Machine Programming

Lecture 1 — Overview and Introduction to Synthesis
Ziyang Li



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...

1940s-1950s: Binary
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1950s-1960s: Assembly



1922-2022

Kathleen Booth
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Programming...

1950s-1960s: Assembly

11



Programming...

1950s-1960s: Assembly
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The FORTRAN Automatic Coding System

J. W. BACKUSt, R. J. BEEBERY, S. BEST}, R. GOLDBERGt, L. M. HAIBTY,
H. L. HERRICK?, R. A. NELSON{t, D. SAYRE{, P. B. SHERIDANT,
H. STERNY, 1. ZILLERY, R. A. HUGHESS§, axp R. NUTT]|

INTRODUCTION

HE FORTRAN project was begun in the sum-
Tmer of 1954. Its purpose was to reduce by a large
factor the task of preparing scientific problems for
IBM'’s next large computer, the 704. If it were possible

far tha TNA +a ~rada nrahlame far itealf and nradnece ac

system is now complete. It has two components: the
FORTRAN language, in which programs are written,
and the translator or executive routine for the 704
which effects the translation of FORTRAN language
programs into 704 programs. Descriptions of the FOR-
TRAN language and the translator form the principal
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for (1 = 0; 1 < n; i++)
sum += al[il;

———————————————————————————————

1970s: High-level Language
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Programming...
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for (i = 0; 1 < n; i++)
sum += alil; .

———————————————————————————————

1970s: High-level Language

————————————————————————————————————
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Programming...

for (1 = 0; 1 < n; i++)
sum += al[il;

———————————————————————————————

1970s: High-level Language

o = —
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Programming...
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'+ for i in range(n): :
! sum += alil |
\
1980s onwards: Modern High-Level Languages
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Programming...

P ' for i in range(n):
pgthon” :\ sum += a[l]

———————————————————————————————
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Programming...
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Programming...

——— - — -

pgthon " sum += a [l]
RO ’—-——\\
+ for (var e of a) { :

JS I sum += e; } E
\ 7

total :: Num a => [a] —> a
total a = foldl (+) O a

IN

o o —
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[Compiler]

Assembler -
B Interpreter } -

[T SRR .VM . S TTmeoommoooos |
@ | for iin range(n): = | o1o1o1o101
pgthon” : sum += a[l] E T~~~ _____
i ADD R1, R2
{ ______________________ /____\‘ _________________
' for (var e of a) { |
JS . sum += e; } |
B R CEE L b N
- | total :: Num a => [a] —> a |
)X‘ ' total a = foldl (+) 0 a :
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Programming...

for 1 in range(n):
sum += al[i]

———————————————————————————————
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Assembly

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], @

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

C

void insert(node *xs, int x) {

node xnew;
node xtemp;
node xprev;
new = (node *)malloc(sizeof(node));
if(new == NULL) {
printf("Insufficient memory.");
return;
}
new—>val = Xx;
new—>next = NULL;
if (xs == NULL) {
XS = new;
} else if(x < xs—>val) {
new—>next = Xxs;
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;

} } Haskell

]

insert x [
insert x (
| x =y
| otherwise

] =
y:iys
= Xiy:ys

[x
)

y:
= y:(insert x ys)

y
y
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Programming = Talking to Computers

-
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Natural language as programming languages?
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Programming = Talking to Computers

[Compiler]
o s [Language Model] :Assembler: -
“ 9 [Program Synthesizer] 9 :Interpreter‘ 9 -
sum up all the \i E' for i in range(n): \I :{ 0101010101 i
numbers in a list! . ' sum += alil] i __:_::::__:__:__:__:__\
""""""""""" it ' ADD R1, R2 |

—————————————————
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Programming = Talking to Computers

[Compiler]
; Language Model ] a ‘ Assembler a -
[ Program Synthesizer] , Interpreter | __
’ TTTTTTTT T .VM (T T |
+ for i in range(n): -\__9_1_0_1_(_)10_1_91__;
' sum += alil]

sum up all the
numbers in a list!
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Climb the Abstraction ladder

L

r

&

Natural language

abstract away
formal specification

more \

abstract

4

parent(alice, bob).

