Machine Programming

Lecture 7 — Iterative Refinement with Feedback
Ziyang Li



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?

hobd=

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



Today

Behavioral Specification
- What should the program do?

Examples

Types

Functional Specifications
Natural Language
Property Based Testing

\

Synthesis Strategy Str\l;lvchtut@l tSI’1peC|f|cat|]<c)tnh ]
- How do we find such a program? - atis the space of the programs:

A S

General Purpose Programming Language

Iterative Refinement with Feedback Python /Java/C/Rust/ ...

- Feedback via Compiler, Debugger, and Test Cases



High Level Picture
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From Multi-Step Prompting to lterative Prompting



From Multi-Step Prompting to lterative Prompting

[ Input ]—{ Intermediate 1 H Intermediate 2 H Output ]

[ Input ]m{ Output ]




From Multi-Step Prompting to lterative Prompting
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A known and fixed number of steps

[ Input ]m{ Output ]

A variable number of steps




From Multi-Step Prompting to lterative Prompting

[ Input ]—{ Intermediate 1 H Intermediate 2 ]—{ Output ]

[ Input

A known and fixed number of steps

Intermediate i

A variable number of steps

Output ]

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

Self-Debug
Self-Repair
FunSearch
Evolutionary Search
Generational Search



From Multi-Step Prompting to lterative Prompting

[ Q2. What is changing ateachite\raticm?ﬁ]

A variable number of steps

_
[ Q1. How do you know when to stop? J




Step 1: Code Task > Step 4: Self-Reflection

r[m] does not work as

Write a Python script to expected because it uses
prlnthll unique elements the built-in “set()"
1n a List. function in Python, which

does not maintain the order

of elements.][..]

(Optional) @ 1 Gg\%

o

Feedback de.o%h

Code LLM H
(=]
l l( /> = (Code) LLM
J
Step 2: Trajectory > Step 3: Evaluation

Executor

assert unique_elements([1,
def unique_elements(lst): 2, 3, 4, 4]) == [1, 2, 3, 4]
result = set(lst) assert unique_elements
return list(result) (['a", 'b", 'c', 'a', 'd'D 6
L== [Ial’ 'bl, 'C', ldl]

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



From Multi-Step Prompting to lterative Prompting

[ Q2. What is changing ateachite\raticm?ﬁ]

A variable number of steps

_
[ Q1. How do you know when to stop? J




From Multi-Step Prompting to lterative Prompting

[ Q2. What is changing at each iteration? J [ Ans: Feedback T
T\

A variable number of steps

~NS—

'

\.

Q1. How do you know when to stop? J

-

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




Feed baCk /: Compiler \

Linter
- Unittest
- Property test
- Debugger
- Verifier

Feedback i ] guage ModelS/

Code Repair Feedback Generation

[ Input Program i Output ]
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Step 1: Code Task

Write a Python script to

Step 4: Self-Reflection

'[...] does not work as
expected because it uses

?:12t1gél unique elements the built-in “set()"
: function in Python, which Existing works: Post-Execution Information
does not maintain the order
l |of elements.[..] Test Case 1 rass @ Test Case2 Error
. A ﬂ X
60 (Optional) @ % S | Test Case3 rail )
1 P />
I:ouo=| (]))\ 20.2°% "y
— - Koodhack a O —
Generated
Miscellaneous Knowledge . o .
g N Program  LLDB (ours): Runtime Execution Information @
r4.2. for Statements numpy . kaiser(M, e ‘/
The for statement in beta) Debuggjng
Python differs a bit from Return the Kaiser w/ LLMs
what you may be used to window. Answer
St Knowledge | in ¢ or pascal = [omit The Kaiser window A
— Generation | for brevity] is a taper formed Generation Visible
Reverse a Linked List 2{1::1253 Bessel Test Case
def un denote the previous node, [omit for brevity]
re current node and next
re node in the List [onit ~Other Knowledge Control Breakpoints Runtime
\for brevity] )
Code [ v )
p——y - 8
D > o s (7]
| ;) Ll ( Pn, o
[ N o/
Feedback \/\
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Feed baCk /_ Compiler \

Linter
- Unittest
- Property test
- Debugger
- Verifier

Feedback i ] guage ModelS/

Code Repair Feedback Generation

[ Input Program i Output ]




Compiler Feedback

* Classes of feedback
e Syntax errors
* Type checking errors
* Language specific errors (type cast, memory,
lifetime, etc.)
* Issues of too many errors
* VVerbose errors from lexer/parser/linter
* Root error cascades and induce more errors

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

expression of type 'int' [-Wint-conversion]
30 | char *not_a_ptr = 42;
|
arc:31:65 incompatible pointer types initializing 'int *' with an expression of t
ype 'int **'; remove & [-Wincompatible-pointer-types]
31 | int *ptr_to_self = &ptr_to_self;
|
a.c:35:6: conflicting types for 'f°'
35 | void f(double);
|
a.c:34:6: previous declaration is here
34 | void f(int);
|
a.c:36:5: conflicting types for 'f°'
36 | int f(int x) { return "nope"; }
|
a.c:34:6: previous declaration is here
34 | void f(int);
|
a.c:36:23: incompatible pointer to integer conversion returning ‘char[5]' from a fu
nction with result type 'int' [-Wint-conversion]
36 | int f(int x) { return "nope"; }
|
a.c:38:5: a function declaration without a prototype is deprecated in all version
s of C and is treated as a zero-parameter prototype in (23, conflicting with a subsequent
definition [-Wdeprecated-non-prototype]
38 | int gQ;
|
a.c:39:5: conflicting prototype is here
39 | int gCint x) { return x; }
|

a.c:43:5: 'break’ statement not in loop or switch statement
43 | break;
|
a.c:47:5: 'continue' statement not in loop statement
47 | continue;
|
arc:51:5; 'case' statement not in switch statement
51 | case 3: printf("nope\n");
|
a.c:66:1: redefinition of label 'label’
66 | label:
|
a.c:64:1: previous definition is here
64 | label:
|
a.c:71:36: argument may not have 'void' type

71 | void nonsense_params(register void v) {
|
a.c:77:10: expected ';' at end of declaration list
77 | int x
|
| ;
too many errors emitted, stopping now [-ferror-limit=]
4 warnings and 20 errors generated.



