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Dimensions in Program Synthesis

Behavioral Specification
- What should the program do?

Structural Specification
- What is the space of the programs?

Synthesis Strategy
- How do we find such a program?



The Course So Far
Behavioral Specification
- What should the program do?

Structural Specification
- What is the space of the programs?

Synthesis Strategy
- How do we find such a program?

1. Examples
2. Types
3. Functional Specifications
4. Natural Language

General Purpose Programming Language
Python / Java / C / Rust / …

Data-Driven Approaches
- Next token prediction, greedy decoding and sampling
- Prompting language models

Enumeration
- Enumerating all programs with a grammar
- Bottom-up vs top-down

Domain Specific Languages



Today
Behavioral Specification
- What should the program do?

Structural Specification
- What is the space of the programs?Synthesis Strategy

- How do we find such a program?

1. Examples
2. Types
3. Functional Specifications
4. Natural Language
5. Property Based Testing

General Purpose Programming Language
Python / Java / C / Rust / …Iterative Refinement with Feedback

- Feedback via Compiler, Debugger, and Test Cases
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From Multi-Step Prompting to Iterative Prompting

Input Intermediate 1 Intermediate 2 Output

Input Intermediate 𝑖 Output

A known and fixed number of steps

A variable number of steps

- Zero-shot (0)
- Few-shot (0)
- Chain-of-thought (1)
- Self-Reflection (1)
- Transpilation (1)

- Self-Debug
- Self-Repair
- FunSearch
- Evolutionary Search
- Generational Search



From Multi-Step Prompting to Iterative Prompting

Input Intermediate 𝑖 Output

A variable number of steps

Q1. How do you know when to stop?

Q2. What is changing at each iteration?



A Survey on Large Language Models for Code Generation, Jiang et. al., 2024



From Multi-Step Prompting to Iterative Prompting

Input Intermediate 𝑖 Output

A variable number of steps

Q1. How do you know when to stop?

Q2. What is changing at each iteration?



From Multi-Step Prompting to Iterative Prompting

Input Intermediate 𝑖 Output

A variable number of steps

Q2. What is changing at each iteration? Ans: Feedback

Ans: When specification satisfies; or up to a fixed 
number of steps

Q1. How do you know when to stop?



Feedback

Input Program 𝑖 Output

Feedback 𝑖

- Compiler
- Linter
- Unit test
- Property test
- Debugger
- Verifier
- Language Models

Feedback GenerationCode Repair
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Compiler Feedback

• Classes of feedback
• Syntax errors
• Type checking errors
• Language specific errors (type cast, memory, 

lifetime, etc.)

• Issues of too many errors
• Verbose errors from lexer/parser/linter
• Root error cascades and induce more errors

• Solutions
• Heuristics: feed first few errors first!
• Find root cause
• Group errors by files



Linter Feedback

• What is a Linter
• Programming errors and bugs
• Stylistic inconsistencies
• Suspicious constructs or “code smells”
• Potential security vulnerabilities

• Catch
• Usually very local
• Many “false positives”
• Most linter errors do not affect execution



Linter Feedback

• What is a Linter
• Programming errors and bugs
• Stylistic inconsistencies
• Suspicious constructs or “code smells”
• Potential security vulnerabilities

• Catch
• Usually very local
• Many “false positives”
• Most linter errors do not affect execution
• Should be careful when presented to a 

language model

False positives



Unit Test Feedback

• Unit Tests
• Encode basic input-output pairs
• Usually provided along with the 

synthesis task as a part of behavioral 
specifications

• Encoding
• As assertion
• Using unit test libraries



Unit Test Feedback

• Unit Tests
• Encode basic input-output pairs
• Usually provided along with the 

synthesis task as a part of behavioral 
specifications

• Encoding
• As assertion
• Using unit test libraries

Python (using unittest)

Rust

Haskell (using Test.Hspec)

C++ (using GoogleTest)



Teaching Large Language Models to Self-Debug, Chen et. al., 2023
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Self-Debugging with Different Feedback Formats

Teaching Large Language Models to Self-Debug, Chen et. al., 2023



Unit Test Trace Feedback

• Issue
• Unit test feedback only covers the 

expected output
• It does not shed light on the Root Cause
• Demands further analysis

• Solution
• Reason about program execution via the 

use of Debugger



Debugger



Debugger



Debugger

line 2:

line 3:

line 5:

line 6:

…

Program State Trace



Debugger for Feedback

• Issues
• Too many intermediate states 

to step through
• Loops may iterate many times 

resulting in very verbose 
feedback







Debugger for Feedback

• Issues
• Too many intermediate states 

to step through
• Loops may iterate many times 

resulting in very verbose 
feedback

• Solution
• Use Control Flow Graph to 

simplify the program trace



Control Flow Graph

def compute(a, b, n):
 total = 0
 i = 0
 while i < n:
  t = a * i + b
  if t % 2 == 0:
   total += t // 2
  else:
   total += 3 * t + 1
  i += 1
 return total

