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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? - Whats the space of the programs?



The Course So Far

Behavioral Specification

4 - Whatshould the program do?

Examples

Types

Functional Specifications
Natural Language

Synthesis Strategy \

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

hoOnp =

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

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

Data-Driven Approaches Domain Specific Languages

- Next token prediction, greedy decoding and sampling
- Prompting language models, lterative Refinement



Today

Behavioral Specification

4 - Whatshould the program do?

Examples

Types

Functional Specifications
Natural Language

\

Structural Specification
- What s the space of the programs?

hoOb =

Synthesis Strategy

- How do we find such a program?
General Purpose Programming Language

Controlled Decoding Python/Java/C/Rust/ ...

- Grammar constraints, programmatic constraints
- Syntactic and semantic potentials, monitor feedback
- Programmatic and Structural steering



High Level Picture

Fuzzy
Specification

Desired Program

Syntactic &
Semantic

Constraints

Space of all syntactically’”
correct programs

Space of all
the strings



High Level Picture

* We studied foundations of programming languages and synthesis
e Syntax (regular tree grammar), Semantics (denotational, operational)
* Enumeration (top-down, bottom-up) that searches within grammar

* We studied basic usage of language models
* Purely neural: next token prediction = sequential decoding
* Prompting and iterative refinement: elicit better programs from LLM



Review: Syntax in Regular Tree Grammar

(Program) P ::
(List) L ::

L | N
input

empty
single(N)
concat(L, L)
len(L)

min(L)

add(N, N)
0112 -

(Number) N ::




Review: Syntax in Regular Tree Grammar

(Program) P ::=L | N (Program) P ::= L | N
(List) L ::= input (List) L ::= input
empty []
single(N) [N]
concat(L, L) — L ++ L
(Number) N ::= len(L) (Number) N ::= len(L)
min(L) min(L)
add(N, N) N + N
01112 - 011121 -




Review: Syntax in Context Free Grammar

(Program) P ::=L | N (Program) P <- L | N
(List) L ::= input (List) L <- ‘input’

empty o R I
single(N) ‘I[“N ‘]’
concat(L, L) — L ‘++’ L

(Number) N ::= len(L) (Number) N <- ‘len’ ‘(L “)’
min(L) ‘min’ ‘(L )’
add(N, N) N ‘+" N

0112 - @ | ‘17| ‘2 | -



From Program to Abstract Syntax Tree

Concrete Program Concrete Grammar (Context Free Grammar)

(Program) P <- L | N
(List) L <— ‘input’
| l[l l]’

| l[l N I]I
| L ‘“++" L
(Number) N <= ‘len’ ‘(“ L )’
| lminl l(l L I)I
| N ‘+' N
| l@l | ll’ | 121 I .

Abstract Grammar (Regular Tree Grammar)

(Program) P ::
(List) L ::

=L |N
= input

| empty

| single(N)

| concat(L, L)
= len(L)

| min(L)

| add(N, N)
|0 |12 .

(Number) N ::



From Program to Abstract Syntax Tree

Concrete Program Concrete Grammar (Context Free Grammar)

(Program) P <- L | N
(List) L <— ‘input’
| l[l l]’

N ]
Token Sequence } L[’++' ]L
(Number) N <- ‘len’ “‘(“ L *)’
| ‘min’ (‘L *)’
| N ‘+’ N
| 0 | ‘1" | ‘2" |

Abstract Grammar (Regular Tree Grammar)

(Program) P ::
(List) L ::

=L |N
= input

| empty

| single(N)

| concat(L, L)
= len(L)

| min(L)

| add(N, N)
|0 |12 .

(Number) N ::



From Program to Abstract Syntax Tree

Concrete Program Concrete Grammar (Context Free Grammar)
min(input ++ [0])
.

(Program) P <- L | N
(List) L <— ‘input’
| l[l l]’

| l[l N l]’
Token Sequence L e L
(2 ) ([ ‘(: ’ ‘ ’ (T (0 (77 (Number) N <- ‘len’ L)’
[‘min’, ‘(’, ‘input’, ‘++', ‘[’, ‘0", ‘1’1 | imin’ (f L 1)
| N ‘+' N
‘ | l@’ | 11’ | 12' | .

Concrete Syntax Tree

Abstract Grammar (Regular Tree Grammar)

(Program) P ::
(List) L ::

=L |N

= input

| empty

| single(N)

| concat(L, L)
= len(L)

| min(L)

| add(N, N)
|0 |12 .

(Number) N ::




From Program to Abstract Syntax Tree

Concrete Program
min(input ++ [0])
N
Token Sequence
[‘min’, “(’, ‘input’, “‘++', ‘[’', ‘@', ‘1']

D

Abstract Syntax Tree

Concrete Syntax Tree

(concat)
/\
(input) C single)

Concrete Grammar (Context Free Grammar)

(Program) P <- L | N
(List) L <— ‘input’
| l[l I]I
| l[lN l]’
| L ‘“++" L
(Number) N <- ‘len’ ‘('

Abstract Grammar (Regular Tree Grammar)

(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]



From Program to Abstract Syntax Tree

Concrete Program
min(input ++ [0])
- Lexer

Token Sequence

++” l[l’ l@l’ l]l]

{

[‘min’, ‘(’, ‘input’,
¥ Parser

Abstract Syntax Tree

Concrete Syntax Tree

(concat)
/\
(input) C single)

Concrete Grammar (Context Free Grammar)

(Program) P <- L | N
(List) L <— ‘input’

| ‘[*N ‘]’
| L “++ L
(Number) N <-= ‘len’ “(“ L *)
| ‘min’ (‘L )
| N+’ N
| ‘e” | ‘1" | 2" |

Abstract Grammar (Regular Tree Grammar)

(Program) P ::
(List) L ::

=L |N

= input

| empty

| single(N)

| concat(L, L)
= len(L)

| min(L)

| add(N, N)
|0 |12 .