@hanabi ~/L/P/m/lecture-7-demos> npx eslint bad.js

/Users/11by99/Local/Projects/machine-programming/lecture-7-demos/bad. js
4:1  error 'foo' is not defined

. no-undef
I nte r ee a C 7:5 error 'neverChanges' is assigned a value but never used
no-unused-vars

10:7 error 'greeting' is assigned a value but never used
no-unused-vars

13:14 error 'foo' is not defined

no-undef

: M 13:20 error 'console' is not defined
* What is a Linter

. 16:10 error 'doStuff' is defined but never used
* Programming errors and bugs no-unused-vars
17:3  error 'console' is not defined
. . . . . no-undef
¢ Sty“Sth |nC0nS|StenC|eS 18:17 error Empty block statement
no-empty
’

e Suspicious constructs or “code smells’ 20:3 error Unreachable code

no-unreachable

° Potentlal Securlty Vulnerabllltles 20:3  error 'console' is not defined

no-undef
24:21 error Duplicate key 'a'

° CatCh no-dupe-keys

25:9 error Do not access Object.prototype method 'hasOwnProperty' fro
no-prototype-builtins
° Usually very local 26:3 error 'console' is not defined

no-undef
13 g ”» 30:10 error 'shadow' is defined but never used

* Many “false positives ro-tnused.vars
. . 31:7 error
* Most linter errors do not affect execution | ro-recectare
36:10 error 'parseStuff' is defined but never used
no-unused-vars
41:7 error 'wrappedStr' is assigned a value but never used
no-unused-vars
42:7  error 'wrappedNum' 1is assigned a value but never used
no-unused-vars
45:1  error Unexpected newline between object and [ of property access
no-unexpected-multiline

Al Al

x' is already defined




Linter Feedback

* Whatis a Linter
* Programming errors and bugs
e Stylistic inconsistencies
e Suspicious constructs or “code smells”
* Potential security vulnerabilities

e Catch

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

 Should be careful when presented to a
language model

Help me write a javascript function function parity(x) to find
the parity of a given number.

Q@ 7

Sure! In number theory / computer science, the parity of an integer usually means whether it has an even
or odd number of 1 bits in its binary representation. Sometimes people just mean “is the number itself
even or odd." I'll show you both:

parity.js > ...
function parity(x) {
let result = 0;
while (x > @) {
result *= (x & 1); // XOR with least significant bit
X >>= 1; // shift right
}
return result; // @ for even parity, 1 for odd parity
}

// Examples
console. log(parity(

78, // 1 - because 7 (111b) has three 1s
console. log(parity(12

)i
)); // @ - because 12 (1100b) has two 1s

@hanabi ~/L/P/m/lecture-7-demos> npx eslint parity.js

/Users/1iby99/Local/Projects/machine-programming/lecture-7-demos/parity.js

11:1 error 'console' is not defined no-undef
12:1 error 'console' is not defined no-undef

% 2 problems (2 errors, @ warnings)

@hanabi ~/L/P/m/lecture-7-demos [1]> node parity.js

False positives



Unit Test Feedback

* Unit Tests
* Encode basic input-output pairs

* Usually provided along with the
synthesis task as a part of behavioral

specifications
* Encoding
* As assertion
* Using unit test libraries

@ parity_buggy.py > ...
def parity(x: int) -> int:
if x == 0:
return 1 # BUG

res = 0

while x:
res = (x & 1)
X >>=1

return res

# ———————— Tests (simple assertions) —-————————-

assert parity(@) == 0, "parity(@) should be @ (even), but
assert parity(1) == 1, "1 -> 1 (binary), odd —> 1"

assert parity(2) == 1, "2 -> 10 (binary), one '1' —> 1"

@hanabi ~/L/P/m/lecture-7-demos> python3 parity_buggy.py
Traceback (most recent call last):
File "/Users/1liby99/Local/Projects/machine-programming/lecture-7-demos/parity_buggy.py",
line 13, in <module>
assert pari 0

2, "parity(@) should be @ (even), but the function returns 1"

: parity(@) should be @ (even), but the function returns 1




class TestParity(unittest.TestCase):

def test_zero_even_parity(self):

I’ r g g L | 2 ] 1 g ] " M o
B E 71 1T h +ho hiirirnyy, " mnlomontatTnn
# raillsS wWith The pbuggy 1mpiementation

Unit TeSt Feed baCk ;se11-=.assertEqual(pa;i;cy(e‘), 6)

Python (using unittest)

#[test]
° Un|t TeStS fn zero_has_even_parity() {
.. . // Fails with the buggy implementation
* Encode basic input-output pairs i o vlo): )
* Usually provided along with the }
synthesis task as a part of behavioral Rust
specifications spec :: Spec
. spec = do
¢ EnCOd|ng describe "parity" $ do

it "returns @ for zero (even parity)" $ do

. .
AS assertion parity @ “shouldBe ™ 0

* Using unit test libraries ,
Haskell (using Test.Hspec)

TEST(Parity, ExamplesTable) {
struct Case { uint64_t x; int expected; };
Case cases[] = { {1, 1}, {2, 1}, {3, o}, {7, 1} };
for (auto c : cases) {
EXPECT_EQ(parity(c.x), c.expected) << "x =" << c.X;

}

C++ (using GoogleTest)



TEACHING LARGE LANGUAGE MODELS TO SELF-
DEBUG

Xinyun Chen! Maxwell Lin?> Nathanael Schirli’ Denny Zhou'
! Google DeepMind 2 UC Berkeley
{xinyunchen,schaerli,dennyzhou}@google.com, mxlin@berkeley.edu

Step 2: Code execution

> T
=

Executor
Step 1: Code
generation
>
Feedback
Problem —— .
Model EXpla:atlon
Step 3: Code explanation r—

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



Xinyun Chen!
! Google DeepMind 2 UC Berkeley
{xinyunchen,schaerli,dennyzhou}@google.com, mxLlin@berkeley.edu

Maxwell Lin?

