
Machine Programming
Lecture 20 – Review & Special Topics on Synthesizing Diverse DSLs



Recap & Review



Foundations + Applications
of machine programming



Topics

• Foundations
• Programming language, syntax and semantics
• Classical synthesis, e.g., inductive synthesis, bottom-up and top-down 

synthesis, type-guided synthesis, specification guided synthesis
• LLM-based synthesis, e.g., natural language guided synthesis, agentic 

frameworks, model context protocol, language server protocol

• Applications
• Software Engineering & Security, e.g., testing, transpilation, verification
• Math & Theorem Proving, e.g., auto-formalization, proof search
• Planning & Cyber-Physical Systems, e.g. robotics, simulation, reward
• Long-horizon Coding Tasks, Research, and etc.



Programming Languages

Python

C C++

C# Rust

JavaScriptHaskell

Common Lisp

LLVM

Assembly

Coq
Prolog

Shell
Scallop
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Domain Specific Programming Languages
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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?



Syntax: Regular tree grammars (RTGs)

(Program) P ::= L | N
    (List) L ::= input
               | empty
               | single(N)
               | concat(L, L)
  (Number) N ::= len(L)
               | min(L)
               | add(N, N)
               | 0 | 1 | 2 | …

Name of nonterminals terminals (alphabet)

production rules

Starting 
non-terminal

𝑆
𝑁

Σ

𝑅

non-terminals



Semantics: Meaning of a Language

(Program) P ::= L | N
    (List) L ::= input
               | empty
               | single(N)
               | concat(L, L)
  (Number) N ::= len(L)
               | min(L)
               | add(N, N)
               | 0 | 1 | 2 | …

[ . ] ∶ 𝑇!	×	𝐼𝑛𝑡𝐿𝑖𝑠𝑡 → 𝐿𝑖𝑠𝑡	|	𝐼𝑛𝑡
[[input]](𝑥) 	= 𝑥
[[empty]](𝑥) = []

∀𝜏 ∈ 𝑇!, [[single 𝜏 ]](𝑥) = [	[[𝜏]](𝑥)]
∀𝜏", 𝜏# ∈ 𝑇!, concat 𝜏", 𝜏# 𝑥 = [[𝜏"]](𝑥) + [[𝜏#]](𝑥)

∀𝜏 ∈ 𝑇!, [[len 𝜏 ]](𝑥) = | 𝜏 𝑥 |
∀𝜏 ∈ 𝑇!, [[min 𝜏 ]](𝑥) = min

$
𝑣 ∈ 𝜏 𝑥

∀𝜏", 𝜏# ∈ 𝑇!, [[add 𝜏", 𝜏# ]](𝑥) = [[𝜏"]](𝑥) + [[𝜏#]](𝑥)
[[0]](𝑥) = 0,…

Denotational Semantics
Mathematical meaning to each program construct



Bottom-up enumeration: algorithm

(Program) P ::= L | N
    (List) L ::= input
               | empty
               | single(N)
               | concat(L, L)
  (Number) N ::= len(L)
               | min(L)
               | add(N, N)
               | 0 | 1 | 2 | …

bottom-up(<Σ, N, R, S>, [i à o], max_depth):
  bank := {}
  for depth in [0..max_depth]:
    forall rule in R:
      forall new_prog in grow(rule, depth, bank):
        if (A = S ∧ new_prog([i]) = [o]):
          return new_program
        insert new_program to bank;

grow(A à σ(A1…Ak), d, bank):
  if (d = 0 ∧ k = 0) yield σ // terminal
  else forall <t1,…,tk> in bankk: // cartesian product
    if Ai ->* ti: 
      yield σ(t1,…,tk)

[CSE 291 Program Synthesis – Nadia Polikarpova]



Type-Guided Top-Down Search
Expr ::= Var
       | lambda Var: Expr
       | filter(Expr, Expr)
       | map(Expr, Expr)
       | reduce(Expr, Expr, Expr)
       | Expr if Expr else Expr
       | Expr BinaryOp Expr
       | true | false
       | 0 | 1 | 2 | …

[ [71, 75, 83], 
  [90, 87, 95], 
  [68, 77, 80] ]

[ [75, 83], 
  [90, 95], 
  [77, 80] ]

