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» Project description



What is program synthesis?



1950’s - 1990’s



1950’s: Fortran

=

John Backus

[Backus et al., The FORTRAN Automatic Coding System, 1957




1950’s, 1960’s: Church’s Synthesis Problem

Ongoing/Reactive Programs

Alonzo Church

Two problems for recursive arithmetic are studied. The synthesis problem: given a
requirement S(¢#) in a logical system which is an extension of recursive arithmetic, to
find (if possible) recursion equivalences for a circuit which satisfies the requirement.
And the decision problem: given both requirement and recursion equivalences, to

Programs represented as circuits/finite automata

Church, Application of Recursive Arithmetic to the Problem of Circuit Synthesis, 1957

Church, Logic, Arithmetic and Automata, 1962



The goal of reactive synthesis is to generate a reactive system whose behavior satisfies a
temporal specification, in the presence of continuous interaction with an environment

Inputs

Outputs



1960’s, 1970’s: Church’s Synthesis Problem Solved!

Julius Richard Buchi Lawrence Landwebber Michael O. Rabin

Extract program from
finite-state winning strategy
of an
infinite two-player game

Buchi and Landwebber, Solving Sequential Conditions by Finite-State Strategies, 1967

Rabin, Automata on infinite objects and Church’s Problem, 1972



For every move of the adversary (every action of the environment),
the synthesized program must make a counter-move that maintains correctness.

The game can be modeled as an automaton
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1960’s, 1970’s: Deductive Synthesis
Transformational/Functional Programs

Cordell Green Zohar Manna Richard Waldinger

Extract LISP-y program from
proof of satisfiability of
formal specification

Green, Application of Theorem Proving to Problem Solving, 1963

Manna and Waldinger, Dreams = Programs, 1979
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Dreams w=) .—; Programs
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Complete
Formal —

==) Programs

Specifications
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VX,y, Z.

X < max(x,y,z) A

y < max(x,y,z) A int max (int x,int y,int z)

intm= z;
) if (z<=y)m

if (m< x)m

return m;

z <max(x,y,z) A
Y5
X5

(max(x,y,z)=x V

max(x,y,z)=y V

max(x,y,z)=z)

@



int max (int x,int y,int Zz)
intm= z;
) 1 (z<=y)m=y;
if (m< x)m-= x;
return m;

(0, 10, 2) » 10

(-1, 10, 20) » 20 =)
(-1, -2, -3) » -1

@




1970’s: Inductive Programming
Transformational Programs

Summers, A Methodology for LISP Program Construction
from Examples, 1977

Biermann, Inference of Regular LISP Programs from
Examples, 1978

Example 8:In alist of lists, obtamthe ﬁrstelementofeach :T
list: ((4) (B)) yields (A B). First these lists are converted to

| S-expressions as described in Example 1.
|

I Example Input Output

((4-D)-((B-E)-C)) (4-(B-C))

Program:
(F{ X} = (coND((aTOM X)X)
((aToM(carR X))(F,(cAR X)))
(T(cons(F, X)(F; X))
(car X))
1(cDR X))

(F,X)=
(F3X)=
Time: 18 s.

(F
(F




1980’s: Synthesis of Reactive Programs

Clarke Emerson

Extract program (model) from
algorithmically-constructed witness to
satisfiability of formal specification.

Clarke & Emerson, Design and Synthesis of Synchronization Skeletons using Branching-
Time Temporal Logic, 1981



1980’s: Synthesis of Reactive Programs

Pnueli

Better algorithms than Buchi, Landwebber, Rabin

Still an active research area!

Pnueli & Rosner, On the Synthesis of a Reactive Module, 1989



1980’s: Programmer’s Apprentice

Charles Rich Richard C. Waters

» Codify expert knowledge on
how to solve programming problems
» User guided synthesis

‘ =W
Rich and Waters, Programmer’s Apprentice, MIT 1987
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1990’s: Inductive Learning
Transformational Programs

Tessa Lau

Replaced ad-hoc approaches for PBE/PBD with
techniques based on version space generalization
and inductive logic programming

Lau and Weld, Programming by Demonstration: An Inductive Learning Framework, 1998
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Post 2000: Modern Program Synthesis



Transformational program synthesis: A search problem

Input-output examples
Logical specifications

Equivalent programs ~ mmm)
Natural language

==) Programs

|

@

Grammar
Search space DSL Find a program in search space
P Partial program consistent with specification

Components



Dimensions in modern program synthesis

User intent

How do you tell the system what you want?

Search strategy

How does the system find the
Search space program you actually want?