Nathanael Schiirli!

TEACHING LARGE LANGUAGE MODELS TO SELF-
DEBUG

Denny Zhou'

Simple Feedback

Below are C++ programs with incorrect
Python translations. Correct the
translations using the provided
feedback.
[C+]
[Original Python]
[Simple Feedback]

[Simple Feedback]

Unit Test (UT) Feedback
Below are C++ programs with incorrect
Python translations. Correct the
translations using the provided
feedback.

[C+]
[Original Python]
[UT Feedback]
[Revised Python #1]
[UT Feedback]

Unit Test + Explanation
(+Expl.)
Below are C++ programs with incorrect
Python translations. Explain the original
code, then explain the translations line
by line and correct them using the
provided feedback.
[C+]

[C++ Explanation]
[Original Python]
[Python Explanation]

[UT Feedback]

[Python Explanation]
[UT Feedback]

[Python Explanation]

Unit Test + Trace (+Trace)
Below are C++ programs with
incorrect Python translations. Using the
provided feedback, trace through the
execution of the translations to
determine what needs to be fixed, and
correct the translations.

[C+]
[Original Python]
[UT Feedback]
[Trace]
[UT Feedback]

[Revied Python 2]

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




[Original Python] =
def count_trailing_zeroes_factorial_number(n):
cnt = 0
i=25
while ((n / i) >= 1):
cnt = (ent + (n / 1))
i*= 5
return cnt

[Simple Feedback] =

The above Python translation does not do the same
thing as the C++ code. Correct the Python

Erﬁa-l}si:a::é%;ck] _ MBPP _ Codex GPT-35 GPT-4 _StarCoder
The Python translation does not do the same thing as Ba}sellne 61.4 67.6 72.8 47.2
the C++ code. These are the results of failed unit Snl?gle ggi Zgg ;(8“85 ggg
tests that test whether the Python translation's + Expl. 6 9: g 74:2 80?4 52:2
outputs match the C++ program's outputs: +Trace. 708 728 802 53.2
Failed: assert

count_trailing_zeroes_factorial_number(9) == 1 Self-Debugging with Different Feedback Formats
Actual Result: 1.8

Correct the translation.

def count_trailing_zeroes_factorial_number(n):
cnt = 0
i=25
while ((n / i) >= 1):
cnt = (ent + (n // 1))
i*=25
return cnt

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




Unit Test Trace Feedback

e |[ssue

* Unit test feedback only covers the
expected output

* |t does not shed light on the Root Cause
* Demands further analysis

e Solution

* Reason about program execution via the
use of Debugger

@ parity_buggy.py > ...
def parity(x: int) -> int:
if x ==
return 1 # BUG

res = @
while x:
res *= (x & 1)
X >>=1
return res
# ——— Tests (simple assertions) —————————-

assert parity(@) == 0, "parity(@) should be @ (even), but
assert parity(1) == 1, "1 -> 1 (binary), odd -> 1"
assert parity(2) == 1, "2 -> 10 (binary), one '1' —> 1"

@hanabi ~/L/P/m/lecture-7-demos> python3 parity_buggy.py
Traceback (most recent call last):
File "/Users/liby99/Local/Projects/machine-programming/lecture-7-demos/parity_buggy.py",
line 13, in <module>
assert parity(@) == 0, "parity(@) should be @ (even), but the function returns 1"

AAAAAAAAANANANAN

: parity(@) should be @ (even), but the function returns 1




Debugger

def is_sorted(lst):
for 1 in range(len(1lst)-1):
if Ust[il>1st[i + 1]:
return False
return not any(lst.count(x) > 1 for x in 1st)

print(is_sorted([1, 2, 2, 3, 3, 4]))

liby99@hanabi ~/L/P/m/lecture-7-demos> python3 ldb.py
False




Debugger

def is_sorted(1lst):
for i in range(len(1lst)-1):
if lst[il>1st[i + 1]:
return False
return not any(lst.count(x) > 1 for x in 1st)

print(is_sorted([1, 2, 2, 3, 3, 4]))

[ JCN J &« =

QP ¥ & v

]
]

£ lecture-7-demos DO [ s
Idb.p)szlb?*TOD va*m
Idb.py > @ is_sorted

def is_sorted(lst):

liby99@hanabi ~/L/P/m/lecture-7-demos> python3 ldb.py
False

“ VARIABLES e for i in range(len(1lst)-1):
v Locals D 3 | if lstlil>lst[i + 1]:
i-0 return False
return not any(lst.count(x) > 1 for x in 1st
> 1st = [1, 2, 2, 3, 3, 4] v (x) in 1st)
> Globals print(is_sorted([1, 2, 2, 3, 3, 41))
eoce &~ = £ lecture-7-demos D8 {‘2}
v Wi _
:: ~ Jy 1
D O P > - @ldopy = I> T ¥ T OO0 Dv V ¥ @O -~
<
1 @ |db.py > @ is_sorted
' def is_sorted(lst):
\ VARIABLES o for i in range(len(lst)-1):
v Locals if Ust[il>lst[i + 1]:
i=0 : return False
5 return not any(lst.count(x) > 1 for x in lst
>ist=[1, 2, 2,3, 3, 4] © | v & ]
> Globals print(is_sorted([1, 2, 2, 3, 3, 4]1))
v WATCH
Nl coAgents ®O0A 0 &> CursorTab COWM Ln5, Col1 Spaces:4 UTF-8 LF {} Python 3.13.364-bit [}




