine Learning/Deep Learning

• ML/DL: data is spec, model is program, try to learn a model that matches data

• At a high-level, yes

•Is ML/DL also program synthesis? 
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Program Synthesis vs. Machine Learning/Deep Learning

• ML/DL: data is spec, model is program, try to learn a model that matches data

• At a high-level, yes
• But not really..

• Definitions of “programs” are very different (e.g., grammar vs. neural nets)
• Data is noisy but spec is less noisy (but there is a trend in program 

synthesis to tolerate noise in spec)
• Typically continuous in ML/DL vs. discrete search space in program synthesis 

• The line is getting blurry 

•Is ML/DL also program synthesis? 
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Program Synthesis vs. Compilers
•Are program synthesizers compilers? Are compilers synthesizers? 
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Program Synthesis vs. Compilers
•Are program synthesizers compilers? Are compilers synthesizers? 
• Compilers also convert high-level intent (code) to lower-level code
• At a high-level, yes
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Program Synthesis vs. Compilers
•Are program synthesizers compilers? Are compilers synthesizers? 
• Compilers also convert high-level intent (code) to lower-level code
• At a high-level, yes

• But not really..
• Compilers translate (not really true anymore) but synthesizers discover 

• Compilers apply predefined transformations (again, not really true 
nowadays) whereas synthesizers perform search

• The line is getting blurry
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Program Synthesis vs. Compilers
•Are program synthesizers compilers? Are compilers synthesizers? 
• Compilers also convert high-level intent (code) to lower-level code
• At a high-level, yes

• But not really..
• Compilers translate (not really true anymore) but synthesizers discover 

• Compilers apply predefined transformations (again, not really true 
nowadays) whereas synthesizers perform search

• The line is getting blurry
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Switch Gears..

What is 
synthesis?

How to 
synthesize?

Math!

Synthesis algorithms 
will NOT be covered in 
Exam 2



59

Systematically Search Programs in Grammar
• Context-Free Grammar (CFG): e → x

|1
|e + e

“All programs that can 
use x, 1 and +.”

Non-terminal symbol

Terminal symbol
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Systematically Search Programs in Grammar
• Context-Free Grammar (CFG): 

• This CFG defines a set of programs

x 1

x + x x + 1 1 + x

x + x + x x + x + 1 x + 1 + x 1 + x + x …

• Goal: find a program in this set that satisfies a given example

e → x
|1
|e + e

“All programs that can 
use x, 1 and +.”
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How to Search Systematically?

• Top-down search

e x

1

e + e

x + e

x + x

x + 1

x + e + e1 + e

e + e + e
…

…

…

e → x
|1
|e + e

• Context-Free Grammar (CFG): 

This is a “search tree”
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Top-Down Search In Action

e x

1

e + e

x + e

x + x

x + 1

x + e + e1 + e

e + e + e
…

…

…
e → x

|1
|e + e

• Step 2: pick a non-terminal in current result and replace it with one of its productions
• Step 3: continue step 2 until no more non-terminal remains (i.e., only terminals) 

• Step 1: begin with the start symbol 

How to generate this search tree? 

Context-Free Grammar Search tree
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• Step 2: pick a non-terminal in current result and replace it with one of its productions
• Step 3: continue step 2 until no more non-terminal remains (i.e., only terminals) 

• Step 1: begin with the start symbol 

Top-Down Search In Action

ee → x
|1
|e + e

How to generate this search tree? 

Context-Free Grammar Search tree
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Top-Down Search In Action

e x

1

e + e

e → x
|1
|e + e

• Step 2: pick a non-terminal in current result and replace it with one of its productions

• Step 3: continue step 2 until no more non-terminal remains (i.e., only terminals) 

• Step 1: begin with the start symbol 

How to generate this search tree? 

Context-Free Grammar Search tree
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Top-Down Search In Action

e x

1

e + e

x + e

1 + e

e + e + e

e → x
|1
|e + e

• Step 2: pick a non-terminal in current result and replace it with one of its productions
• Step 3: continue step 2 until no more non-terminal remains (i.e., only terminals) 

• Step 1: begin with the start symbol 

How to generate this search tree? 

Context-Free Grammar Search tree
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Top-Down Search In Action

e x

1

e + e

x + e

x + x

x + 1

x + e + e1 + e

e + e + e

e → x
|1
|e + e

• Step 2: pick a non-terminal in current result and replace it with one of its productions
• Step 3: continue step 2 until no more non-terminal remains (i.e., only terminals) 

• Step 1: begin with the start symbol 

How to generate this search tree? 

Context-Free Grammar Search tree
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Top-Down Search In Action

e x

1

e + e

x + e

x + x

x + 1

x + e + e1 + e

e + e + e
…

…

…
e → x

|1
|e + e

• Step 2: pick a non-terminal in current result and replace it with one of its productions
• Step 3: continue step 2 until no more non-terminal remains (i.e., only terminals) 

• Step 1: begin with the start symbol 

How to generate this search tree? 

Context-Free Grammar Search tree
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Top-Down Search Recap..

e x

1

e + e

x + e

x + x

x + 1

x + e + e1 + e

e + e + e
…

…

…
e → x

|1
|e + e

What if my grammar 
gets bigger?

e → x
|1
|e + e
|e − e
| . . .

Context-Free Grammar Search tree
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Synthesis Seems Computationally Expensive?!
• Top-down search has exponential 

time complexity (to program size)

• In general, program synthesis is 
computationally intractable, if not 
undecidable

But, recent advances lead to 
empirically efficient synthesis!

.. which means synthesis in theory 
does not scale to complex problems..
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State-of-the-Art
•How many lines of code can be automatically synthesized 

within a reasonable amount of time?
• This depends on the domain, but in general, a few dozens in minutes

• This might sound too few / too slow?
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State-of-the-Art
To give you a concrete idea..

What WebRobot 
synthesized in a few seconds

(This is an equivalent Selenium program.)
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Looking into the Future
• Synthesis as an atomic functionality in Software Engineering 

• Already come true in Excel (also “software dev”?) 

• Will come true in more and more domains 

• “Programming Copilot” (ChatGPT etc.) is already here… 

• Symbolic vs. Neural  

• Symbolic: search in DSL to find programs that match 
examples…  

• Neural: machine learning and neural nets 
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Looking into the Future
• Symbolic vs. Neural: both have pros and cons  

• Symbolic: highly interpretable, but slow (not scalable).. 

• Neural: generalization, but hallucinations and not 
interpretable.. 

• Many other orthogonal problems to work on 

• Usability  

• Killer apps and specialized techniques 
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