What is the space of
programs to explore?

[Gulwani 2010]



Dimensions in modern program synthesis

Search space

What is the space of
programs to explore?

How do you represent
domain knowledge?

Built-in or user-defined?

User intent

How do you tell the system what you want?
Specification formalism?
Interaction model?

Ambiguity?

Search strategy

How does the system find the
program you actually want?

How do you quide the system
towards relevant programs?

How does the system exploit the
structure of the search space?



Dimensions in modern program synthesis

Search space
Grammars/DSLs
Generators

Components

User intent

Input-output examples

Logical specifications

Equivalent programs

Natural language
Search strategy
Enumerative search + pruning
Constraint-based search
Representation-based search
Stochastic search
ML-based



2006: Sketch

User intent
Armando-Solar Lezamma
Input-output examples
Logical specifications

Equivalent programs

Search strategy

Constraint-based search
Search space

Generators

Solar-Lezamma et al., Combinatorial Sketching for Finite Programs, 2006
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2006: Sketch

Goal: Output the least significant zero bit in a word/bitvector
Ex: 00100101 -> 00000010

int W= 32;
bit[W] isb‘;%ca[t,e]@ ngcit_["é]. x) { A possible program
For (int i = @; i < W; i++) Not the most efficient
if (!'x[i]) { ret[i] = 1; return ret; }

Adding 1 to a string of 1's turns the next 0 to a 1!

000111 + 1 = 001000 Trick for an efficient program



Sketch: space of possible implementations

/* Generate the set of all bit-vector expressions
* involving +, &, xor and bitwise negation (~).
* the bound param limits the size of the generated expression.
*/
generator bit[W] gen(bit[W] x, int bound){
assert bound > 0;
if(??) return x;
if(??) return ??;
if(??) return ~gen(x, bound-1);
if(??){
return {| gen(x, bound-1) (+ | & | *) gen(x, bound-1) |}; }



Sketch synthesis setup

int W= 32;
bit[W] isolate® (bit[W] x) {
bit[W] ret = 0;
for (int 1 =0; 1 < W; i++)
if (!'x[1i]) { ret[i] = 1; return ret; }

Nalve program

}

generator bit[W] gen(bit[W] x, int bound){
assert bound > 0;
if(??) return x;
if(??) return ??;
if(??) return ~gen(x, bound-1);
if(?2?){
return {| gen(x, bound-1) (+ | & | *) gen(x, bound-1) |}; }

Program generator

}

bit[W] isolate@fast (bit[W] x) implements isolate®@ { Specification
return gen(x, 3);

} “Program equivalence”



Sketch output

bit[W] isolate@fast (bit[W] x) dimplements isolate® { _ o
return ~x & (x+1); Desired efficient program

}



2011: FlashFill

User intent

Sumit Gulwani

Input-output examples

Search strategy

Representation-based search
Search space

(Version space algebras)
Grammars

DSLs

Gulwani, Automatic String Processing in Spreadsheets using Input-Output Examples, 2011
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A feature of Excel 2013!
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Excel is now a lot easier for people who aren't spreadsheet- and chart-making pros. The application’s
new Flash Fill feature recognizes patterns, and will offer auto-complete options for your data. For
example, if you have a column of first names and a column of last names, and want to create a new
‘("fl)e Seaﬂle@ﬁmes column of initials, you'll only need to type in the first few boxes before Excel recognizes what you're doing
Winner of a 2012 Pulitzer Prize and lets you press Enter to complete the rest of the column.




FlashFill synthesis setup

Load Test

"Home Insert  Pagelayout Formulas = Data  Review  View | Quick Code "Team | Design