Python Code
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 total = 0
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 while i < n:
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  if t % 2 == 0:
   total += t // 2
  else:
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 return total

Python Code

entry
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def compute(a, b, n):
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 while i < n:
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Control Flow Graph

def compute(a, b, n):
 total = 0
 i = 0
 while i < n:
  t = a * i + b
  if t % 2 == 0:
   total += t // 2
  else:
   total += 3 * t + 1
  i += 1
 return total

Python Code

entry

loop.header

loop.body1

if.then if.else

loop.body2

Control Flow Graph



Control Flow Graph

def compute(a, b, n):
 total = 0
 i = 0
 while i < n:
  t = a * i + b
  if t % 2 == 0:
   total += t // 2
  else:
   total += 3 * t + 1
  i += 1
 return total

Python Code

entry
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Control Flow Graph

def compute(a, b, n):
 total = 0
 i = 0
 while i < n:
  t = a * i + b
  if t % 2 == 0:
   total += t // 2
  else:
   total += 3 * t + 1
  i += 1
 return total

Python Code



Control Flow Graph

int compute(int a, int b, int n) {
 int total = 0;
 int i = 0;
 while (i < n) {
  int t = a * i + b;
  if ((t % 2) == 0) {
   total += t / 2;
  } else {
   total += 3 * t + 1;
  }
  i += 1;
 }
 return total;
}

def compute(a, b, n):
 total = 0
 i = 0
 while i < n:
  t = a * i + b
  if t % 2 == 0:
   total += t // 2
  else:
   total += 3 * t + 1
  i += 1
 return total

Python Code
C Code



Control Flow Graph

int compute(int a, int b, int n) {
 int total = 0;
 int i = 0;
 while (i < n) {
  int t = a * i + b;
  if ((t % 2) == 0) {
   total += t / 2;
  } else {
   total += 3 * t + 1;
  }
  i += 1;
 }
 return total;
}

def compute(a, b, n):
 total = 0
 i = 0
 while i < n:
  t = a * i + b
  if t % 2 == 0:
   total += t // 2
  else:
   total += 3 * t + 1
  i += 1
 return total

define i64 @compute(i64 %a, i64 %b, i64 %n) {
entry:
%total = alloca i64, align 8
%i = alloca i64, align 8
%t = alloca i64, align 8
store i64 0, i64* %total
store i64 0, i64* %i
br label %loop.header

loop.header: ; while (i < n)?
%i.val = load i64, i64* %i
%cmp = icmp slt i64 %i.val, %n
br i1 %cmp, label %loop.body, label %loop.exit

loop.body:
; t = a*i + b
%i.val2 = load i64, i64* %i
%mul = mul i64 %a, %i.val2
%add = add i64 %mul, %b
store i64 %add, i64* %t

; if ((t % 2) == 0) ...
%t.val = load i64, i64* %t
%rem = srem i64 %t.val, 2
%isEven = icmp eq i64 %rem, 0
br i1 %isEven, label %then.block, label %else.block

then.block:
; total += t / 2
%t.even = load i64, i64* %t
%half = sdiv i64 %t.even, 2
%tot0 = load i64, i64* %total
%tot1 = add i64 %tot0, %half
store i64 %tot1, i64* %total
br label %cont.block

else.block:
; total += 3*t + 1
%t.odd = load i64, i64* %t
%triple = mul i64 %t.odd, 3
%plus1 = add i64 %triple, 1
%tot2 = load i64, i64* %total
%tot3 = add i64 %tot2, %plus1
store i64 %tot3, i64* %total
br label %cont.block

cont.block:
; i += 1
%i.cur = load i64, i64* %i
%i.next = add i64 %i.cur, 1
store i64 %i.next, i64* %i
br label %loop.header

loop.exit:
%tot.final = load i64, i64* %total
ret i64 %tot.final
}

Python Code
C Code

LLVM Code (Compiled)



Control Flow Graph

define i64 @compute(i64 %a, i64 %b, i64 %n) {
entry:
%total = alloca i64, align 8
%i = alloca i64, align 8
%t = alloca i64, align 8
store i64 0, i64* %total
store i64 0, i64* %i
br label %loop.header

loop.header: ; while (i < n)?
%i.val = load i64, i64* %i
%cmp = icmp slt i64 %i.val, %n
br i1 %cmp, label %loop.body, label %loop.exit

loop.body:
; t = a*i + b
%i.val2 = load i64, i64* %i
%mul = mul i64 %a, %i.val2
%add = add i64 %mul, %b
store i64 %add, i64* %t

