
Machine Programming
Lecture 1 – Overview and Introduction to Synthesis

Ziyang Li
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Instructor

Ziyang Li
- Assistant professor @JHU CS, 2025-
- Before that: PhD at University of Pennsylvania
- Research areas: Programming Language + Machine Learning
- Favorite PL: Rust & JavaScript
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Programming…

👩💻    à    🖥

3



Programming…

👩💻    à    🖥
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1940s–1950s: Binary
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Programming…

👩💻    à    🖥

1950s–1960s: Assembly

ADD R1, R2
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ADD R1, R2
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Programming…

1950s–1960s: Assembly

ADD R1, R2

🖥à👩💻 àAssembler

0101010101
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Programming…

1970s: High-level Language

🖥à👩💻
for (i = 0; i < n; i++) 
  sum += a[i];
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Programming…

1970s: High-level Language

🖥à👩💻
for (i = 0; i < n; i++) 
  sum += a[i];

Compiler à Assembler à
ADD R1, R2 0101010101
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Dennis M. Ritchie
1941–2011
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Programming…

1970s: High-level Language

🖥à👩💻
for (i = 0; i < n; i++) 
  sum += a[i];
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Programming…

1980s onwards: Modern High-Level Languages

🖥à👩💻
for i in range(n):
  sum += a[i]
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Programming…

🖥à👩💻
for i in range(n):
  sum += a[i]
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Programming…

🖥à👩💻
for i in range(n):
  sum += a[i]

for (var e of a) {
  sum += e; }
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Programming…

🖥à👩💻
for i in range(n):
  sum += a[i]

for (var e of a) {
  sum += e; }

total :: Num a => [a] -> a
total a = foldl (+) 0 a
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🖥à👩💻
for i in range(n):
  sum += a[i]

for (var e of a) {
  sum += e; }

total :: Num a => [a] -> a
total a = foldl (+) 0 a

Compiler

Assembler

Interpreter à
…

VM
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🖥à👩💻
for i in range(n):
  sum += a[i]

for (var e of a) {
  sum += e; }

total :: Num a => [a] -> a
total a = foldl (+) 0 a

Compiler

Assembler

Interpreter à
…

ADD R1, R2

0101010101

…

VM
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Programming…

🖥à👩💻
for i in range(n):
  sum += a[i]
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Courtesy: CSE 291 Program Synthesis – Nadia Polikarpova

append:
 push ebp
 mov ebp, esp
 push eax
 push ebx
 push len
 call malloc
 mov ebx, [ebp + 12]
 mov [eax + info], ebx
 mov dword [eax + next], 0
 mov ebx, [ebp + 8]
 cmp dword [ebx], 0
 je null_pointer
 mov ebx, [ebx]

next_element:
 cmp dword [ebx + next], 0
 je found_last
 mov ebx, [ebx + next]
 jmp next_element

found_last:
 push eax
 push addMes
 call puts
 add esp, 4
 pop eax
 mov [ebx + next], eax

go_out:
 pop ebx
 pop eax
 mov esp, ebp
 pop ebp
 ret 8

null_pointer:
 push eax
 push nullMes
 call puts
 add esp, 4
 pop eax
 mov [ebx], eax
 jmp go_out

void insert(node *xs, int x) {
  node *new;
  node *temp;
  node *prev;
  new = (node *)malloc(sizeof(node));
  if(new == NULL) {
    printf("Insufficient memory.");
    return;
  }
  new->val = x;
  new->next = NULL;
  if (xs == NULL) {
    xs = new;
  } else if(x < xs->val) {
    new->next = xs;
    xs = new;
  } else {
    prev = xs;
    temp = xs->next;
    while(temp != NULL && x > temp->val) {
      prev = temp;
      temp = temp->next;
    }
    if(temp == NULL) {
      prev->next = new;
    } else {
      new->next = temp;
      prev->next = new;
    }
  }
}

insert x [] = [x]
insert x (y:ys)
  | x ≤ y = x:y:ys
  | otherwise = y:(insert x ys)

Assembly

C

Haskell
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Programming à Talking to Computers

🖥à👩💻
sum up all the numbers in a list!