àdropmin(list) = <Expr>

list lambda <Var>: <Expr> filter(<Expr>,<Expr>) <Expr> if <Expr> else <Expr> …

❌

𝐶 ∪ 𝑥 ↦ 𝜏" ⊢ 𝑒 ∶ 𝜏#
𝐶	 ⊢ 𝜆𝑥. 𝑒 ∶ 𝜏" → 𝜏#

[Lambda]

dropmin : List[List[Int]] -> List[List[Int]]

List[List[Int]]



Verification of Program with a Specification

{Pre-condition} Program {Post-condition}

𝑃 	𝑐	{𝑄}

∀𝑥, 𝑃 𝑥 ⇒ 𝑄(𝑐 𝑥 )

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



∀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



High Level Picture

Space of all 
the strings

Desired Program

Space of all syntactically 
correct programs

Space of all type checked 
programs

Space of all 
programs that can 

satisfy all examples

Functional Specification



Modeling Language

Problem Definition: Next Token Prediction

𝑡", 𝑡#, … , 𝑡%&"Input: Prefix Output: Next Token 𝑡%
Goal: Compute the probability Pr 𝑡% 	 𝑡", 𝑡#, … , 𝑡%&")

N-Gram Models Recurrent Models Seq2Seq & Attention Transformers



https://poloclub.github.io/transformer-explainer/ 

https://poloclub.github.io/transformer-explainer/


Synthesis with a Conversation

{
  "messages": [
    { "role": ”system", 
      ”parts": [”You are a senior software engineer from…”] },
    { "role": "user", 
      ”parts": ["Write this function:\ndef add(a, b):”] },
    { "role": "assistant", 
      ”parts": ["def add(a, b): return a + b”] },
    { "role": "user", 
      ”parts": ["Write this function:\ndef reverse(s: str)…”] },
    { "role": "assistant", 
      ”parts": ["def reverse(s: str) -> str:\n output = \"\"\n 
                 for c in s:\n output = c + output\n 
                 return output”] },
    { "role": "user", 
      ”parts": ["Write this function:\n
                 def is_palindrome(s: str)”] }
  ]
}

<system>
You are a senior software engineer from…
<user>
Write this function:
  def add(a, b):
<assistant>
def add(a, b): return a + b
<user> 
Write this function:
  def reverse(s: str)…
<assistant>
def reverse(s: str) -> str:
  output = “”
  for c in s:
    output = c + output
  return output
<user>
Write this function:
  def is_palindrome(s: str)

è

Special Tokens denoting Roles



High Level Picture

Space of all 
the strings

Desired Program

Space of all syntactically 
correct programs

Space of all type checked 
programs

Space of all 
programs that can 

satisfy all examples

Functional 
Specification

Fuzzy
Specification

Iterative Refinement



Feedback for Iterative Refinement

Input Program 𝑖 Output

Feedback 𝑖

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

Feedback GenerationCode Repair



Constrained Decoding
(Program) P <- L | N

    (List) L <- ‘input’
              | ‘[‘ ‘]’
              | ‘[‘ N ‘]’
              | L ‘++’ L
  (Number) N <- ‘len’ ‘(‘ L ‘)’
              | ‘min’ ‘(‘ L ‘)’
              | N ‘+’ N
              | ‘0’ | ‘1’ | ‘2’ | …

min(input ++ [0])
Partial Program

Token Sequence
[‘min’, ‘(’, ‘input’, ‘++’, ‘[’, ‘0’, ‘]’]

Step 3: Goal is L

min ( L )

P

N

L

input

L

L ++ L

input

We can expand L into input, matching the third token

We can expand L into L + L, where the first L can be expanded 
into input, matching the third token

è Finishing L, next token is ‘)’

è Finishing the left L, next token is ‘++’



LLM Agent

Environment

LLM-based Agentic Frameworks

• User (human, end-user)
• Agent (a computer program)
• LM (a neural language model)
• Environment (the world)
• Tool (access point to the world)

User

Agent

LM

Tool

🤗



Model Context Protocol (MCP)

Environment

User

Agent

LM

Tool

MCP 
Client

MCP 
Server Tool

Tool

Tool and Environment SideUser and LLM Side



https://github.com/modelcontextprotocol/servers 

https://github.com/modelcontextprotocol/servers


File System (FS) for Code Implementation

• Create, read, write, or edit files

Environment

User

Agent

LM

Tool

/my_project
- readme.md
- .gitignore
- src/

- parity.py

Write me a Python function parity : …
1

Here are the available file operations:
[…, {“name”: “filesystem.writeFile”},

{“name”: “filesystem.editFile”}]