Declarative languages

parent(bob, carol). (ProlOg)
ancestor(X, Z) :-
parent(X, Z). abStr.aCt iy
algorithms
Python

/e

abstract away
memory & representation
details

A

' ®

Rust

abstract away
memory-safety bookkeeping

c

abstract away
instructions & registers

| OF

0101

Assembly / ISA

abstract away
hardware implementation
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Course Roadmap & Logistics



Logistics

e Lecture
* When: Tue/Thu 12:00-1:15pm
* Where: Latrobe 107

e Office 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

e Course Website
* https://machine-programming.github.io
 Discussions: courselore
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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/
https://courselore.org/courses/7102439729/

Roadmap

Foundations + Applications

of machine programming
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Topics

* 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

* 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

- Search algorithms - Neurosymbolic method -MCP  -Reinforcement learning Agentic behavior

- Feedback engineering - Evaluation of coding capabilities _ Adversarial attack

- Example guided synthesis - Probabilistic method - Prompting strategies

- Synthetic data generation

- Human-in-the-loop synthesis / Vibe Coding - Context engineering - Fine-tuning strategies

- General programming - Data wrangling - Syntax & semantics - Type systems for synthesis

- Program repair & optimization - Synthesis for domain-specific languages

- Verification & Security - Scientific domains & math - Synthesis for low-resource [anguages

- Embodied Al & robotics - Creative coding - Language design - Specification languages

— = — = m mm e mm e - —

- Visualization, games, and graphics - -Language server protocol - Safety properties

35



Topics that YOU Can Explore

- Search algorithms - Neurosymbolic method

- Feedback engineering

1
1
1
1
1
1
1
- Example guided synthesis - Probabilistic method |
1
- Human-in-the-loop synthesis / Vibe Coding ;

:

1
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Topics that YOU Can Explore

-MCP - Reinforcement learning - Agentic behavior

_ onof cod it
Evaluation of coding capabilities - Adversarial attack

- Synthetic data generation

- Context engineering

|

|

1

|

|

|

1

! - Prompting strategies
|

: - Fine-tuning strategies
|

|

1
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Topics that YOU Can Explore

- General programming - Data wrangling
- Program repair & optimization
- Verification & security - Scientific domains & math
- Embodied Al & robotics - Creative coding

- Visualization, games, and graphics

38



Topics that YOU Can Explore

- Syntax & semantics - Type systems for synthesis

- Synthesis for low-resource languages

|

|

1

|

|

|

: - Synthesis for domain-specific languages

:

1

|

; - Language design - Specification languages
1

- Language server protocol - Safety properties
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Programming Languages

THEOREM PROVER

HTML

@ Assembly E
ﬂ Q‘ °> Prolog
(,) Coq

("k N A
g SQL SystemVerilog

-

@ Shell

40

) \= Haskell JS JavaScript mocaml

jUIi..a @ Common Lisp ﬂ Ruby

Scallop



General Purpose Programming Languages

)k Haskell JS JavaScript mocaml

jUIi..a @ Common Lisp ﬂ Ruby
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Domain Specific Programming Languages

THEOREM PROVER

HTML

@ Assembly E
| o~
” @) Prolog
(,) Coq

= SQL‘“ | SystemMeriloge

@ Shell
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Programming
Language Design

Syntax

Programming
Language Theory

Computation Class
Type Theory Soundness
Complexity Theory

Expressiveness

Turing Completeness

Semantics

Programming Language
Implementation

Interpreter  Qptimizer

Compiler
Intermediate Representation

Safety Guarantee

Synthesis

Analysis &
Reasoning

Probabilistic &
Differentiable
Programming

43



Programming
Language Design

Syntax Semantics

Synthesis

Syntax

What does a program in this language look like?

Semantics

What does a program in this language compute?

44




Programming
Language Design

Syntax Semantics

Synthesis

Syntax

What does a program in this language look like?

Grammar of Language

Semantics

What does a program in this language compute?

Meaning of Language

\/ T~
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if_stmt:

| "if' named_expression ':' block elif_stmt

| "if' named_expression ':' block [else_block]
elif_stmt:

| "elif' named_expression ':' block elif_stmt

| 'elif' named_expression ':' block [else_block]
else_block:

| 'else' ':' block

# While statement

#
while_stmt:
| 'while' named_expression ':' block [else_block]
# For statement
#
for_stmt:
| 'for' star_targets 'in' ~ star_expressions ':' [TYPE_COMMENT] block [else_block
| *async' ‘for' star_targets 'in' ~ star_expressions ':' [TYPE_COMMENT] block [el
# With statement
#
with_stmt:
| "with' '(' ','.with_item+ ','? ')' ':' [TYPE_COMMENT] block
| 'with' ','.with_item+ ':' [TYPE_COMMENT] block
| 'async' ‘with' ‘(' ','.with_item+ ','? ')' ':' block
| *async' 'with' ','.with_item+ ':' [TYPE_COMMENT] block
with_item:
| expression 'as' star_target &(',' | ‘)" | ':")
| expression

# Try statement

#
try_stmt:
| "try" '":' block finally_block
| "try' ':' block except_block+ [else_block] [finally_block]
| "try" ":' block except_star_block+ [else_block] [finally_block]

What language is this?