?

Natural language as programming languages?
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Programming à Talking to Computers

🖥à👩💻
sum up all the 
numbers in a list!

Language Model

Program Synthesizer à
Compiler

Assembler

Interpreter

…
VM
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for i in range(n):
  sum += a[i]

ADD R1, R2

0101010101

…
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Programming à Talking to Computers
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🖥à👩💻
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🖥à👩💻

Climb the Abstraction ladder
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Course Roadmap & Logistics
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Logistics

• Lecture
• When: Tue/Thu 12:00 – 1:15pm
• Where: Latrobe 107

• O7ice Hours
• Instructor: Fri 10:00 – 11:00am, Zoom (https://wse.zoom.us/my/ziyang)
• TA: Thu 10:00 – 11:00am, CA: Wed 11:00am – 12:00pm, Zoom

• Course Website
• https://machine-programming.github.io
• Discussions: courselore

32

https://wse.zoom.us/my/ziyang
https://machine-programming.github.io/
https://machine-programming.github.io/
https://machine-programming.github.io/
https://machine-programming.github.io/
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Roadmap

Foundations + Applications
of machine programming
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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 & Science, e.g., theorem-proving, simulation, high-performance computing
• Data Wrangling, e.g., database querying, code querying
• Planning & Cyber-Physical Systems, e.g. robotics, simulation, reward
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Topics that YOU Can Explore

2. Foundation models

4. Programming languages3. Synthesis applications

1. Synthesis methodologies
- Fine-tuning strategies

- Prompting strategies
- Context engineering

- Evaluation of coding capabilities

- Synthetic data generation

- Search algorithms

- Feedback engineering - Adversarial attack

- Agentic behavior

- Example guided synthesis

- Human-in-the-loop synthesis / Vibe Coding

- Probabilistic method 

- Neurosymbolic method

- General programming

- Program repair & optimization
- Data wrangling

- Verification & security - Scientific domains & math

- Embodied AI & robotics - Creative coding

- Visualization, games, and graphics

- Reinforcement learning

- Syntax & semantics - Type systems for synthesis

- Synthesis for domain-specific languages

- Synthesis for low-resource languages
- Language design - Specification languages

- Language server protocol - Safety properties

- MCP
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Programming Languages

Python

C C++

C# Rust

JavaScriptHaskell

Common Lisp

LLVM

Assembly

Coq
Prolog

Shell
Scallop
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General Purpose Programming Languages

Python

C C++

C# Rust

JavaScriptHaskell

Common Lisp

LLVM

Assembly

Coq
Prolog

Shell
Scallop
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Domain Specific Programming Languages

Python

C C++

C# Rust

JavaScriptHaskell

Common Lisp

LLVM

Assembly

Coq
Prolog

Shell
Scallop
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Programming 
Language Design

Programming 
Language Theory Programming Language 

Implementation

Synthesis

Analysis & 
Reasoning

Type Theory

Complexity Theory

Syntax Semantics

Expressiveness

Turing Completeness

Compiler

Interpreter Optimizer

Computation Class

Intermediate Representation

Soundness
Probabilistic & 
Diberentiable 
Programming

Safety Guarantee
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Programming 
Language Design

Programming 
Language Theory Programming Language 

Implementation

Synthesis

Analysis & 
Reasoning

Type Theory

Complexity Theory

Syntax Semantics

Expressiveness

Turing Completeness

Compiler

Interpreter Optimizer

Computation Class

Intermediate Representation

Soundness
Probabilistic & 
Diberentiable 
Programming

Safety Guarantee

Syntax Semantics

What does a program in this language look like? What does a program in this language compute?
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Programming 
Language Design

Programming 
Language Theory Programming Language 

Implementation

Synthesis

Analysis & 
Reasoning

Type Theory

Complexity Theory

Syntax Semantics

Expressiveness

Turing Completeness

Compiler

Interpreter Optimizer

Computation Class

Intermediate Representation

Soundness
Probabilistic & 
Diberentiable 
Programming

Safety Guarantee

Syntax Semantics

What does a program in this language look like? What does a program in this language compute?