2

{ "name": "filesystem.writeFile",
  "arguments": {
    "path": ”src/parity.py",
    "content": "def parity(x):
                  return x % 2 == 0"
  } }

3

(call the tool)
4

(writes to the file)
5 (new file is created)

6

{“success”: true}
7



Retrieval Augmented Generation (RAG)

• Vector database as environment:
• Each document 𝑧 in the database is 

associated with an embedding 𝑑(𝑧)
• Querying: embedding-based similarity search

• Assume query 𝑥, query embedding is 𝑞(𝑥)
• Similarity score is cosine similarity 

between 𝑞(𝑥) and 𝑑(𝑧):

• We can add, update, or remove documents 
using document metadata

Environment

User

Agent

LM

Tool

sim 𝑥, 𝑧 =
𝑞 𝑥 ⋅ 𝑑(𝑧)
𝑞(𝑥) ⋅ 𝑑(𝑧)

Write me a Dafny function Max : …
1

Dafny database
Documentations

Tutorials
Sample programs

0

Here are the available tools: 
[…, {“name”: “chroma.query”}, …]

2

“chroma.query”: { "collection": "dafny-docs",
  "query": "Dafny function vs method, ensures, 
returns syntax examples", 
  "top_k": 3,
  "where": { "source": "docs|tutorials" } }

3

(call the tool)
4

Convert 
query to 
𝑞(𝑥)

5

{𝑑(𝑧!), 𝑑(𝑧"), … }

Retrieves 
top-3 similar 
documents

6

Here are the retrieved documents: [[
  "Functions are pure: 'function 
Max(a:int,b:int):int ensures ...' Example: function 
Abs(x:int):int ensures result>=0",
  "Methods: 'method M(...) returns (...)' use 
ensures on methods; assertions with 'assert'",
  "Spec grammar for ensures/returns; using 'result' 
in postconditions"
]],

7

function Max(a:int, b:int): int
  ensures result >= a && result >= b && 
          (result == a || result == b) {
  if a >= b then a else b
}

8



Terminal as Tool

Environment
(Shell, Linux)

User

Agent

LM

Tool

bash> python test_pa….py 
Traceback (most recent 
call last):
File "test_parity.py", 
line 4, in <module>    
  assert parity.parity(…

Write me a Python function parity : …
1

Here are the available file operations:
[…, {“name”: “terminal.execute”},
{“name”: “filesystem.writeFile”}]

2

{ "name": ”terminal.execute",
  "arguments": {
    ”cmd": ”python test_parity.py"
  } }

6
After writing the test case with the file system…

(call the tool)
7

(pass to the terminal)
8

(bash: run the 
command)

9

{"exitCode": 1, "stdout": "",
  "stderr": "Traceback (most recent…):”}

10



Pre-training & Post-training of LLMs
Dataset

Learning Procedure

Model Architecture

- Pre-training dataset / Fine-tuning dataset
- Instruction tuning dataset
- Alignment dataset
- Human / Logical feedback dataset
- Evaluation dataset
- …

- Optimization objectives
- Learning algorithm (SFT, RL, etc.)
- Continual learning, Curriculum learning
- Staged learning
- …

- Encoder-decoder models
- Decoder-only models
- Hyper-parameter tuning
- …



High-level Training, Inference, and Evaluation

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



Pre-training: Optimizations

• How do we find the “optimal” 
set of parameters 𝜃?
• Back-propagation
• Optimizers
• Learning rates & schedulers
• Batching & parallelism

𝜃 = argmin^)
𝐱∈𝒟

ℒ(𝐱; 𝜃)

Gradient (at step 𝑡): 𝑔' = ∇(ℒ(𝜃')

Optimizer: SGD, Adam, AdamW, Momentum
First momentum: 𝑚# = 𝛽!𝑚#$! + 1 − 𝛽! 𝑔#

Second momentum: 𝑣# = 𝛽"𝑣#$! + 1 − 𝛽" 𝑔#"

Weight Update: 𝜃#%! = 𝜃# − 𝜂
&'!