Debugger

def is_sorted(1lst):
for i in range(len(lst)-1):
if Ust[i]l>1st[i + 1]:
return False
return not any(lst.count(x) > 1 for x in 1lst)

print(is_sorted([1, 2, 2, 3, 3, 4]))

liby99@hanabi ~/L/P/m/lecture-7-demos> python3 ldb.py
False

eoe PR O lecture-7-demos DB M
Do P b - aibp P> T Y T OO vV %D -

@ Idb.py > @ is_sorted
def is_sorted(lst):

\/ VARIABLES ° for i in range(len(lst)-1): —
v Locals D 3 I if stlil>lst[i + 1]:
i-0 ece P O lecture-7-demos DB 0
>1st = [1, 2, 2, 3, 3, 4] — =
> Globals QPP & v 2idbpy ©I> 7 ¥ T OO0 DvV ¥ @D -

@ Idb.py > @ is_sorted
def is_sorted(lst):
v VARIABLES . for i in range(len(lst)-1):
if lstlil>1st[i + 1]: =

V Locals :
Bl Agents ®0A0 £ i-o return False
ST e [y £ 2 £ B 3] D s | return not any(lst.count(x) > 1 for x in lst)

> Globals print(is_sorted([1, 2, 2, 3, 3, 4]))

~ WATCH

~ WATCH

Bl 7cents ®0A0 g CursorTab JIOW 15, Col1 Spaces:4 UTF-8 LF () Python 3.13.364-bit 0Q

line 2:

line 3:

line 5:

line 6:

Program State Trace

1st

(1, 2, 2, 3, 3, 4]

[1, 27 2’ 3’ 3’ 4]

(1, 2, 2, 3, 3, 4]

[1, 2, 2, 3, 3, 4]




Debugger for Feedback

i I S S u e S eoe &« £ lecture-7-demos D8 (D s

* Too many intermediate states SR . ';” ° 0 > % D -
to Step through » VARIABLES ® e fiz;s_oirzidgz;)e;len(lst)1): —

\ Locals D 3 I if lst[il>lst[i + 1]:

° LOOpS may iterate many times L=0 retu;EtE;: Zi;?ist.count(x) > 1 for x in 1lst)

> 1st = [1, 2, 2, 3, 3, 4]

reSUlting in Very Verbose > Globals print(is_sorted([1, 2, 2, 3, 3, 4]))
feed baCk eoe &~ £ lecture-7-demos | = {‘_",}'

v Wi

e L ¥+ £ v 2idbp S I> P Y T OO e\ % @ -
<
3 ‘ % |db.py > @ is_sorted
def is_sorted(lst):
\ VARIABLES o for i in range(len(lst)-1):
v Locals if lst[i]>1st[i + 1]:
i=0 return False
5 return not any(lst.count(x) 1 for x in 1st)
>ist =[1, 2, 2, 3, 3, 4] © | Y g 8
> Globals print(is_sorted([1, 2, 2, 3, 3, 4]1))
v WATCH

» @




Debug like a Human: A Large Language Model Debugger via Verifying
Runtime Execution Step by Step

Li Zhong Zilong Wang' Jingbo Shang!
University of California, San Diego
{lizhong, zlwang, jshang}@ucsd.edu




Debug like a Human: A Large Language Model Debugger via Verifying
Runtime Execution Step by Step

Li Zhong Zilong Wang' Jingbo Shang'
University of California, San Diego
{lizhong, zlwang, jshang}@ucsd.edu

Step 1 Generated Program
gProﬁling_§2_.2)_ E def func(s):
Run static ' E?t:lg =
analySis fo E for c in s: ent += 2
build CFG } return cnt
p
Control Flow Graph Visible
@~ are control blocks Test Cases
of the program {
.c-r;;::(;""l | — output: 3
Ao R B :
o
1)

et s
)

A

Step 2
(Profiling § 2.2)
Input visible test

programs w/ a LLM

Step 0
Generate seed

Task Description

! Count the number !
i of charactersina |
: string. '

i :
! cases & acquire
! execution trace

Execution Trace

S
Intermediate States

...........

.......................

i After C, cnt=2;c="L" E

Variable Values
Before/After Each Block

Task
Description

H

!
i number of...
el el

—i(5—

Step 3
(Debugging § 2.3)
Query LLM:s to
verify each block

Step 4
(Regeneration § 2.4)
Refine the program based
on the task description
Se and debugger response

>
LN

(Debugger Response

1 add 1 toent
 instead of 2 when
! encountering a

o ) new character in s

@@

Verdicts and
Explanation

based on the task

-

! This block is

1 correct because...
@ ...

! This block should




Debugger for Feedback

) ISsueS ece < £ lecture-7-demos I] Q ED {:o}
* Too many intermediate states O p ¥ & v e iPTETOD0 v W % O -

2 |db.py > @ is_sorted

def is_sorted(lst):
to Step th rough \ VARIABLES ° for i in range(len(lst)-1): -

\ Locals D 3 I if lst[il>lst[i + 1]:

* Loops may iterate many times

P . return not any(lst.count(x) > 1 for x in 1st)
> 1st = [1, 2, 2, 3, 3, 4]

reSUlting in Very Verbose > Globals print(is_sorted([1, 2, 2, 3, 3, 4]))
feed baCk eoe &~ £ lecture-7-demos | = {%}

v Wi
‘ D O P S v @ Idb.p) > 2 v T 90 >Dv V ¥ O -
] S l I X @ |db.py > @ is_sorted
O Utlon T def is_sorted(lst):