Grammar of Language Meaning of Language
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What language is this?
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Python Grammar (Concrete Syntax) Python Abstract Syntax

Concrete and Abstract Syntax

https://docs.python.org/3/reference/grammar.html https://docs.python.org/3/library/ast.html 47

https://docs.python.org/3/reference/grammar.html
https://docs.python.org/3/library/ast.html


Lobster
Scallop

WebAssembly (WASM)
Datafun

SQL

Formal Semantics
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Programming 
Language Design

Programming 
Language Theory Programming Language 

Implementation

Synthesis

Analysis & 
Reasoning

Type Theory

Complexity Theory

Syntax Semantics

Expressiveness

Turing Completeness

Compiler

Interpreter Optimizer
Computation Class

Soundness
Probabilistic & 
Diberentiable 
Programming

Garbage Collection

Intermediate Representation

Parser
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Programming 
Language Design

Programming 
Language Theory Programming Language 

Implementation

Synthesis

Analysis & 
Reasoning

Type Theory

Complexity Theory

Syntax Semantics

Expressiveness

Turing Completeness

Compiler

Interpreter Optimizer
Computation Class

Soundness
Probabilistic & 
Diberentiable 
Programming

Garbage Collection

Intermediate Representation

How to design a new 
language with some 
conceptual features?
(Language for Turing 
Machine & Lambda 
Calculus)

Parser
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Programming 
Language Design

Programming 
Language Theory Programming Language 

Implementation

Synthesis

Analysis & 
Reasoning

Type Theory

Complexity Theory

Syntax Semantics

Expressiveness

Turing Completeness

Compiler

Interpreter Optimizer
Computation Class

Soundness
Probabilistic & 
Diberentiable 
Programming

Garbage Collection

Intermediate Representation

How to create a new 
programming 
language so that 
people (or AI) can 
actually use it?

Parser
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Programming 
Language Design

Programming 
Language Theory Programming Language 

Implementation

Synthesis

Analysis & 
Reasoning

Type Theory

Complexity Theory

Syntax Semantics

Expressiveness

Turing Completeness

Compiler

Interpreter Optimizer
Computation Class

Soundness
Probabilistic & 
Diberentiable 
Programming

Garbage Collection

Intermediate Representation

Regardless of what the 
host language is, can 
we make resource 
allocation or garbage 
collection faster?

Parser
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Programming 
Language Design

Programming 
Language Theory Programming Language 

Implementation

Synthesis

Analysis & 
Reasoning

Type Theory

Complexity Theory

Syntax Semantics

Expressiveness

Turing Completeness

Compiler

Interpreter Optimizer
Computation Class

Soundness
Probabilistic & 
Diberentiable 
Programming

Garbage Collection

Intermediate Representation

Regardless of what the 
host language is, can 
we design a type system 
that can help track 
ownership of data?

53
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Programming 
Language Design

Programming 
Language Theory Programming Language 

Implementation

Synthesis

Analysis & 
Reasoning

Type Theory

Complexity Theory

Syntax Semantics

Expressiveness

Turing Completeness

Compiler

Interpreter Optimizer
Computation Class

Soundness
Probabilistic & 
Diberentiable 
Programming

Garbage Collection

Intermediate Representation

Can we design a 
language in which a 
program will always 
terminate?

54
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Programming 
Language Design

Programming 
Language Theory Programming Language 

Implementation

Synthesis

Analysis & 
Reasoning

Type Theory

Complexity Theory

Syntax Semantics

Expressiveness

Turing Completeness

Compiler

Interpreter Optimizer
Computation Class

Soundness
Probabilistic & 
Diberentiable 
Programming

Garbage Collection

Intermediate Representation

How to create a new 
programming language 
with some advanced 
features (e.g., Rust’s 
borrow checker)?