(Number) N ::



| exer and Parser

Concrete Program
min(input ++ [0])
- Lexer

Token Sequence
[lminr’ l(I, linputr' ++r’ l[l’ 401’ l]r]

¥ Parser

{

Concrete Syntax Tree

Abstract Syntax Tree

Cconcat)
/\
Cinput) C single)

| have a concrete grammar in CFG

(Program) P<-L|N
(List) L <- 'input’

'
'I'NT
|L'++'L

(Number) N <-‘len" ‘("L ")’
[ ‘min’ ‘(" L")’
N+ N
['0" 1" |'2"]| ...

Corresponding to it there is an abstract grammar

(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]...

Can you help me write a treesitter parser in javascript?




| exer and Parser

Concrete Program
min(input ++ [0@])
- Lexer

Token Sequence
[lminr’ l(I, linputr' ++r’ l[I, l@I’ l]r]

¥ Parser

{

Concrete Syntax Tree

Abstract Syntax Tree
( min )
(concat)
‘/”///"\\\\\‘~\;
(input) (single)

I have a concrete grammar in CFG

(Program) P <-L|N
(List) L <- ‘input’

rer
I'INT
L+ L

(Number) N <-‘len’ ‘(" L)’
[ min' /(L)
IN+'N
101112 ...

Corresponding to it there is an abstract grammar

(Program) P:=L [N
(List) L ::= input

module.exports = grammar({ oot
. (Number) N ::= len(L)

name: ‘listnum', o
1011]2]...

rules: {
program: $ => choice($.list, $.number),

Can you help me write a treesitter parser in javascript?

list: $ => choice($.input, $.empty_list, $.single, $.concat),
input: _ => 'input',

empty_list: _ => seq('[', '1'),

single: $ => seq('[', $.number, '1"),

concat: $ => prec.left(1, seq($.list, '++', $.list)),

number: $ => choice($.len, $.min, $.add, $.int_1lit),

len: $ => seq('len', '(', $.list, ")'"),

min: $ => seq('min', '(', $.list, ")'),

add: $ => prec.left(2, seq($.number, '+', $.number)),
int_lit: $ => alias($.int, 'int'),

int: _ => /[0-9]+/,

1

| empty —




| exer and Parser

Concrete Program
min(input ++ [0@])
- Lexer

Token Sequence
[lminr’ l(I, linputr' ++r’ l[I, l@I’ l]r]

¥ Parser

{

Concrete Syntax Tree

Abstract Syntax Tree
( min )
(concat)
,/’//"\\\\\\\
(input) (single)

module.exports = grammar({

name: 'listnum',

rules: {

program: $ => choice($.list, $.number)

-act grammar
list: § => choice($.input, $.empty_lis
input: _ => 'input',
empty_list: _ => seq('[', '1'),
single: $ => seq('[', $.number, '1'),
concat: $ => prec.left(1, seq($.list,

at(L, L)
(Number) N ::= len(L)
| min(L)
number: $ => choice($.len, $.min, $.ad | add(N, N)

> echo "min(input ++ [0])" | npx tree-sitter parse

(program [0, 0] - [1, @]
(number [0, 0] - [0, 17]
(min [0, 0] - [0, 17]
(list [0, 4] - [0, 16]
(concat [0, 4] - [0, 16]
(list [0, 4] - [0, 9]
(input [0, 4] - [0, 9]1))
(list [0, 13] - [0, 16]
(single [0, 13] - [0, 16]
(number [0, 14] - [0, 15]
(int_1lit [0, 14] - [@, 151)))))))))




Lexer and Parser in the Wild

JSON (json. 1)

JSON (json.y)

%token

object:
|

i

TRUE FALSE NULLVAL NUMBER STRING

STRING
NUMBER
object
array
TRUE
FALSE
NULLVAL

LY
'{' members '}'

Python (python. lalrpop)

%{

#include "y.tab.h"

%>

%%

"true" return TRUE;

"false" return FALSE;

"null" return NULLVAL;

[0-91+ { yylval = atoi(yytext); return NUMBER; }
\"([~A"]I%)\" { yylval = strdup(yytext); return STRING; }
[ \t\nl+ 7 /% skip */

i return '{';

"y return '}';

“L return '[';

" return '1';

ngtw return ':';

a, return ',"';

members: pair
| members ',' pair

i
pair: STRING ':' value ;
array: '[' ']'

| '[' elements ']'

i

elements: value
| elements ',' value

O

Code

123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150

¥ main v  Parser / parser | src [ python.lalrpop
Blame 1796 lines (1644 loc) - 60.4 KB
ast::Stmt::Assign(
ast::StmtAssign { targets, value, type_comment: None, range: (location..end_location).into() }
)
}
H

<location:@L> <target:TestOrStarExprList> <op:AugAssign> <rhs:TestListOrYieldExpr> <end_location:@R> => {
ast::Stmt::AugAssign(
ast::StmtAugAssign {
target: Box::new(set_context(target, ast::ExprContext::Store)),
op,
value: Box::new(rhs),
range: (location..end_location).into()