\ VARIABLES o for i in range(len(lst)-1):

d Use to v Locals if Ust[il>lst[i + 1]:

i=0 return False

simplify the program trace Mo 2,23, 5,0 O 5 | retum ot em(istcomtto > 1 for xin 150
> Globals print(is_sorted([1, 2, 2, 3, 3, 4]))
v WATCH

» @




Control Flow Graph

def compute(a, b, n):
total = 0
1=20
while i < n:
t=ax1i+Db
if t % 2 == 0:
total += t // 2
else:
total += 3 *x t + 1
1i+=1
return total

Python Code



Control Flow Graph

entry

def compute(a, b, n):
total = 0
1=20
while i < n:
t=axi+b
if t % 2 == 0:
total += t // 2
else:
total += 3 *x t + 1
1i+=1
return total

Python Code

Control Flow Graph



Control Flow Graph

entry

\ 4

loop.header

def compute(a, b, n):
total = 0
i=20
while i < n:
t=axi+b
if t % 2 == 0:
total += t // 2
else:
total += 3 *x t + 1
1i+=1
return total

Python Code

Control Flow Graph



Control Flow Graph

entry

\ 4

loop.header

def compute(a, b, n):
total = 0
1=20

while i < n: loop.body1
_F — 3 * l /

else:

total += 3 x t + 1
1i+=1
return total

\ 4

Python Code

Control Flow Graph



Control Flow Graph

entry

\ 4

loop.header

def compute(a, b, n):
total = 0

i _ 0 \4
while i < n: loop.body

t=ax1i+Db
ift %2 == 0: /\
t /

/ 2 if.then || if.else

else:

total += 3 x t + 1
1i+=1
return total

Python Code

Control Flow Graph



Control Flow Graph

entry

\ 4

loop.header

def compute(a, b, n):
total = 0

i = 0 v
while i < n: loop.body1

t=ax1i+Db
if t %2 == 0: /\
+=t /

total += / 2 if.then || if.else
else:

total += 3 x t + 1 \/
1+=1
return total loop.body2

Python Code

Control Flow Graph



Control Flow Graph

entry

\ 4

loop.header

def compute(a, b, n):
total = 0

i — 0 v
while i < n: loop.body1

t=ax1i+Db
ift %2 == 0: /\

2
total += t // 2 if.then || if.else
else:
total += 3 x t + 1 \\\\“(///
1+=1 loop.body?2

return total
Python Code \ I .
oop.exit

Control Flow Graph




Control Flow Graph

entry

\ 4

loop.header

def compute(a, b, n):
total = 0

i = @ \ 4
while i < n: loop.body1

t=ax1i+Db
if t % == Q- /\

2
total += t // 2 if.then || if.else
else:
total += 3 x t + 1 \\\\“(///
i+=1
return total loop.body2

Python Code

loop.exit

Control Flow Graph



Control Flow Graph

def compute(a, b, n):
total = 0
1=20
while i < n:
t=ax1+Db
if t % 2 == 0:
total += t // 2
else:
total += 3 *x t + 1
1+=1
return total

Python Code



Control Flow Graph

def compute(a, b, n):
total = 0
1=20
while i < n:
t=axi+b
if t % 2 == 0:
total += t // 2
else:
total += 3 *x t + 1
1+=1
return total

Python Code o

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

} else {
total += 3 *x t + 1;
}
1 += 1;
}
return total;
}

C Code




Control Flow Graph

def compute(a, b, n):
total = 0
1=20
while i < n:
t=axi+b
if t % 2 == 0:
total += t // 2
else:
total += 3 *x t + 1
1+=1
return total

Python Code

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

}

3x t + 1;

C Code

define 164 @compute(i64 %a, 164 %b, i64 %n) {
entry:

%total = alloca i64, align 8

%1 = alloca i64, align 8

%t = alloca i64, align 8

store i64 0, i64x %total

store i64 0, 1i64x %i

br label %loop.header

loop.header: ; while (i < n)?

%i.val = load 164, i64* %i

%scmp = icmp slt i64 %i.val, %n

br il %cmp, label %loop.body, label %loop.exit

loop.body:

;s t=axi+ b

%i.val2 = load 164, i64* %i
smul = mul i64 %a, %i.val2
%add = add i64 %mul, %b
store i64 %add, i64* %t

; if ((t % 2) ==0) ...

%t.val = load 164, i64* %t

%Srem = srem i64 %t.val, 2

%isEven = icmp eq 164 %rem, 0

br il %isEven, label %then.block, label %else.block

then.block:

; total +=t / 2

%t.even = load 164, i64x %t
%half sdiv i64 %t.even, 2
%tot@ load i64, i64x %total
%totl = add i64 %tot@, %half
store i64 %totl, i64* %total
br label %cont.block

else.block:

; total += 3%t + 1

%t.odd = load 164, i64%x %t
%triple = mul i64 %t.odd, 3
%plusl = add i64 %triple, 1
%tot2 = load 164, i64* %total
%tot3 = add i64 %tot2, %plusl
store i64 %tot3, i64x %total
br label %cont.block

cont.block:

; 1+=1

%i.cur = load 164, i64* %i
%i.next = add i64 %i.cur, 1
store i64 %i.next, i64* %i
br label %loop.header

loop.exit:

%tot.final = load i64, i64x %total
ret i64 Stot.final

}

LLVM Code (Compiled)




Control Flow Graph

define 164 @compute(i64 %a, i64 %b, 164 %n) {
entry:

%total = alloca i64, align 8

%i = alloca i64, align 8

%t = alloca i64, align 8

store i64 0, i64x %total

store i64 0, i64% %i

br label %loop.header

loop.header: ; while (i < n)?