46



Concrete and Abstract Syntax

Python Grammar (Concrete Syntax)

if_stmt:
| "if' named_expression ':' block elif_stmt
| *if' named_expression ':' block [else_block]
elif_stmt:
| *elif' named_expression ':' block elif_stmt
| *elif' named_expression ':' block [else_block]
else_block:
| 'else’' ':' block
# While statement
# _______________
while_stmt:
| 'while' named_expression ':' block [else_block]
# For statement
# _____________
for_stmt:
| *for' star_targets 'in' ~ star_expressions ':' [TYPE_COMMENT] block [else_block
| *async' 'for' star_targets 'in' ~ star_expressions ':' [TYPE_COMMENT] block [el
# With statement
# ______________
with_stmt:
| *with® (' ','.with_item+ ','? ')' ':' [TYPE_COMMENT] block
| *with® ','.with_item+ ':' [TYPE_COMMENT] block
| *async' 'with' '(' ','.with_item+ ','? ')' ':' block
| *async' 'with' ','.with_item+ ':' [TYPE_COMMENT] block
with_item:
| expression ‘'as' star_target &(',' | ')' | ':')
| expression

# Try statement

.
try_stmt:
| "try' ':' block finally_block
| "try' ':' block except_block+ [else_block]l [finally_block]
| "try' ':' block except_star_block+ [else_block] [finally_block]

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

Python Abstract Syntax

T - v L

—— use 'orelse' because else is a keyword in target languages

| For(expr target, expr iter, stmtx body, stmtx orelse, string?
| AsyncFor(expr target, expr iter, stmtx body, stmtx orelse, st
| While(expr test, stmtx body, stmtx orelse)

| If(expr test, stmtx body, stmtx orelse)

| With(withitem* items, stmtx body, string? type_comment)

| AsyncWith(withitem* items, stmt* body, string? type_comment)

| Match(expr subject, match_casex cases)

| Raise(expr? exc, expr? cause)

| Try(stmtx body, excepthandlerx handlers, stmtx orelse, stmtx
| TryStar(stmtx body, excepthandlerx handlers, stmtx orelse, st
| Assert(expr test, expr? msg)

| Import(alias* names)
| ImportFrom(identifier? module, aliasx names, int? level)

| Global(identifierx names)

| Nonlocal(identifiers names)
| Expr(expr value)

| Pass | Break | Continue

—— col_offset is the byte offset in the utf8 string the parser
attributes (int lineno, int col_offset, int? end_lineno, int? e

—-— BoolOp() can use left & right?
expr = BoolOp(boolop op, exprx values)
| NamedExpr(expr target, expr value)
| BinOp(expr left, operator op, expr right)
| UnaryOp(unaryop op, expr operand)
| Lambda(arguments args, expr body)
| IfExp(expr test, expr body, expr orelse)
| Dict(expr* keys, exprx values)
| Set(exprx elts)
| ListComp(expr elt, comprehensionx generators)

https://docs.python.org/3/library/ast.html 47
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Formal Semantics

Datafun

WebAssembly (WASM)

Signature

alloc(ry,..., Th)(Tn, S)

dm — eval{anm)(5n)
dy «— gather(i,sy)

d « gather{an)(in.5n
store{p)(sp, st)

[_§, s¢] = load(p)()

dp « build(sy)
dy, «— count(bn, h,an)
dp, « scan(s)

(d1, dy) «— join(W)(bm,

[A]

[2]

[N]

[str]

[A x B]

[A +B]

[A S B]
[A — B]
[{A)]

[AL [T
[
[A,x:A]
[ryx:A]

Poset

2

N<

Disc S

[A] x [B]
[A] + [B]
[A] = [B]

Disc [[A]| = [B]

Psin [[A]

Poset,

1

[A] x [A]
[T] x [A]

Reduction

sivtiet = st

.

e

.

sivtiet =, s"v'" e

s;vhiet = s vt e’

sjv*; Lk[e*] —; s';v'*; Lk[e’*]

v local, {i;v*} e* end —; s';v};local, {i;v'" } ¢'* end

dn «— copy(sn)
d, « sort(sy)

[Z, sl «— unique{a)}(sn)

dy — merge(an, by)

Copies from register s,, truncating if the desti
Lexicographically sorts the table with column;
Merges adjacent duplicate rows via o from the

unique elements s.