55
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Programming 
Language Design

Programming 
Language Theory Programming Language 

Implementation

Synthesis

Analysis & 
Reasoning

Type Theory

Complexity Theory

Syntax Semantics

Expressiveness

Turing Completeness

Compiler

Interpreter Optimizer
Computation Class

Soundness
Probabilistic & 
Diberentiable 
Programming

Garbage Collection

Intermediate Representation

How to generate a 
program in a language 
from natural language 
description (e.g., sum all 
the numbers in a list)?
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Programming 
Language Design

Programming 
Language Theory Programming Language 

Implementation

Synthesis

Analysis & 
Reasoning

Type Theory

Complexity Theory

Syntax Semantics

Expressiveness

Turing Completeness

Compiler

Interpreter Optimizer
Computation Class

Soundness
Probabilistic & 
Diberentiable 
Programming

Garbage Collection

Intermediate Representation

Is there a bug in the 
program? Does it always 
return the correct result? 
Does it terminate?

57
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Programming 
Language Design

Programming 
Language Theory Programming Language 

Implementation

Synthesis

Analysis & 
Reasoning

Type Theory

Complexity Theory

Syntax Semantics

Expressiveness

Turing Completeness

Compiler

Interpreter Optimizer
Computation Class

Soundness
Probabilistic & 
Diberentiable 
Programming

Garbage Collection

Intermediate Representation

Can we create a language 
that can describe 
probability distributions & 
inference probabilities & 
compute gradients? (e.g., 
PyTorch, JAX, Wolfram, )

58
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Programming 
Language Design

Programming 
Language Theory Programming Language 
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Complexity Theory

Syntax Semantics

Expressiveness

Turing Completeness

Compiler

Interpreter Optimizer
Computation Class

Soundness
Probabilistic & 
Diberentiable 
Programming

Garbage Collection

Intermediate Representation
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Programming 
Language Design

Programming 
Language Theory Programming Language 

Implementation

Synthesis
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Turing Completeness

Compiler
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Programming
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Grading

• Attendance (10%)
• Assignment 1: Inductive synthesis (15%)
• Assignment 2: Evaluating coding LLMs (15%)
• Assignment 3: Coding agents (15%)
• Oral presentation (10%) 
• Final Project (35%)
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Assignments (45% total, 15% each)

• There will be three assignments:
• Assignment 1: Inductive Synthesis & Basics of LLM synthesis
• Assignment 2: Evaluating Coding LLMs
• Assignment 3: Coding Agents

• Timeline: ~2 weeks for each assignment
• Submission: via GradeScope; submit .zip files
• Late submission: up to 3 days, -10% per day
• Extensions: possible, please request via email
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Assignments (45% total, 15% each)

• Collaboration policy:
• Encouraged, please acknowledge your collaborator
• Still need to be your own work

• Use of AI:
• Encouraged, please acknowledge your collaborator AI
• Be specific about the model, version, programming environment, etc.
• Document important conversations, learn about its good or bad

63



Assignments (45% total, 15% each)

• API Key for LLM use
• Assignments will include code for you to invoke LLMs, which require API 

keys
• You will use Amazon Bedrock API Keys ($200 free credits after registration)
• A tutorial will be sent to all of you so that you can gain access
• This should be su\icient for doing the assignments
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Oral Presentation (10%)

• Happening on the latter half of the semester
• Six lectures will be dedicated to oral presentations by all of you
• There are going to be six topics selected by a poll, for each topic
• We assign 3-4 papers, for each paper

• Two people are going to lead the discussion of that paper
• One person is going to be the “Defender” – presenting the main content
• Another person is going to be the “Attacker” – asking the questions like a reviewer
• 10 minutes defending, 10 minutes attacking

• Graded on a completion basis
• The schedule is going to be done via Google Form
• Slots are first-come-first-serve
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Final Project

• On any aforementioned topics:
• Re-implement a technique from a paper
• Applying existing technique to a new domain
• Extend/improve existing synthesis algorithm or tool
• Develop a new synthesis technique or tool
• New dataset, new benchmark, or a novel evaluation
• …