+
)
'
<location:@L> <target:Test<"all">> ":" <annotation:Test<"all">> <rhs:AssignSuffix?> <end_location:@R> => {
let simple = target.is_name_expr();
ast::Stmt::AnnAssign(
ast::StmtAnnAssign {
target: Box::new(set_context(target, ast::ExprContext::Store)),
annotation: Box::new(annotation),
value: rhs.map(Box::new),
simple,
range: (location..end_location).into()
Y
)
H




High Level Picture

* We studied foundations of programming languages and synthesis
e Syntax (regular tree grammar), Semantics (denotational, operational)
* Enumeration (top-down, bottom-up) that searches within grammar

* We studied basic usage of language models
* Purely neural: next token prediction = sequential decoding
* Prompting and iterative refinement: elicit better programs from LLM



Possible Next Token by Parser

Partial Program

Token Sequence

(Program) P <- L | N
(List) L <— ‘input’
| l[l l]l

| l[lNl]I

| L ‘++' L
(Number) N <- ‘len’ “(*
| ‘min’ ‘(‘
| N “+’ N
| ‘e” | '1



Possible Next Token by Parser

Partial Program

Token Sequence

Step 1

(Program) P <- L | N
(List) L <— ‘input’
| l[l l]l

| l[lNl]I

| L “++" L
(Number) N <- “‘len’ “‘(“ L “)

| minr l(l L l)

| N “+" N

| l@’ | 1’ I l2



Possible Next Token by Parser

Partial Program (Program) P <- L | N
. ) (List) L <- ‘input’
min(input |
| “I*N ‘1"
| L ‘++' L
(Number) N <- ‘len’ “(‘ L *
Token Sequence | ‘min’ (‘L
| N “+’' N
[‘min’, ‘(’, ‘input’, ] | ‘e’ | ‘1" |

|

Step 1: Goalis P

‘min’ only appearsintherule N <- ‘min’ ‘(" L “)’




Possible Next Token by Parser

Partial Program

min(input

Token Sequence

[‘min’, ‘(’', ‘input’, ]

|

Step 1: Goalis P

‘min’ only appearsintherule N <- ‘min’ ‘(" L “)’

The next token could only be “ (’

(Program) P <- L | N

(List) L <— ‘input’
l[l l]l
l[lN I]I
| L “++" L

(Number) N <= ‘len’ “(
lminl l(

| N ‘+' N

l@’

l1’



Possible Next Token by Parser

Partial Program

min(input

Token Sequence

[‘min’, ‘(’', ‘input’, ]

T

Step 2: Goal is P

(Program) P <- L | N
(List) L <— ‘input’
| l[l l]l
| l[lNl]l
| L “++" L

(Number) N <- ‘len’ “‘(“ L “)’
{ L { ’

| lminp 1(
| N “+’ N
| 4@; | 111



Possible Next Token by Parser

Partial Program (Program) P <- L | N

. ) (List) L <- ‘input’
min(input |
| “[*N ‘1
| L “++' L
(Number) N <- ‘len’ “(‘ L *
Token Sequence | ‘min’ (‘L
| N “+’' N
[‘min®, *(*, "input’, ] | for | 1| 2

T

Step 2: Goal is P

‘(" onlyappearsintherule N <= ‘min” ‘(" L )’

The next token could only be the first token expanded
fromL: ‘input’, ‘[’




Possible Next Token by Parser

Partial Program (Program) P <- L | N
. . (List) L <— ‘input’
min(input |
| “I*N ‘1"
| L 4+ L
(Number) N <- ‘len’ “‘(* L )’
Token Sequence | ‘min’ ‘(L ‘)’
| N “+’' N
[‘min’, ‘(’', ‘input’, ] | ‘0" | ‘17 | ‘2" | .

|

Step 3: Goalis L

We can expand L into input, matching the third token

D



Possible Next Token by Parser

(Program) P <- L | N

Partial Program
) ) (List) L <- ‘input’
min(input |
| ‘[N ‘1"
| L ‘++' L
(Number) N <- ‘len’ ‘(L *
Token Sequence | ‘min’ (‘L
| N “+’' N
‘9" | 17 | ‘2’

[‘min’, ‘(’, ‘dinput’,

|

Step 3: Goalis L
We can expand L into input, matching the third token

=>» Finishing L, next tokenis ‘)’

D



Possible Next Token by Parser

Partial Program

min(input

Token Sequence

l(l’ linputr’

|

Step 3: Goalis L

(Program) P <- L | N
(List) L <— ‘input’
| l[l l]l

| ‘I[‘N ‘]’

| L ‘++' L
(Number) N <- “‘len’ “‘(“ L “)

| ‘min’ (* L Y)

| N “+" N

| ‘e | ‘1" | 27 |

We can expand L into input, matching the third token
=>» Finishing L, next tokenis ‘)’

We canexpand LintoL + L, where the first L can be expanded
into 1nput, matching the third token



Possible Next Token by Parser

Partial Program (Program) P <- L | N
. . (List) L <- ‘input’
min(input |
| ‘I[N ‘]’
| L 4+ L
(Number) N <- “‘len’ “‘(“ L “)
Token Sequence | ‘min’ ‘(L °)
| N “+’' N
‘(', ‘input’, ] | ‘@ | ‘1" | ‘2" |

|

Step 3: Goalis L

We can expand L into input, matching the third token

=>» Finishing L, next tokenis ‘)’

We canexpand LintoL + L, where the first L can be expanded
into 1nput, matching the third token

=» Finishing the left L, next tokenis ‘++’



Possible Next Token by Parser

Partial Program (Program) P <- L | N

(List) L <— ‘input’
| l[l l]l

| l[lNl]I

| L “++" L
(Number) N <- “‘len’ “‘(“ L “)
Token Sequence | ‘min’ ‘(L °)
| N “+" N
| l@’ | 1! I l2