Merges two sorted tables with columns a,, ang

Lobster

SQL

L°[trap] < trap if L° # []
(t.constc) t.unop <> t.const unop,(c)
(t.constc,) (f.constc,) t.linop > t.constc if ¢ = binop,(cy, ¢2)
(t.constc)) (f.const cz) t.lanop <~  trap otherwise
(t.cons| Expression semantics a:U—U, B:U—>Bool, g:U—->U, [e]:Fr— Ur
(trca : p(u) € Fr t :u € [e](Fr) B(u) = true t :u € [e](Fr) u' = a(u)
(£ _— (];RFDI(‘ATE) (SELECT) - (PrOJECT)
[Rlpm. =R t:u €[ng(e)](Fr)
|['r H ,3]]1),"‘1 = [[T1]]D,7I|0 X+ X ﬂTk]IDm,U for 7 = (Tl, e ,Tk) Uy € [[e2]] (FT)
srou 7:p ] . ) (ProbpUCT)
[l = fot | ekl Blome, Blow =t o = Lr:H) e1 X e2] (Fr)
“ Dz k times
; ty iu € |ey (F
SELECT «:f' - FROM T: 8 : le2] (Fr) (D1FF-2)
FROM T:f = [[ol]],7 vooslaly | ' =n@e(r:B), 7ex [[ WHERE O ]l € [e1 — e2] (Fr)
WHERE 0 D k times D,z n
" u € g({ui}tizy)
|[ SELECT * |l SELECT /(7:[3):4(T) u (AGGREGATE)
FROM 7:03 = FROM 7- B8
WHERE 0 | Dm0 Dm0
SELECT * | SELECT cAas N Sca llo p
FROM 7:[3 = FROM —rﬁ for arbitrary c€ Cand N € N
WHERE 0
D1 D,n,1
SELECT DISTINCT c: 3 | + | _ SELECT a: ' | »
FROM T : 3 WHERE 6 Dz =€ FROM 7 : 3 WHERE 0 Dz

48




Programming
Language Design

Syntax

Programming
Language Theory

Computation Class
Type Theory Soundness
Complexity Theory

Expressiveness

Turing Completeness

Semantics

Programming Language
Implementation
Interpreter Optimizer
Compiler Parser
Intermediate Representation

Garbage Collection

Synthesis

Analysis &
Reasoning

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

Programming
Language Design

.7

Syntax Semantics

Analysis &
Reasoning

Programming
Language Theory

Programming Language
Implementation

Computation Class

Probabilistic &
Differentiable
Programming

Interpreter Optimizer

Type Theory Soundness

Complexity Theory Compiler Parser

Intermediate Representation

Expressiveness

Garbage Collection

Turing Completeness



Programming
Language Design

Syntax

Programming
Language Theory

Computation Class
Type Theory Soundness
Complexity Theory

Expressiveness

Turing Completeness

How to create a new
programming
language so that

people (or Al) can Synthesis
Semantics actually use it?
Analysis &
Reasoning

Programming Language
Implementation

Probabilistic &
Differentiable
Programming

Interpreter Optimizer
Compiler Parser
Intermediate Representation

Garbage Collection
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Programming Regardless of what the
Language Design host language is, can
we make resource Synthesis
allocation or garbage

Syntax Semantics _
collection faster?

Analysis &
Reasoning

Programming

Language Theory Programming Language

plementation
Computation Class

Interpreter Optimizer Probabilistic &
Type Theory Soundness Difforentiable

Complexity Theory Compiler  Parser Programming

Expressiveness Intermediate Representation

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

Programming
Language Design

Syntax Semantics

Programming
Language Theory

Programming Language
Implementation

Computation Class

Interpreter Optimizer

Type Theory Soundness

Compiler Parser

Complexity Theory

Intermediate Representation

Expressiveness

Garbage Collection

Turing Completeness

Analysis &
Reasoning

Probabilistic &
Differentiable
Programming




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

Syntax

Programming
Language Theory

Computation Class
Type Theory Soundness
Complexity Theory

Expressiveness

Turing Completeness

Programming
Language Design

Semantics

Programming Language
Implementation
Interpreter Optimizer
Compiler Parser
Intermediate Representation