()!%*
+ 𝜆𝜃#

Learning Rate Scheduling: 𝜂'
Cosine decay: 𝜂# = 𝜂+,- + 0.5(𝜂+./ − 𝜂+,-)(1 + cos(

0#
1
))

Batching: 𝐵 ⊂ 𝐷
Mini-batched gradient: 𝑔# =

!
2
∑𝐱∈2 ∇5ℒ(𝐱; 𝜃#)



SFT: Learning Objectives

• Pre-training: General understanding of language
• SFT: Aligns with human intent
• High-level Objective:
• Instruction following / dialog
• Reasoning and chain-of-thought
• Tool use and agentic protocol-following
• Code generation (completion + Infilling/FIM)

• Low-level Objective: Next-token prediction

ℒ 𝐱; 𝜃 =)
ijk

l
− log𝑃^ 𝑥i	 𝐱mi)



RL: Optimization

• DQN (Deep Q-Network)
• Directly model Q-value: the value function of an action 𝑄^(𝑠, 𝑎)

• Policy Gradient (REINFORCE)
• Directly optimize the policy 𝜋^(𝑎|𝑠)

• Actor-Critic Model (AC)
• Adding a critic 𝑉n(𝑠) and “advantage estimate” 𝐴 𝑠, 𝑎 = 𝑅 − 𝑉n(𝑠)

• Proximal Policy Optimization (PPO)
• To stabilize, we clip the loss based on how far the policy deviates

• Group Relative Policy Optimization (GRPO)
• (Specifically for LLM) grouped normalized advantage 𝐴i = (𝑟i − 𝑟̅)/𝜎o

∇(𝐽 𝜃 = 𝔼)![∇( log 𝜋( 𝑎 𝑠 𝑅]

∇(𝐽 𝜃 = 𝔼)![∇( log 𝜋( 𝑎 𝑠 𝐴(𝑠, 𝑎)]

∇(𝐽 𝜃 = 𝔼)![∇( log 𝜋( 𝑦 𝑥 (𝑟* 𝑥, 𝑦 − 𝛽(log 𝜋( 𝑦 𝑥 −



Forms of Software Analysis

Static Analysis Dynamic Analysis

Examine code without concrete execution Observes program behavior while executing

- Taint analysis
- Reachability analysis
- Abstract interpretation
- Symbolic execution
- …

- Unit testing
- Fuzzing
- Property-based testing
- Penetration testing
- …



Software Analysis: Impossible Triangle

Soundness

Completeness Termination

Never miss a real bug

Never raise a false alarm Always finish the analysis within finite time

Real Bug Not a Bug

Reported
(positive)

True Pos 
(TP)

False Pos
(FP)

Not Reported
(negative)

False Neg 
(FN)

True Neg
(TN)



Unit Testing

Human-written tests
in the form of concrete

input-output

assert f(2) == 4

Fuzzing

Randomly
generating
test inputs

for i in 0..10^4:
  x = gen_input()
  f(x)

Property-based testing

Randomly generating
test inputs, but with

properties checking outputs

for i in 0..10^4:
  x = gen_input()
  y = f(x)
  assert property(x,y)

Penetration testing

Crafting adversarial inputs
to trigger vulnerabilities rather 

than getting outputs

try:
  f(very_bad_input)
  assert false
except:
  assert no_bad_behavior

Human Effort à LLM: figure out 
input-outputs, write the test cases Human Effort à LLM: write the input 

generator, harness and the property

Human Effort à LLM: write the input 
generator and fuzzing harness

Human Effort à LLM: figure out the very 
bad input, describe the bad behavior

Dynamic Analysis



Static Dataflow Analysis

• Question:
• With Dataflow analysis, can we tell 

whether there could be a divide-by-
zero vulnerability?

• Answer:
• We can tag the nodes with additional 

information such as abstract domains

Entry

x = 3

y = 10

y > 0

y = y - 1 return x / y

true false

Abstract Domain: {+, 0, −}

(𝑥, {+})

(𝑦, {+})

(𝑦, {+, 0})

Since y is tagged with abstract domain 0, there IS 
a potential divide-by-zero vulnerability!