{linpu.tp, l[l}

v
{l)l' l++'}



Alternatives of Next Token Filtering

* Problem:
e Given a , find the that could be the

* Alternative problem:
* Given a prefix and , check if the next tokenis a

* Prefix viability problem / Prefix membership problem
* Given agrammar G and a prefix w, does there exist x s.t. wx € L(G)



Algorithms for parsing

* Basic parsing
: maintains a set of items that implicitly answer the “prefix
membership” question at each position

: bottom-up finding substrings that
can be turned into abstract syntax trees

: convert the grammar into an Automaton, keep an active
state, reject the string if the next token leads to an error state



Constrained Decoding with Automaton

state = start_of_automaton(grammar)
current_sequence = input_tokens
output_sequence = []
for step in 1 .. max_length:
logits = predict_next_token(current_sequence) / temperature
for (token_id, logit) in enumerate(logits):
if not allowed by(state, token_id):
logits[token_id] = -
probs = softmax(logits)
next_token = nucleus_sample_from(probs, P)
current_sequence += [next_token]
output_sequence += [next_token]
if next_token == : break
state = advance(state, next_token)
return output_sequence



Constrained Decoding with Automat

(Program) P <- L | N
(List) L <- ‘input’
| l[l l]l

S_after_lb_input S_L_[input]

| ‘ [ ‘N ¢ ] ’
. ) a o\ @ CCS;;;’L‘:‘;:;“O (1" 'input' read) (accept L=[input])
(Number) N <- ‘len (“L ") S e b
{ : ’ { ] ] ’ (' read)
| ‘min” ‘(L *)

state = start_of_automaton(grammar)
current_sequence = input_tokens
output_sequence = []
for step in 1 .. max_length:
logits = predict_next_token(current_sequence)..
for (token_id, logit) in enumerate(logits):
if not allowed_by(state, token_id):
logits[token_id] = -inf
probs = softmax(logits)
next_token = nucleus_sample_from(probs, P)
current_sequence += [next_token]
output_sequence += [next_token]
if next_token == <E0S>: break
state = advance(state, next_token)
return output_sequence

S_after_len
(len' read)

L_lb_input_len
(len([input' read)

LO_len
(after 'len(' expect L)

L_lb_len
('len([' read)

(L recognized; need )

_______________ /,/ S_N_done

S_min_lp
(accept N=len(...) or min(...

(‘min' (' read)

LO_min
(after 'min( expect L)

L_Ib_min
(‘min([' read)

L_Ib_input_min
(‘min([input read)

LACC_min
(L recognized; need "))




Constrained Decoding with Automat

(Program) P <- L | N
(List) L <- ‘input’
| l[l l]l

S_after_lb_input S_L_[input]

| ‘ [ ‘N ¢ ] ’
. ) a o\ @ CCS;;;’L‘:‘;:;“O (1" 'input' read) (accept L=[input])
(Number) N <- ‘len (“L ") S e b
{ : ’ { ] ] ’ (' read)
| ‘min” ‘(L *)

state = start_of_automaton(grammar)

S_after_len

cul ICIIL_DCunIILC - j_ll'JuL_LU;\CIID
output_sequence = []
for step in 1 .. max_length:
logits = predict_next_token(current_sequence)..
for (token_id, logit) in enumerate(logits):
if not allowed_by(state, token_id):
logits[token_id] = -inf
probs = softmax(logits)
next_token = nucleus_sample_from(probs, P)
current_sequence += [next_token]
output_sequence += [next_token]
if next_token == <E0S>: break
state = advance(state, next_token)
return output_sequence

(len' read)

L_lb_input_len
(len([input' read)

LO_len
(after 'len(' expect L)

L_lb_len
('len([' read)

(L recognized; need )

_______________ /,/ S_N_done

S_min_lp
(accept N=len(...) or min(...

(‘min' (' read)

LO_min
(after 'min( expect L)

L_Ib_min
(‘min([' read)

L_Ib_input_min
(‘min([input read)

LACC_min
(L recognized; need "))




Constrained Decodin

with Automat

(Program) P <- L | N
(List) L <- ‘input’
| l[l l]l

| l[l N l]l
(Number) N <- ‘len’ “‘(“ L “)'
| lminl l(l L l)l

state = start_of_automaton(grammar)
current_sequence = input_tokens
output_sequence = []

for step in 1 .. max_length:

logits = predict_next_token(current_sequence)..

if not allowed_by(state, token_id):

1LU\JJ._LD[LUII\CII_J.J,:] = J..II;—
probs = softmax(logits)
next_token = nucleus_sample_from(probs, P)
current_sequence += [next_token]
output_sequence += [next_token]
if next_token == <E0S>: break
state = advance(state, next_token)

return output_sequence

S_L_input
(accept L=input)

S_L._[input]
(accept L=[input])

S_after_Ib_input
([ input' read)

S_after_len
(len' read)

LO_len

(after 'len(' expect L)

S_min_lp
(‘min' (' read)

LO_min

(after 'min( expect L)

LACC_len
(L recognized; need )

S_N_done
(accept N=len(...) or min(...)