%i.val = load i64, i64% %i

%Scmp = icmp slt i64 %i.val, %n

br il %cmp, label %loop.body, label %loop.exit

loop.body:

;s t=axi+b

%i.val2 = load i64, i64% %i
smul = mul i64 %a, %i.val2
%add = add 164 %mul, %b
store i64 %add, i64x %t

; if ((t % 2) == 0)

%t.val = load i64, i64% %t

%srem = srem i64 Sst.val, 2

%isEven = icmp eq i64 %rem, 0

br il %isEven, label %then.block, label %else.block

then.block:

; total +=t / 2

%t.even = load i64, i64* %t
%half = sdiv i64 %t.even, 2
%tot@ = load i64, i64% %total
%totl = add i64 %tot@, %half
store i64 %totl, i64x %total
br label %cont.block

else.block:

; total += 3%t + 1

%t.odd = load 164, i64x %t
%triple = mul i64 %t.odd, 3
%plusl = add i64 Striple, 1
%tot2 = load i64, i64x Stotal
%tot3 = add i64 %tot2, %plusl
store i64 %tot3, i64x %total
br label %cont.block

cont.block:

;1+=1

%i.cur = load 164, i64% %i
%i.next = add i64 %i.cur, 1
store i64 %i.next, 1i64% %i
br label %loop.header

loop.exit:

%tot.final = load i64, i64x %total
ret i64 %tot.final

}

LLVM Code (Compiled)




Control Flow Graph

loop.header: ; while (i < n)?

%i.val = load i64, i64% %i

%scmp = icmp slt i64 %i.val, %n

br i1 %cmp, label %loop.body, label %loop.exit

loop.body:

; t=axi +b

%i.val2 = load i64, 164% %i
smul = mul i64 %a, %i.val2
%add = add 164 %mul, %b
store 164 %add, i64x %t

; if ((t % 2) ==0) ...
%t.val = load i64, i64x %t
%srem = srem i64 %t.val, 2
%isEven = icmp eq i64 %rem, 0

entry

A 4

loop.header

\ 4

loop.body

N

then.blk else.blk

br il %isEven, label %then.block, label %else.block

~._

cont.blk

loop.exit

Control Flow Graph




Control Flow Graph

entry
A 4
loop.header: ; while (i < n)?
%i.val = load i64, i64% %i loop.header
Scmp = icmp st i64 %i.val, %0 [ /" >
br i1 %cmp, label %loop.body, label %loop.exit = | |oossmmmmmmmfirs” |
loop.body: loop.body

; t=axi+b
%i.val2 = load i64, 164% %i

N

smul = mul i64 %a, %i.val2

%add add i64 %mul, %b
store 164 %add, i64x %t

then.blk else.blk

; if ((t%2) ==0) ...

~._

%t.val = load i64, i64x %t
%srem = srem i64 %t.val, 2 cont.blk
%isEven = icmp eq i64 %rem, 0
br il %isEven, label %then.block, label %else.block
loop.exit

Control Flow Graph



Control Flow Graph

entry
then.block: v
s total +=t / 2
%t.even = load 164, i64% %t loop.header
%half = sdiv i64 %t.even, 2
%tot@® = load i64, i64x %total v
%totl = add i64 %tot@d, %half
store i64 %totl1, i6dx %total lOOp.bOdy
br label %cont.block | ‘(/////m\\\\\‘
else.block:
; total += 3xt + 1 “1 else.blk
%t.odd = load 164, i64x %t A

%triple = mul i64 %t.odd, 3
%plusl = add 164 %triple, 1
%tot2 load 164, i64% %total
%tot3 = add 164 %tot2, %plusl
store i64 Stot3d, 164w %total
br label %cont.block

loop.exit

Control Flow Graph



Control Flow Graph: Key Takeaway

entry

* Representing program differently
helps analysis of program
behavior

loop.header

* Is a more concise representation loop.body
because multiple instructions

I hen.blk lse.blk
are grouped into a then.b else

* Control flow graph identifies how cont.blk
program is executed, helping to
perform loop.exit

Control Flow Graph



Debugger for Feedback

</>

r
'
]
]
]
]
]
]
]
]
]
'
]
'

2
Q Task Description

1. Given a list of numbers, return
whether or not they are sorted in
ascending order.

2. If list has more than 1 duplicate of the
same number, return False.

Visible Test Cases

Input: 1lst=[1,2,2,3,3,4]
Expected Output: True

-

Large Language Model Debugger (LDB)

Segment Program into Basic Blocks & Feed in Visible Test Case

s N

[BLOCK-0]

Before: 1st=[1,2,2,3,3,4]

for i in range(len(lst)-1):

([BLOCK-1]

~

Before: i=0,
lst=[1,2,2;3;3,4]

for i in range(len(lst)-1):

if 1st[i] > 1st[i + 1]:

After: i=0,
1lst=(1,2,2,3,3,4]

A 4

if 1st[i] > lst[i + 1]:

After: i=1,
1st=[1,2,2,3,3,4]

S ———
—_—

e

([BLOCK-5]

Before: i=4,
1st=[1,2,2,3,3,4]

return not any(lst.count(x)>1
for x in 1lst)

[ After: i=4,1st=(1,2,2,3,3,4],

_ret=False

—

Seed Program

r
]

def is_sorted(lst):
for i in range(len(lst)-1):
if 1st[i]>1st[i + 1]:
return False
return not any(lst.count(x) > 1
for x in 1lst)

|Actual Output: Falsel

{} Inspect the runtime states and gather the runtime execution information

Query LLM to Verify Correctness of Each Block Step by Step

s N

[Verdict-0]

[Verdict-1]

([Verdict-5]

[ The block is Correct ]

[

The block is Correct ] [

The block is Incorrect

Explanation: The block
initializes the variable “1st"
and *i" correctly.

Explanation: The block
correctly checks if the current
element ...

—

Explanation: The task requires .... To fix this issue, we
should change the condition to 1s 1st.count (x) >2
consider the original occurrence of the number in the list.