(𝑦, {+, 0})



Language-based Security: Who can be trusted?

int main() {
  int *arr1 = (int *)
    malloc(100 * sizeof(int));
  int *arr2 = arr1;

free(arr1);
arr2[3] = 27;

  printf("%d\n", arr2[3]);
}

C/C++ Program Python Program
def main():
  arr1 = [()] * 100
  arr2 = arr1

del arr1
arr2[3] = 27

  print(arr2[3])

Rust Program
fn main() {
  let mut arr1 = vec![0; 100];
  let arr2 = &mut arr1;

arr2[3] = 27;
  arr1[2] = 30;
}

Developer / LLM

Python Runtime
Memory Management 

Reference Counting
Garbage Collection

Rust Compiler
Linear type system

Ownership & borrow checker
Life-time resolver

NO Maybe yes Maybe yes



Potentially Bad Program Analyzer Potentially Safe Program

Safe Program

Shallow
Compiler

Strict
CompilerPotentially Bad Program

Programmer Gives to Sends to Produces…

✅

❌❌

✅

Programmer

✅

❌

Gives to Produces…

Synthesizing Safe-by-Construct Programs



Applications



Advanced Topics & Applications

• Topics
• Reinforcement Learning
• Evolutionary Synthesis
• Multi-agent Frameworks

• Applications
• Security Red- and Blue-Teaming, Program Analysis
• Software Engineering, Testing, Optimization, Transpilation
• Planning & Cyber-Physical System
• Math & Theorem Proving



Special Topics



Special Topics
Hardware Accelerated Computation (CUDA)



Synthesizing CUDA Kernels



Synthesizing CUDA Kernels



Synthesizing CUDA Kernels



Synthesizing CUDA Kernels



Synthesizing CUDA Kernels



Synthesizing CUDA Kernels



Synthesizing CUDA Kernels



Synthesizing CUDA Kernels













Special Topics
Graphics & Shader (GLSL, HLSL, WebGL, etc.)



https://shadergpt.14islands.com/ 

https://shadergpt.14islands.com/


vec2 uv = v_uv;
vec2 aspect = vec2(u_resolution.x/u_resolution.y, 1.0);
uv = uv * 2.0 - 1.0;
uv *= aspect;

vec2 mouseInfluence = (u_mouse * 2.0 - 1.0) * aspect;
float mouseDist = length(uv - mouseInfluence);
float mouseEffect = smoothstep(0.5, 0.0, mouseDist);

float t = u_time * 0.2;
vec2 movement = vec2(sin(t * 0.5), cos(t * 0.7));

float n1 = fbm(uv * 3.0 + movement + mouseEffect);
float n2 = fbm(uv * 2.0 - movement - mouseEffect);
float n3 = fbm(uv * 4.0 + vec2(n1, n2));

vec3 col1 = vec3(0.2, 0.5, 0.8);
vec3 col2 = vec3(0.8, 0.2, 0.5);
vec3 col3 = vec3(0.1, 0.8, 0.4);

vec3 finalColor = mix(col1, col2, n1);
finalColor = mix(finalColor, col3, n2 * 0.5);
finalColor += n3 * 0.2;

finalColor += vec3(mouseEffect * 0.2);
gl_FragColor = vec4(finalColor, 1.0);

#include <colorspace_fragment>

Shader

u

v

(0,0) (1,0)

(0,1) (1,1)

rgb(254,82,199)

gl_FragColor = vec3(0.99,0.32,0.78)





Special Topics
Animations (2D/UI à 3D)



















Special Topics
Industrial Design (CAD, URDF), 3D Printing (G-code)











https://vlmgineer.github.io/release 

https://vlmgineer.github.io/release














Special Topics
Euclidean Geometry













https://github.com/google-deepmind/alphageometry/blob/main/graph.py 

https://github.com/google-deepmind/alphageometry/blob/main/graph.py


https://github.com/google-deepmind/alphageometry/blob/main/graph.py 

https://github.com/google-deepmind/alphageometry/blob/main/graph.py


Special Topics
Research









Summary



Summary
• AI-Generated Code Is the New Norm

• Program synthesis with LLMs is accelerating; you can be professionally 
productive without memorizing every language detail.

• Understanding the Languages
• Don’t only learn about LLMs—learn the programming models, semantics, and 

abstractions these systems generate and interact with.
• Focus on Concepts, Not Jargon

• Prioritize general language features, trade-offs, strengths, and weaknesses over 
syntactic trivia.

• Demand Quality, Correctness, and Safety
• Be critical of LLM-generated code. How do we evaluate it? Verify correctness? 

Ensure it does not introduce security vulnerabilities?
• Think Beyond Coding

• Envision what parts of engineering and research can be further automated: 
testing, debugging, optimization, verification, design, and even scientific 
discovery.