LACC_min
(L recognized; need "))




Constrained Decoding with Automat

(Program) P <- L | N
(List) L <- ‘input’
| l[l l]l

S_after_lb_input S_L_[input]

(T (1
| [ N ] S_L_input
(Number) N <— ‘len’ ‘(* L ‘)’ . iz s (i) o)
. (T read)
| ‘min’ * ( CoL ) ’ l

state = start_of_automaton(grammar)
current_sequence = input_tokens
output_sequence = []
for step in 1 .. max_length:
logits = predict_next_token(current_sequence)..
for (token_id, logit) in enumerate(logits):
if not allowed_by(state, token_id):
logits[token_id] = -inf
probs = softmax(logits)
next_token = nucleus_sample_from(probs, P)
current_sequence += [next_token]

S_after_len
(len' read)

L_lb_input_len
(len([input' read)

LO_len
(after 'len(' expect L)

L_lb_len
('len([' read)

(L recognized; need )

output_sequence += [next_token]
——peyd—token —_—
state = advance(state, next_token)

cuurir output_scquchcc

_______________ /,/ S_N_done

S_min_lp
(accept N=len(...) or min(...

(‘min' (' read)

LO_min
(after 'min( expect L)

L_Ib_min
(‘min([' read)

L_Ib_input_min
(‘min([input read)

LACC_min
(L recognized; need "))




Constrained Decoding with Automat

[‘“min’,

(Program) P <- L | N
(List) L <- ‘input’
| l[l l]l

S_after_lb_input S_L_[input]

| ‘ [ ‘N ¢ ] ’
. ) a o\ @ CCS;;;’L‘:‘;:;“O (1" 'input' read) (accept L=[input])
(Number) N <- ‘len (“L ") S e b
{ : ’ { ] ] ’ (' read)
| ‘min” ‘(L *)

state = start_of_automaton(grammar)
current_sequence = input_tokens
output_sequence = []
for step in 1 .. max_length:
logits = predict_next_token(current_sequence)..
for (token_id, logit) in enumerate(logits):
if not allowed_by(state, token_id):
logits[token_id] = -inf
probs = softmax(logits)
next_token = nucleus_sample_from(probs, P)
current_sequence += [next_token]
output_sequence += [next_token]
if next_token == <E0S>: break
state = advance(state, next_token)
return output_sequence

S_after_len
(len' read)

L_lb_input_len
(len([input' read)

LO_len
(after 'len(' expect L)

L_lb_len
('len([' read)

(L recognized; need )

_______________ /,/ S_N_done
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probs = softmax(logits)
next_token = nucleus_sample_from(probs, P)
current_sequence += [next_token]
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if next_token == <E0S>: break
state = advance(state, next_token)
return output_sequence
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Algorithms for parsing

* Basic parsing

: maintains a set of items that implicitly answer the “prefix
membership” question at each position

: bottom-up finding substrings that can be
turned into abstract syntax trees

: convert the grammar into an Automaton, keep an active state, reject
the string if the next token leads to an error state

* Compiler Parsing
* Batched parsing: takes the entire program and parses

* Interactive / Incremental parsing

* Error-tolerant/ resilient parsers; skip until synchronizing symbols (like ;,})

* Keeps tree of interactions; maintain the global AST structure and only create bad
subtrees when there is error
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A Syntactic Neural Model for General-Purpose Code Generation

Pengcheng Yin
Language Technolaoiec Inctitnte

Graham Neubig

T anonaoe Technolaoiecs Inctitute

Carnegie
pcyil

expr — Name

Name — str

! GenToken[</n>]

' GenToken[my_list]

/‘ﬂ keyword* ~ keyword

— Action Flow

..... » Parent Feeding

- Apply Rule

Generate Token

_J

(@ (b)

Input: sort my_list in descending order

. GenToken with Copy

Code: sorted(my_list, reverse=True)

Figure 1: (a) the Abstract Syntax Tree (AST) for the given example code. Dashed nodes denote terminals. Nodes are labeled
with time steps during which they are generated. (b) the action sequence (up to ¢14) used to generate the AST in (a)

A Syntactic Neural Model for General-Purpose Code Generation, Yin et. al.,

2017



4.2.2 Calculating Action Probabilities

A Syntactic Neural Model for General-Purpose In this section we explain how action probabilities
p(at|, a<¢) are computed based on s;.

APPLYRULE The probability of applying rule r
as the current action a; is given by a softmax°:

fo

1

Lan :
a " p(a; = APPLYRULE[r]|x,a<¢) =
« orfeml)” s (koo eord) e softmax(Wg - g(s;))7 - e(r) (4)
ts Lt T4 Name ~ str
oo 10 () shonn e 7 centorntons, WVDETE g(-) i @ nON-linearity tanh(W-s; +b), and

m e('r) the one-hot vector for rule 7.

h8 % 13 | GenToken[</n

fo o i True) ——— GENTOKEN As in § 3.2, a token v can be gener-
@ ated from a predefined vocabulary or copied from

Input: sort my_list in descending order Code: so the input, deﬁned aS the marginal probability:

Figure 1: (a) the Abstract Syntax Tree (AST) for the given example code. Das
with time steps during which they are generated. (b) the action sequence (up to

p(at = GENTOKEN[v]|z, a<t) =
p(gen|z, a<s)p(v|gen, T, a<)

+ p(COPY|$7 a’<t)p(v|COPY7 €T, a,<t).