N ———————————————— >




Debugger for Feedback

HumanEval Accuracy (%)
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More Unit Tests

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

def is_palindrome(s: str) —> bool:
return True if s reads the same forwards and
backwards. Ignore case and whitespace or
punctuation.

return s == s[::-1] # Syntheized test case

class TestPalindrome(unittest.TestCase):
def test_racecar_capitalized(self):
# case—insensitive.
self.assertTrue(is_palindrome("Racecar"))
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Toward Trustworthy Neural Program Synthesis

Wen-Ding Li*!, Darren Key*', Kevin Ellis!
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Can we solve this

NATURAL LANGUAGE problem?
PROMPT
WITH WITH Which specification is most
SPECIFICATION SYNTHESIS informative?
PROMPT “Write a python PROMPT

function f that removes all the
odd numbers from a list.”

Which program is the best?

CALIBRATION

EXPLANATION

ACCURACY

.

(d f Fi B
— (st):
assert f([]) "' [ erel:usrn [x For xin Ist if x%2 == 1] PROGRAMS
: %)
z
assert F([1,2,3]) == [2] & X V|V|X
'5 V| X | X|v
def spec(lst): ™
oilz:cf(?st) i b dleadh o
assert len(out) <= len(lst) def F(lst): o V| X |V X
return Ist[1:] + [[5]
Y - J . P»




Toward Trustworthy Neural Program Synthesis

Wen-Ding Li*!, Darren Key*', Kevin Ellis!

'Department of Computer Science, Cornell University, USA
wl678 @cornell.edu, dyk34 @cornell.edu, kellis@cornell.edu

def sub_list(numsl : list, nums2 : list) -> list:

Write a function to subtract two lists element-wise.

return list(map(lambda x, y: x-y, numsl, nums2))

Generating Input-Output Specification

def sub_list(numsl : 1list, nums2 : list) -> list:

Write a function to subtract two lists element-wise.

pass # To-do: implement

# Check if sub_list works
assert sub_list([2, 3, 1], [1, 1, 1]) == [1, 2, 0])




Toward Trustworthy Neural Program Synthesis

— G Generating Input-Output Specification

def sub_list(nums1l : list, nums2 : list) -> list: def sub_list(numsl : 1list, nums2 : list) -> list:
Write a function to subtract two lists element-wise. Write a function to subtract two lists element-wise.
return list(map(lambda x, y: x-y, numsl, nums2)) pass # To-do: implement
\_ ) # Check if sub_list works

assert sub_list([2, 3, 1], [1, 1, 1]) == [1, 2, 0])

[...FEWSHOT EXAMPLES...]
# Problem 3
# Write a function to subtract two lists element-wise.
def sub_list(numsl,nums2):
pass # To-do: implement
# Test 3
def test_sub_list(numsl : list, nums2 : list):

Given two lists "numsl’ and “nums2’, test whether function ‘sub\_list’ is implemented correctly.
output_list = sub_list(numsl, nums2)
# check if the length of the output list is the same as the lengths of the input lists
assert len(output_list) == len(numsl) == len(nums2)
# check if the output list has the expected elements
for 1 in range(len(output\_list)):
assert output_list[i] == numsi[i] - nums2[i]

# run the testing function “test_sub_list™ on a new testcase
\_ test_sub_list([1, 2, 3, 4], [10, 9, 8, 7])




Property Based Testing

Verification of Program with a Specification

{Pre-condition} Program {Post-condition}

P}c{0}

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

vx, P(x) = 0(c(x))




Property Based Testing

* |ssues with verification with
functional specifications:

* Very hard to specify a
functional specification

* Pre- and post-conditions
sometimes require

* Requires a
solver to verify

Verification of Program with a Specification

Pyc {0}

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

Vx,P(x) = 0(c(x))



Property Based Testing

e |[ssues with verification with
functional specifications:

* Very hard to specify a
functional specification

* Pre- and post-conditions
sometimes require

* Requires a
solver to verify

e Solution:

Verification of Program with a Specification

condition} Program {Post-«

Pyc {0}

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

Vx, P(x) = 0(c(x))



Property Based Testing

* |ssues with verification with
functional specifications:

* Very hard to specify a complete
functional specification

* Pre- and post-conditions
sometimes require special
constructs

* Requires a formal theorem prover/
solver to verify

* Solution: Property Based Testing!

Property-Based Testing in Practice

Daniel Dickstein
Jane Street
New York, NY, USA
ddickstein@janestreet.com

Joseph W. Cutler
University of Pennsylvania
Philadelphia, PA, USA
jwc@seas.upenn.edu

Harrison Goldstein
University of Pennsylvania
Philadelphia, PA, USA
hgo@seas.upenn.edu

Andrew Head
University of Pennsylvania
Philadelphia, PA, USA
head@seas.upenn.edu

Benjamin C. Pierce
University of Pennsylvania
Philadelphia, PA, USA
bcpierce@seas.upenn.edu




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

vx, P(x) = 0(c(x))
P x: Int

int abs(int x) {

int y;

if (x >= 0) // Bl
C y = x; // B2

else

y = -x; // B3
return y; // B4
I3

Q (y=—xVy=x)Ay=0



Program c: a program state transformer

Pre- and Post-condition P, (: a Boolean function over program states

vx, P(x) = 0(c(x))

P

x: Int

int abs(int x) {
int y;
if (x >= 0) // Bl
y = x; // B2
else
y = -x; // B3
return y; // B4
I3

(y=—xVy=x)Ay=>0

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

Property of abs encoded as Boolean function (predicate)




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

vx, P(x) = 0(c(x))
P x: Int

bool abs_property(int x, int y) {
int abs(int x) { return (x ==y || x == -y) &&
int y; ) y >= 0;
if (x >=0) // Bl : :
- x: // B2 Property of abs encoded as Boolean function (predicate)
¢ y = % for (int i = 0; i < 1000; i++) {
else int x = random_integer();
y = -x; // B3 int y = abs(x);
return y; // B4 ) assert(abs_property(x, y));