; if ((t % 2) == 0) ...
%t.val = load i64, i64* %t
%rem = srem i64 %t.val, 2
%isEven = icmp eq i64 %rem, 0
br i1 %isEven, label %then.block, label %else.block

then.block:
; total += t / 2
%t.even = load i64, i64* %t
%half = sdiv i64 %t.even, 2
%tot0 = load i64, i64* %total
%tot1 = add i64 %tot0, %half
store i64 %tot1, i64* %total
br label %cont.block

else.block:
; total += 3*t + 1
%t.odd = load i64, i64* %t
%triple = mul i64 %t.odd, 3
%plus1 = add i64 %triple, 1
%tot2 = load i64, i64* %total
%tot3 = add i64 %tot2, %plus1
store i64 %tot3, i64* %total
br label %cont.block

cont.block:
; i += 1
%i.cur = load i64, i64* %i
%i.next = add i64 %i.cur, 1
store i64 %i.next, i64* %i
br label %loop.header

loop.exit:
%tot.final = load i64, i64* %total
ret i64 %tot.final
}

LLVM Code (Compiled)



Control Flow Graph
entry

loop.header

loop.body

then.blk else.blk

cont.blk

loop.exit

Control Flow Graph
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Control Flow Graph: Key Takeaway

• Representing program differently 
helps analysis of program 
behavior
• Is a more concise representation 

because multiple instructions 
are grouped into a basic block
• Control flow graph identifies how 

program is executed, helping to 
perform error localization

entry

loop.header

loop.body

then.blk else.blk

cont.blk

loop.exit

Control Flow Graph



Debugger for Feedback



Debugger for Feedback



More Unit Tests

• What if the provided unit tests are 
insufficient?
• Does not cover edge cases
• Does not guarantee correct solution

def is_palindrome(s: str) -> bool:
  """
  return True if s reads the same forwards and 
  backwards. Ignore case and whitespace or 
  punctuation.
  """
  return s == s[::-1] # Syntheized test case

class TestPalindrome(unittest.TestCase):
  def test_racecar_capitalized(self):
    # case-insensitive.
    self.assertTrue(is_palindrome("Racecar"))











Property Based Testing



Property Based Testing

• Issues with verification with 
functional specifications:
• Very hard to specify a complete 

functional specification
• Pre- and post-conditions 

sometimes require special 
constructs
• Requires a formal theorem prover / 

solver to verify
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∀𝑥, 𝑃 𝑥 ⇒ 𝑄(𝑐 𝑥 )

Program 𝑐: a program state transformer
Pre- and Post-condition 𝑃, 𝑄: a Boolean function over program states

int abs(int x) {
int y;
if (x >= 0) // B1

y = x; // B2
else

y = -x; // B3
return y; // B4

}

𝑐

𝑃

𝑄

𝑥: Int

𝑦 = −𝑥 ∨ 𝑦 = 𝑥 ∧ 𝑦 ≥ 0
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∀𝑥, 𝑃 𝑥 ⇒ 𝑄(𝑐 𝑥 )

Program 𝑐: a program state transformer
Pre- and Post-condition 𝑃, 𝑄: a Boolean function over program states

int abs(int x) {
int y;
if (x >= 0) // B1

y = x; // B2
else

y = -x; // B3
return y; // B4

}

𝑐

𝑃

𝑄

𝑥: Int

𝑦 = −𝑥 ∨ 𝑦 = 𝑥 ∧ 𝑦 ≥ 0

bool abs_property(int x, int y) {
  return (x == y || x == -y) && 
         y >= 0;
}

for (int i = 0; i < 1000; i++) {
  int x = random_integer();
  int y = abs(x);
  assert(abs_property(x, y));
}

Property of abs encoded as Boolean function (predicate)

Perform random testing with the property





Verification as Feedback

• Issues with verification with 
functional specifications:
• Very hard to specify a complete 

functional specification
• Pre- and post-conditions 

sometimes require special 
constructs
• Requires a formal theorem 

prover / solver to verify





Code Transpilation

Language 𝑿 Language 𝒀

Given program 𝑥 ∈ 𝐗 Synthesize 𝑦 ∈ 𝐘

Specification

∀𝑖, eval𝐗 𝑥, 𝑖 = eval𝐘(𝑦, 𝑖)





Summary of Iterative Refinement Feedback

• Compiler messages
• Linter messages
• Unit test report
• Generating traces from unit test using debuggers
• Simplifying traces via control flow graph
• Generating more test cases

• Property based testing
• Verification result
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Dimensions in Program Synthesis

Behavioral Specification
- What should the program do?

Structural Specification
- What is the space of the programs?

Synthesis Strategy
- How do we find such a program?

Hard Constraints:
- Compilation check, Unit tests, Property tests, …
Soft Constraints:
- Memory consumption, Speed, #operations, …

Iterative Refinement with Feedback General Purpose Programming Languages
- Python / C / Java / …



Week 4

• Assignment 1
• https://github.com/machine-programming/assignment-1
• Due Today!

• Assignment 2
• https://github.com/machine-programming/assignment-2 
• Due ~two weeks from now (Oct 2)
• Evaluating Coding LLMs

https://github.com/machine-programming/assignment-1
https://github.com/machine-programming/assignment-2