A Syntactic Neural Model for General-Purpose Code Generation, Yin et. al., 2017



A Syntactic Neural Model for General-Purpose Code Generation

tp root — Expr
r — expr[value]
4.2.2 Calculating Action Probabilities
~ Call
Lan In this section we expla'n how artion nrohahilitiec
C - s p(a¢|T, a<¢) are compu HS DJANGO

APPLYRULE The prot

as the current action ay ACC  BLEU ACC  BLEU

Retrieval System' 00 625 147 186
p(a; = APPLYRULE| Phrasal Statistical MT' 0.0 341 315 476
softmay Hierarchical Statistical MTT 0.0 432 9.5 359
where ¢(-) is a non-line{ NMT 1.5 604 451 634
e('r) the one-hot vector| SEQ2TREE 1.5 534 289 44.6
Input: sort| GENTOKEN As in § 3. SEQ2TREE-UNK 13.6 628 394 582
Figure 1: (a) the Al ated from a predefined LPN' 45 656 623 776
with time steps dur| ) o input, defined as the¢ Our system 162 758 71.6 845
p(at = GENTOKEN[ Ablation Study
— frontier embed. 16.7 758 70.7 83.8
p(gen|z, ace) _ parent feed. 10.6 757 715 843
+ p(copy|a — copy terminals 30 657 323 617
+ unary closure - 70.3 833
— unary closure 10.1 748 -

A Syntactic Neural Model for General-Purpose Code Generation, Yin et. al., 2017



Constrained Decoding in the Wild

Abstract Syntax Networks for Code Generation and Semantic Parsing

Maxim Rabinovich* Mitchell Stern* Dan Klein
Computer Science Division
University of California, Berkeley
{rabinovich,mitchell,klein}@cs.berkeley.edu

Abstract Syntax Networks for Code Generation and Semantic Parsing, Rabinovich et. al., 2017



name: [
IDI’ Iil, IrI, Iel,

{4 ’
IWI, IOI, Ill' Ifl, ! 3 I:
IAI’ Ill, Ipl, Ihl’ Ial]
;‘ é\ costis [72"7]
type: ['Minion’]

rarity: [’Common’]

race: [’'Beast’]

D!\’/i‘g‘—jgg& class: [’Neutral’]

& ‘/ N description: [
P TR "Adjacent’, ’'minions’, ’have’,
i | gt , P10, CAttack’, %]
_“/ Sl nealth: [727)
N attack: ["2']
i _A 1 1 - -y
C&Beastn..,jr ;2‘ durability: [’-1"]

Abstract Syntax Networks for Code Generation and Semantic Pa -.... vizeworzaipna prinioncara) :
def _ _init__ (self):
super () ._i(nit_)(
"Dire Wolf Alpha", 2, CHARACTER_CLASS.ALL,
CARD_RARITY.COMMON, minion_type=MINION_TYPE.BEAST)
def create_minion(self, player):

Maxim Rabinovich* Mitchell Stern* Dan Klein return Minion(2, 2, auras-I
. e e e Aura (ChangeAttack (1), MinionSelector (Adjacent()))
Computer Science Division 1
University of California, Berkeley

{rabinovich,mitchell,klein}@cs.berkeley.edu Figure 1: Example code for the “Dire Wolf Alpha”

Hearthstone card.

show me the fare from ciO to cil

lambda $0 e
( exists $1 ( and ( from $1 ciO )
( to $1 cil )
(= ( fare $1 ) S0 ) ) )

Figure 2: Example of a query and its logical form
from the ATIS dataset. The ci0 and cil tokens
are entity abstractions introduced in preprocess-
ing (Dong and Lapata, 2016).

Abstract Syntax Networks for Code Generation and Semantic Parsing, Rabinovich et. al., 2017
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n_type=MINION_TYPE.BEAST)
pr) :

[ identifier ] [ Call

1ionSelector (Adjacent ()))
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ie “Dire Wolf Alpha”
[ identifier ] [ Num ] [ identifier ] [ Call ]
“ChangeAttack” “MinionSelector” func args
(Comseee ] 0 to cil
1
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(b) Excerpt from the same AST, corresponding to the code snip- | ( fare $1 ) $0 ) ) )
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rrpurc = orumprooruvuory and its logical form

from the ATIS dataset. The ci0 and cil tokens
are entity abstractions introduced in preprocess-
ing (Dong and Lapata, 2016).

Abstract Syntax Networks for Code Generation and Semantic Parsing, Rabinovich et. al., 2017
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(a) A composite type module choosing a constructor for
the corresponding type.
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step, the module decides whether to generate a child and
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(d) A primitive type module choosing a value from a

closed list.

Figure 5: The module classes constituting our decoder. For brevity, we omit the cardinality modules for

singular and optional cardinalities.
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Grammar-Aligned Decoding
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Grammar-Aligned Decoding

Kanghee Park'* Jiayu Wang'*  Taylor Berg-Kirkpatrick®
Constrained decoding addresses the inefficiency of rejection sampling by greedily “forcing” the
LLM output to satisfy the given constraint. Specifically, when the constraint is given as a grammar,
grammar-constrained decoding (GCD) [7, 27, 28], can build automata that allow for on-the-fly
masking of tokens that will provably lead to outputs outside of the grammar during decoding.

Grammar-Aligned Decoding Given a model distribution P and a CFG G, grammar-aligned
decoding (GAD) is the task of sampling from the distribution Q"9 that is proportional to P but

restricted to sentences in G:
PGy  LlweL(G)] Plw)
W)= i e £@)]- Pw)

Grammar-Aligned Decoding, Park et. al., 2024



Grammar-Aligned Decoding

Kanghee Park'* Jiayu Wang'*

Taylor Berg-Kirkpatrick?

Constrained decoding addresses the inefficiency of rejection sampling by greedily “forcing” the
LLM output to satisfy the given constraint. Specifically, when the constraint is given as a grammar,
grammar-constrained decoding (GCD) [7, 27, 28], can build automata that allow for on-the-fly
masking of tokens that will provably lead to outputs outside of the grammar during decoding.