Garbage Collection

Synthesis

Analysis &
Reasoning

Probabilistic &
Differentiable
Programming
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How to create a new
programming language
with some advanced

Programming
Language Design

features (e.g., Rust’s Synthesis
Syntax Semantics borrow checker)?
Analysis &
Reasoning

Programming

Language Theory Programming Language

Implementation

Computation Class
Probabilistic &

Differentiable
Compiler Parser Programming

Type Theory  Soundness Interpreter ~ Optimizer
Complexity Theory

Expressiveness Intermediate Representation

Turing Completeness Garbage Collection
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Programming
Language Design

Syntax

Programming
Language Theory

Computation Class

Type Theory Soundness
Complexity Theory

Expressiveness

Turing Completeness

How to generate a
program in a language
from natural language

the numbers in a list)?

Semantics

Programming Language
Implementation
Interpreter Optimizer
Compiler Parser
Intermediate Representation

Garbage Collection

description (e.g., sum all \‘

Synthesis

Analysis &
Reasoning

Probabilistic &
Differentiable
Programming
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Programming

Language Design s there a bug in the

program? Does it always Synthesis
Syntax Semantics return the correct result?
Does it terminate?

Analysis &

. Reasoning
Programming

Language Theory Pro?ran‘llming !c_atr"guage
mplementation

Computation Class
Probabilistic &

‘ Differentiable
Complexity Theory Compiler  Parser Programming

Type Theory  Soundness Interpreter ~ Optimizer

Expressiveness Intermediate Representation

Turing Completeness Garbage Collection

57



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

Programming
Language Design

Syntax Semantics

Analysis &
Reasoning

Programming
Language Theory

Programming Language
Implementation

Computation Class

Probabilistic &
Differentiable
Programming

Interpreter Optimizer

Type Theory Soundness

Complexity Theory Compiler Parser

Expressiveness Intermediate Representation

Garbage Collection

Turing Completeness
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Syntax Semantics

Programming
Language Theory

Programming Language
Implementation

Computation Class

Interpreter Optimizer

Type Theory Soundness

Compiler Parser

Complexity Theory

Expressiveness Intermediate Representation

Garbage Collection

Turing Completeness

Analysis &
Reasoning

Probabilistic &
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Programming




Programming
Language Design

Syntax Semantics

Programming
Language Theory

Programming Language
Implementation

Computation Class

Interpreter Optimizer

Type Theory Soundness

Compiler

Complexity Theory

Intermediate Representation

Expressiveness

Garbage Collection

Turing Completeness

Analysis &
Reasoning
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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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Assighments (45% total, 15% each)

e There will be

* Assignment 1: Inductive Synthesis & Basics of LLM synthesis
* Assignment 2: Evaluating Coding LLMs
* Assignment 3: Coding Agents

* Timeline: for each assignment

* Submission: via ; submit .zip files
* Late submission: up to 3 days, -10% per day

* Extensions: possible, please request via email
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Assighments (45% total, 15% each)

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

e Use of Al:

, please acknowledge your collaborator Al

* Be specific about the model, version, programming environment, etc.

* Document important conversations, learn about its good or bad
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Assighments (45% total, 15% each)

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)

* Atutorial will be sent to all of you so that you can gain access

* This should be sufficient for doing the assignments
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Oral Presentation (10%)

* Happening on the latter half of the semester
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 ” — presenting the main content
* Another personis going to be the ” —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

65



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 of 3/4 people
- Pick a project when you are forming the team!
- Talkto 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



Program Synthesizers

Specification

S
|

14
Aol

Program Space

Program

— L)
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Dimensions in Program Synthesis

Behavioral Specification

4 - Whatshould the program do?

\

Synthesis Strategy Structural Specification
- How do we find such a program? - What s the space of the programs?

70
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Dimensions in Program Synthesis

Examples:

- Input/output examples, test cases

reference implementation / pseudo code

formal statements (pre-/post-cond., types, constraints)
natural language description, comments

Synthesis Strategy Structural Specification
- How do we find such a program? - What s the space of the programs?
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Dimensions in Program Synthesis

Behavioral Specification

4 - Whatshould the program do?

\

Synthesis Strategy Structural Specification
- How do we find such a program? - What s the space of the programs?
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Dimensions in Program Synthesis

Behavioral Specification

4 - Whatshould the program do?
Synthesis Strategy Examples:
- How do we find such a program? - Language syntax/ grammar

- User-defined domain specific language
- Templates / generators
- Built-in / custom operators
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Dimensions in Program Synthesis

Behavioral Specification

4 - Whatshould the program do?