}

Perform random testing with the property

Q (y=—xVy=x)Ay =0



Toward Trustworthy Neural Program Synthesis

— G Generating Input-Output Specification

def sub_list(nums1l : list, nums2 : list) -> list: def sub_list(numsl : 1list, nums2 : list) -> list:
Write a function to subtract two lists element-wise. Write a function to subtract two lists element-wise.
return list(map(lambda x, y: x-y, numsl, nums2)) pass # To-do: implement
\_ ) # Check if sub_list works

assert sub_list([2, 3, 1], [1, 1, 1]) == [1, 2, 0])

[...FEWSHOT EXAMPLES...]
# Problem 3
# Write a function to subtract two lists element-wise.
def sub_list(numsl,nums2):
pass # To-do: implement
# Test 3
def test_sub_list(numsl : list, nums2 : list):

Given two lists "numsl’ and “nums2’, test whether function ‘sub\_list’ is implemented correctly.
output_list = sub_list(numsl, nums2)
# check if the length of the output list is the same as the lengths of the input lists
assert len(output_list) == len(numsl) == len(nums2)
# check if the output list has the expected elements
for 1 in range(len(output\_list)):
assert output_list[i] == numsi[i] - nums2[i]

# run the testing function “test_sub_list™ on a new testcase
\_ test_sub_list([1, 2, 3, 4], [10, 9, 8, 7])




Verification as Feedback

* |ssues with verification with
functional specifications:

* Very hard to specify a
functional specification

* Pre- and post-conditions
sometimes require

Verification of Program with a Specification

ion} Program {Post-con

Pye{d}

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

* Requires a Vx, P(x) = 0(c(x))
/ solver to verify
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Verified Code Transpilation with LLMs
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Code Transpilation
Language X — Language Y

Given program x € X — Synthesizey €Y

Specification

Vi, evalx(x,i) = evaly(y, i)



Verified Code Transpilation with LLMs

Target Language
Description

Target Language
Description

PS Prompt

o
)
3
®
=
o
-
@
Q
o
(7]

LLM

Invariant Prompt

Boolean Feedback

| |

I |

| . ‘
| | ! .
| Parser — 5| commmm :—>@—>: Parser | |  Verifier Code Generator
| i | |

I |

| I

Source
_—_

\

,,,,,,,,

Target

Your task is to rewrite the given "test” C++
function using Apple MLX (array processing
framework). The rewritten program should be
semantically equivalent to the "test’ function.
//test Function
vector<vector<int>> test(vector<vector<int>> b,
vector<vector<int>> a){
vector<vector<int>> out;
for (int row = @; row < b.size(); row++) {
vector<int> row_vec;
for (int col = 0; col < b[@].size(); col++) {
int pixel = (b[row][col] + a[row][col]) - 255;
row_vec.push_back(pixel);}
out.push_back(row_vec);}
return out;}

#include <MLCompute/MLCompute.h>
mlcompute: :Tensor test(mlcompute::Tensor b,
mlcompute::Tensor a) {

out = b + a - 255;
return out;}

auto out = mlcompute::Tensor::zeros_like(b);

’




Summary of Iterative Refinement Feedback

* Compiler messages
* Linter messages

* Unit test report
* Generating traces from unit test using debuggers
* Simplifying traces via control flow graph
* Generating more test cases

* Property based testing
* Verification result
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IS SELF-REPAIR A SILVER BULLET FOR
CODE GENERATION?
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» Self-repair is not a silver bullet: when the cost of repair is taken into account, we find several
instances in which pass rates are higher or equally high with 1.i.d. sampling (without repair),
especially when the budget is small. We conjecture that this is because program generation and
repair rates trend together, and many subtle factors influence which one will overpower the other

for a given task (see Appendix C).




Debug like a Human: A Large Language Model Debugger via Verifying
Runtime Execution Step by Step —e— LDB (ours)
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IS SELF-REPAIR A SILVER BULLET FOR
CODE GENERATION?

 Self-repair is not a silver bullet: when the cost of repair is taken into account, we find several
instances in which pass rates are higher or equally high with 1.i.d. sampling (without repair),
especially when the budget is small. We conjecture that this is because program generation and
repair rates trend together, and many subtle factors influence which one will overpower the other
for a given task (see Appendix C).

* Artificially boosting the quality of the feedback significantly improves the efficacy of self-repair. We
replace Code Llama’s feedback with that produced by GPT-3.5 or GPT-4, and GPT-3.5’s feedback
with that of GPT-4; in every case, the boosted configuration beats both the corresponding i.i.d.
baseline and the corresponding self-repair configuration at all budgets. Furthermore, replacing GPT-
4’s own explanations with those of a human programmer improves repair significantly, increasing
the fraction of repaired programs which pass the tests by a factor of 1.58 x (from 33.3% to 52.6%).

Table 1: Success rate of repair with GPT-4’s explanations vs. with those of our human participants.

Difficulty | Introductory Interview Competition Overall

GPT-4 Feedback 42.64% 19.33% 3.67% 33.30%
Human Feedback 62.21% 45.67% 14.67% 52.60%
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Dimensions in Program Synthesis

Behavioral Specification
4 - Whatshould the program do?

Hard Constraints:
- Compilation check, Unit tests, Property tests, ...

Soft Constraints:
- Memory consumption, Speed, #operations, ...

\

Synthesis Strategy Structural Specification
- How do we find such a program? - What s the space of the programs?
Iterative Refinement with Feedback General Purpose Programming Languages

- Python/C/Java/ ...



Week 4

* Assighment 1
* https://github.com/machine-programming/assignment-1
* Due Today!

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