Grammar-Aligned Decoding Given a model distribution P and a CFG G, grammar-aligned
decoding (GAD) is the task of sampling from the distribution Q"9 that is proportional to P but
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S 1=
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name | " " | "."

str.++ S S| str.at S I
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str.substr S I I
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Start :
BV ::
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bvneg BV | bvnot BV
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bvlshl BV BV | bvlshr BV BV

(d) Grammar for inv

Grammar-Aligned Decoding, Park et. al

., 2024
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Monitor-Guided Decoding of Code LMs with Static
Analysis of Repository Context

Lakshya A Agrawal Aditya Kanade
Microsoft Research Microsoft Research
Bangalore, India Bangalore, India
t-= i i i nft _com

Method to be completed A text-davinci-003 and SantaCoder

private ServerNode parseServer(String url) {
Preconditions.checkNotNull(url);
int start = url.indexOf(str:"/") + 2;
int end = url.lastIndexOf(str:"?") == -1 ?
url.length() : url.lastIndexOf(str:"?");
String str = url.substring(start, end);
String [] arr = str.split(regex:":");

host (arr[0])
.port(Integer.parselnt(arr[1]))
.build();

Method
parseServer

\/ SantaCoder with monitor guided decoding Q:
return Serverhode.Builder

: newSer‘ver‘Node( ) |,~4'1.t hI p ( arr [ %) ] ) Resolved Typ.e MethodInvocation
I .withPort(Integer.parseInt(arr[1])) ServerNode.Builder

i Cbuild(); "ServerNode.Builder.newServerNode()"

(a) Example where text-davinci-003 and SantaCoder generate wrong (b) Annotated partial AST for the code to
identifiers, but SantaCoder with MGD generates correct identifiers.  the left.

Monitor-Guided Decoding of Code LMs with Static Analysis of Repository Context, Agrawal et. al., 2023



Monitor-Guided Decoding of Code LMs with Static

AMathad

-_ Integrated development environments (IDEs) have been at the forefront of assisting developers.
"1 Our inspiration is the use of static analysis by IDEs to bring the global context at the fingertips
of developers. Many analyses are integrated in IDEs (Fuhrer, 2013) to infer and enforce semantic
constraints on the code under development, e.g., resolving def-use, symbol references, and type
hierarchies. Recently, there has been a rise in the use off Language Server Protocol (LSP) (Isp),
which is an open industry standard of communication between IDEs and programming language
specific tools like static analyzers and compilers, called Language Servers. There are a large number
of Language Servers available, targetting most programming languages (lan, 2023), and providing
(a) E a variety of syntactic and semantic information. In this work, we focus on the type-directed code

iden| completion analysis available through LSP in a language-agnostic manner, to provide guidance to an
LM.

Monitor-Guided Decoding of Code LMs with Static Analysis of Repository Context, Agrawal et. al., 2023



Monitor-Guided Decoding of Code LMs with Static

AMathad

-_ Integrated development environments (IDEs) have been at the forefront of assisting developers.

prd Our ettt 2o tlhn v AF bttt cemaleroto e TN o 40 lneatan e 4lhn A1 1ol At nrt ot 4l Bn b tan

of dl Ea- (1) states that whenever the monitor is in the wait state so, we sample =1 as per the logits
¢ determined by the LM (Eq. (2)). Otherwise, the logits are combined with a mask m using a

E(i);‘s function @ such that if m[z] = 0 then £[x] is reset to a large negative value — K and is left unchanged
ke otherwise. This mask is computed by the function maskgen in Eq. (3) guided by the current state

spec s of the monitor. Eq. (4) defines how the state of the monitor evolves. When the pre-condition
of L pre(s;z1,...,x,) evaluates to true, the next state s’ of the monitor is determined by the suggestions
returned by the static analysis A,,. Otherwise, it is determined by the update function.

(a) E a Va4
iden| com . _ |softmax(¥)[xy11] if s = s is the wait state
M. (Lol|My)(@nt1l|T1,- -, 205 C D, 8) = {softmax(f ®m)[zn41] otherwise (1)
0=Lo(- |21, ..., 7n; D) 2)
m = maskgen(s, V) (3)

S/: {Ago(zcl,...,xn;C) ifSZSO/\Pre(S;xly"'7xn) (4)

update(s,x,+1)  otherwise

Monitor-Guided Decoding of Code LMs with Static Analysis of Repository Context, Agrawal et. al., 2023
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Figure 1: Controlled generation from LMs via sequential Monte Carlo. Left: We use sequential Monte Carlo
to sample from high-quality approximations to posteriors over LM outputs. Partial sequences are repeatedly
extended via grammar-constrained generation. We then apply weight corrections to mitigate the greediness of
locally constrained decoding, as well as expensive potentials to encode rich information that cannot be included
in logit masks. Finally, resampling focuses computation on promising particles. Right: Accuracy gains from
these innovations on challenging data science, text-to-SQL, goal inference, and molecule synthesis benchmarks.
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Dogr Dexp Prompt Output
Write the STRIPS goal condition
STRIPS . . for the planning problem (goal (and
Goal Inference Plan simulation . (arm-empty) (on-table
parser described below [...]. The b1 [..]
STRIPS initial condition is: [...]
Here is a sample dataframe: [...] 1t =
. Error-checking I’d like to add inverses of each - nesuSh =
Python Data Science - T existing column to the dataframe df. join(df.apply(lambda
SOL Alias and Here is a databgse schema: [...] SELECT T2.name,
Text-to-SQL table-column For each stadium, how many COUNT(*) FROM concert
RAESEL checking concerts are there? AS T1[..]
SMILES Incremental Given the following list of
Molecular Synthesis arser molecule molecules in SMILES format, CC1=CC2(0C=N)C(=0) [...]
P validation write an additional molecule [...]
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Beyond Constrained Decoding