\

Synthesis Strategy Structural Specification
- How do we find such a program? - What s the space of the programs?
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Dimensions in Program Synthesis

Behavioral Specification

4 - Whatshould the program do?

\

Structural Specification

Examples: - What is the space of the programs?
-  Bottom-up /top-down search

- Stochastic / constraint-based search
- LLM zero-shot / few-shot prompting
- Chain-of-thought reasoning

- Iterative / agentic self-refinement e



Dimensions in Program Synthesis

Behavioral Specification

4 - Whatshould the program do?

\

Synthesis Strategy Structural Specification
- How do we find such a program? - What s the space of the programs?
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Program Synthesis in Action

Behavioral Specification Structural Specification Synthesis Strategy
- What should the program do? - Whatisthe space of the programs? - How do we find such a program?
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Program Synthesis in Action

Behavioral Specification

Structural Specification Synthesis Strategy

- What should the program do? - Whatisthe space of the programs? - How do we find such a program?

for (1 = 0; 1 < n; i++) !

sum += al[il; !
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Program Synthesis in Action

Behavioral Specification Structural Specification Synthesis Strategy
- What should the program do? - Whatisthe space of the programs? - How do we find such a program?
A program in high-level A program in binary Compila’Fion, Optimization,
programming language machine code Assembling, etc.
(Fortran, C, Rust, etc.)
% [Compiler] 9 [Assembler ] 9 -

__________________ 2 - _--"1 ._—"/' -

[ Ty (- __‘I ("7 Y

for (1 = 0; 1 < n; i++) ! + ADD R1, R2 , ' 0101010101 !

' sum += alil; e L ! P bl g
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Program Synthesis in Action

Behavioral Specification Structural Specification Synthesis Strategy
- What should the program do? - Whatisthe space of the programs? - How do we find such a program?
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Program Synthesis in Action

Behavioral Specification
- What should the program do?

Structural Specification Synthesis Strategy
What is the space of the programs? - How do we find such a program?

Programming by
demonstration (PbD)

Fit the user demonstrated
example rows
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Program Synthesis in Action

Behavioral Specification Structural Specification Synthesis Strategy
- What should the program do? - Whatisthe space of the programs? - How do we find such a program?
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Github Copilot

// find all images

// and add a green border around them

// and add class “githubCopilot” to them
function run() {

var images = document.getElementByTagName( *
for (var i = 0; i < images.length; i++) {
if (images[il.className.indexOf(*
images[i].className +=
images[i].style.border =

}

{

¥
}

{ L




Program Synthesis in Action

Behavioral Specification Structural Specification
- What should the program do? - Whatis the space of the programs?

Function signature; comment JavaScript used in Web

in natural language

Synthesis Strategy
How do we find such a program?

Large language model; next
token prediction

// find all images

// and add a green border around them

// and add class “githubCopilot” to them
function run() {

var images = document.getElementByTagName( '
for (var i = @; i < images.length; i++) {
if (images[il.className.indexOf(*

images[i].className += * "3

images[i].style.border =

by
}

I);
")

Github Copilot
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Program Synthesis in Action

Behavioral Specification Structural Specification Synthesis Strategy
- What should the program do? - Whatisthe space of the programs? - How do we find such a program?
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Program Synthesis in Action

Behavioral Specification
- What should the program do?

Description of animation,
functionalities in conversation

and markdown files

Structural Specification

- What s the space of the programs?

A Swift program

Committee

Synthesis Strategy
How do we find such a program?

LLM-agent working with
Xcode and Ul debugging
tools
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Program Synthesis in Action

Behavioral Specification Structural Specification Synthesis Strategy

- What should the program do? - Whatisthe space of the programs? - How do we find such a program?
Description of animation, A Swift program LLM-agent working with
functionalities in conversation Xcode and Ul debugging

and markdown files tools

yyyyy

Service Commitee

,,,,,

ssssss

ssssss
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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
* |terative synthesis, MCP and tool use, agents, harness

* Module 3: Applications of Program Synthesis
* Software engineering, security, theorem proving, planning, graphics
* Robotics, HCI, Al4Science, high-performance computing
* Other advanced topics
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Week 1

* Topic:
* Programming language &
from examples
* Assignment 1:
* Will be released by Friday

* Due Thursday of the 3" week (Sep 17)
* Submission on GradeScope will be opened after release
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