• Judged in terms of
• Quality of execution
• Originality
• Scope
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Final Project

Team forming

Proposal

Presentation

Report

Team of 3/4 people
- Pick a project when you are forming the team!
- Talk to the instructor and the TA for project ideas

A document of 1-2 pages
- Team members
- Explain what you plan to do and give some evidence that 

you can make it

A presentation of 10 min (5 min presentation + 5 min Q&A)
- The last session + the finals week
- Talk about motivation, scope, progress, and results
- Discuss future works

A 4-8 pages document, structured like a research paper
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Program Synthesis
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Program Synthesizers

🤖

Program
Synthesizer

Program Space

Specification Program
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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?

[Gulwani, 2010]
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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?

Examples:
- input/output examples, test cases
- reference implementation / pseudo code
- formal statements (pre-/post-cond., types, constraints)
- natural language description, comments
- …
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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?
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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?

Examples:
- Language syntax / grammar
- User-defined domain specific language
- Templates / generators
- Built-in / custom operators

73



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?
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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?

Examples:
- Bottom-up / top-down search
- Stochastic / constraint-based search
- LLM zero-shot / few-shot prompting
- Chain-of-thought reasoning
- Iterative / agentic self-refinement 75



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?
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Program Synthesis in Action

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?
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Program Synthesis in Action

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?

🖥à👩💻
for (i = 0; i < n; i++) 
  sum += a[i];

Compiler à Assembler à
ADD R1, R2 0101010101
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Program Synthesis in Action

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?

🖥à👩💻
for (i = 0; i < n; i++) 
  sum += a[i];

Compiler à Assembler à
ADD R1, R2 0101010101

A program in high-level 
programming language 
(Fortran, C, Rust, etc.)

A program in binary 
machine code

Compilation, Optimization, 
Assembling, etc.
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Program Synthesis in Action

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?
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Program Synthesis in Action

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?
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Program Synthesis in Action

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?
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Program Synthesis in Action

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?

FlashFill: a feature of Excel 2013 [Gulwani 2011]

Fit the user demonstrated 
example rows

Excel formula language Programming by 
demonstration (PbD)
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Program Synthesis in Action

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?
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// find all images
// and add a green border around them
// and add class “githubCopilot” to them
function run() {

var images = document.getElementByTagName(‘img’);
  for (var i = 0; i < images.length; i++) {
 if (images[i].className.indexOf(‘githubCopilot’) == -1) {
 images[i].className += ‘ githubCopilot’;
 images[i].style.border = ‘1px solid green’;
 }
 }
}

Github Copilot
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Program Synthesis in Action

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?

// find all images
// and add a green border around them
// and add class “githubCopilot” to them
function run() {

var images = document.getElementByTagName(‘img’);
  for (var i = 0; i < images.length; i++) {
 if (images[i].className.indexOf(‘githubCopilot’) == -1) {
 images[i].className += ‘ githubCopilot’;
 images[i].style.border = ‘1px solid green’;
 }
 }
}

Github Copilot

Function signature; comment 
in natural language

JavaScript used in Web Large language model; next 
token prediction
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Program Synthesis in Action

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?
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Program Synthesis in Action

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?

Description of animation, 
functionalities in conversation 
and markdown files

A Swift program LLM-agent working with 
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Structure of the course

• Module 1: Foundations of Program Synthesis
• Programming language syntax and semantics
• Classical methods for synthesizing programs

• Module 2: Program Synthesis in the era of Foundation Models
• Prompting strategies, evaluating coding LLMs
• Iterative synthesis, MCP and tool use, agents, harness

• Module 3: Applications of Program Synthesis
• Software engineering, security, theorem proving, planning, graphics
• Robotics, HCI, AI4Science, high-performance computing
• Other advanced topics
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Week 1

• Topic:
• Programming language syntax & semantics
• Bottom-up enumerative synthesis from examples

• Assignment 1:
• Will be released by Friday
• Due Thursday of the 3rd week (Sep 17) 
• Submission on GradeScope will be opened after release
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