Programmatic Structured Steering



Prompting Is Programming: A Query Language for Large Language Models 1

Prompting Is Programming: A Query Language for
Large Language Models

LMQL LUCA BEURER-KELLNER, MARC FISCHER, and MARTIN VECHEV, ETH Zurich, Switzerland
A programming language for large language models. 1 argmax
Documentation » 2 "A list of things not to forget when "

“travelling:\n"

Explore Examples - Playground IDE - Report Bug things = []

for i in range(2):

things.append (THING)

"The most important of these is [ITEM]."
from "EleutherAI/gpt-j-6B"

3
4
5
o - [THINGI\n"
7
8
9

® Watch 21 ~ % Fork 210 v vy Star 4.k v

10 where

11 THING in ["passport",

12 "phone",

13 "keys", ...] // a longer list
14 and len(words(THING)) <= 2

Prompting Is Programming: A Query Language for Large Language Models, Beurer-Kellner et. al., PLDI 2023



Guidance is an efficient programming paradigm for steering language models. With Guidance, you can control
how output is structured and get high-quality output for your use case—while reducing latency and cost vs.
conventional prompting or fine-tuning. It allows users to constrain generation (e.g. with regex and CFGs) as well as
to interleave control (conditionals, loops, tool use) and generation seamlessly.

{guidance}

{ Watch

¥¢ Star 20.7k v

123 ~ % Fork 1.1k -

from guidance.library import one_or_more

@guidance(stateless=True)

def

_gen_heading(1m: Model):
Im += select(
options=[_gen_text_in_tag("h1"), _gen_text_in_tag("h2"), _gen_text_in_tag("h3")]
)
Im += "\n"
return 1lm

@guidance(stateless=True)

def

_gen_para(lm: Model):
Im += "<p>"
Im += one_or_more(
select(
options=[
_gen_text(),
_gen_text_in_tag("em"),
_gen_text_in_tag("strong"),
"<br />",
g
)
)
Im += "</p>\n"
return 1m

import guidance
from guidance.models import Model
ASCII_OFFSET = ord("a")

@guidance

def zero_shot_multiple_choice(
language_model: Model,
question: str,
choices: list[strl,

with user():
language_model += question + "\n"
for i, choice in enumerate(choices):
language_model += f"{chr(i+ASCII_OFFSET)}

with assistant():
language_model += select(

{choice}\n"

[chr(i + ASCII_OFFSET) for i in range(len(choices))], name="string_choice"

return language_model




Sequential Monte Carlo Steering of Large
Language Models using Probabilistic Programs

Alexander K. Lew Tan Zhi-Xuan Gabriel Grand Vikash K. Mansinghka
MIT MIT MIT MIT

alexlew@mit.edu xuan@mit.edu grandg@mit.edu vkm@mit.edu

# The step method is used to perform a single 'step' of generation.
# This might be a single token, a single phrase, or any other division.
# Here, we generate one token at a time.

async def step(self):
# Condition on the next token *notx being a forbidden token.
await self.observe(self.context.mask_dist(self.forbidden_tokens), False)

# Sample the next token from the LLM —— automatically extends “self.context .
token = await self.sample(self.context.next_token())

# Check for EOS or end of sentence

if token.token_id == self.eos_token or str(token) in ['.', '!', '?2']:
# Finish generation
self.finish()

Sequential Monte Carlo Steering of Large Language Models using Probabilistic Programs, Lew et. al., 2025



Sequential Monte Carlo Steering of Large
Language Models using Probabilistic Programs

Alexander K. Lew
MIT
alexlew@mit.edu

Tan

Xuan

# The step method is used ta
# This might be a single tok
# Here, we generate one toke

async def step(self):

# Condition on the next

await self.observe(self.context.mask_dist(self.forbidden_tokens), False)

# Sample the next token from the LLM —-- automatically extends “self.context’.
token = await self.sample(self.context.next_token())

# Check for EOS or end of sentence
if token.token_id == self.eos_token or str(token) in ['.', 'I', '?2']:

# Finish generation

self.finish()

LLaMPPL

LLaMPPL is a research prototype for language model probabilistic programming: specifying language generation
tasks by writing probabilistic programs that combine calls to LLMs, symbolic program logic, and probabilistic
conditioning. To solve these tasks, LLaMPPL uses a specialized sequential Monte Carlo inference algorithm. This
technique, SMC steering, is described in our recent workshop abstract.

Sequential Monte Carlo Steering of Large Language Models using Probabilistic Programs, Lew et. al., 2025



Summary

* We are building an arsenal of tools to generate good

code from language models
* Natural (Magical) strategies
* Prompting

* Prompt tuning
* Mechanical strategies
* Controlled decoding
e Structural strategies

* |terative refinement
* Programmatic steering

* Agentic strategies
* External tool use



We have not discussed...

* Syntactic constraints
* Context free grammar
* Regular expressions (Regex)
* Finite state machine; Automaton; how to compile an automaton from CFG
* Algorithms for lexing, parsing, compile a parsing, how to write AST

* Steering libraries
« LMQL
* Guidance
* Langchain
 DSPY



Week 4

* Assignment 1
* https://github.com/machine-programming/assignment-1
* Accepting late submissions
* Assignment 2
* https://github.com/machine-programming/assignment-2
* Due in two weeks; sending out another set of APl keys; autograders

* Oral presentation starting from week 7
* Sign-up sheet going out this week

* Feedback Questionnaire
* Sending out this week
* +0.5% of your overall grade
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