Quick Fill Auto Fill Quick Layout

Apply HiLight CurrencyWidget
Commit AddresswWidget
Table116 v ( £ AnaTrjilo 357 21th Place SE,Redmond,WA,(757) 555-1634,140-37-6064,27171 ~
A B C D E F o
i Column1 Mcol2 Elcoi3 Bcol4 ¥ Col 5 Mcoic ElE
2 Ana Trujillo 357 21th Place SE,Redmond, WA, (757) 555-1634,140-37-6064,27171 Redmond WA (757) 555-1634  140-37-6064 27171 \
3 Antonio Moreno 515 93th Lane ,Renton,WA,(411) 555-2786,562-87-3127,28581 i
4 Thomas Hardy 742 17th Street NE,Seattle, WA, (412) 555-5719,921-29-4931,24607 }
5 Christina Berglund 475 22th Lane ,Redmond,WA,(443) 555-6774,844-35-6764,30146 i m—
6 Hanna Moos 785 45th Street NE,Puyallup,WA,(376) 555-2462,515-68-1285,29284 o (0 c .
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11 Victoria Ashworth 463 16th Street ,Renton,WA,(696) 555-6044,690-29-7926,22832 } ;[
12 Patricio Simpson 630 20th Street ,Redmond,WA,(179) 555-3265,389-78-3236,24525 ‘
13 Francisco Chang 683 49th Lane ,Seattle, WA,(272) 555-7434,665-18-6435,29453 1 1
14 Yang Wang 944 28th Lane ,Redmond, WA, (151) 555-2272,846-78-8452,24388 4+— Ot h er strin g Inpu ts
15 Pedro Afonso 411 70th Place ,Kent,WA,(170) 555-2964,774-35-2298,29485 | ]
16 Elizabeth Brown 971 20th Lane ,Puyallup,WA,(373) 555-4134,476-53-7164,26417 }
17 Sven Ottlieb 676 17th Lane NE,Redmond, WA, (828) 555-1593,548-73-8633,27440 : ‘
18 |Janine Labrune 267 95th Place SE,Seattle,WA,(949) 555-1316,350-27-8300,28074 —
19 /Ann Devon 694 53th Place ,Kent,WA,(194) 555-8124,559-74-4016,22367 o o
20 Roland Mendel 581 12th Street NW,Kent,WA.,(103) 555-2146,303-79-1328,20518 FlashFill Sy nthesizes program
21 Aria Cruz 594 85th Lane ,Renton,WA,(431) 555-1376,329-93-9992,21498 . : h I
22 Diego Roel 550 22th Lane ,Renton,WA,(639) 555-6238,918-34-5172,25931
23 Martine Rancé 688 93th Place NW,Kent,WA,(573) 555-3571,695-94-3479,22424 CO n S I Ste nt W It u Se r exa m p e
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FlashFill output

Home Insert  Pagelayout Formulas Data  Review View | QuickCode | LoadTest  Team | Design

File
Quick Fill Auto Fill Quick Layout
HiLight CurrencyWidget
Undo Commit AddressWidget

Tablel16 v fc | Ana Trujillo 357 21th Place SE,Redmond,WA,(757) 555-1634,140-37-6064,27171 v
| A B D E i e o
i column1 : Ecoi2 [BElcoi3 Bcol4 Col 5 Bcois ENE
2 |Ana Trujillo 357 21th Place SE,Redmond, WA, (757) 555-1634,140-37-6064,27171 Redmond WA (757) 555-1634  140-37-6064 27171
3 |Antonio Moreno 515 93th Lane ,Renton,WA,(411) 555-2786,562-87-3127,28581 Renton WA (411) 555-2786 562-87-3127 28581
4 |Thomas Hardy 742 17th Street NE,Seattle, WA, (412) 555-5719,921-29-4931,24607 Seattle WA (412) 555-5719  921-29-4931 24607
5 |Christina Berglund 475 22th Lane ,Redmond,WA,(443) 555-6774,844-35-6764,30146 Redmond WA (443) 555-6774 844-35-6764 30146
6 |Hanna Moos 785 45th Street NE,Puyallup,WA,(376) 555-2462,515-68-1285,29284 Puyallup WA (376) 555-2462 515-68-1285 29284
7 |Frédeérique Citeaux 308 66th Place ,Redmond,WA,(689) 555-2770,552-23-2508,21415 Redmond WA (689) 555-2770 552-23-2508 21415
8 |Martin Sommer 887 86th Place ,Kent,WA,(715) 555-5450,870-91-9824,21536 Kent WA (715) 555-5450 870-91-9824 21536
9 [Laurence Lebihan 944 13th Street NE,Redmond, WA, (620) 555-2361,649-25-5312,2525:Redmond WA (620) 555-2361 649-25-5312 25252
10 |Elizabeth Lincoln 452 73th Lane NE,Renton,WA,(851) 555-4561,425-97-6344,22279 Renton WA (851) 555-4561 425-97-6344 .
11 |Victoria Ashworth 463 16th Street ,Renton,WA,(696) 555-6044,690-29-7926,22832 Renton WA (696) 555-6044 690-29-7926 St r| n g O ut p u tS ge n e ra te d
12 |Patricio Simpson 630 20th Street ,Redmond,WA,(179) 555-3265,389-78-3236,24525 Redmond WA (179) 555-3265 389-78-3236
13 |Francisco Chang 683 49th Lane ,Seattle, WA,(272) 555-7434,665-18-6435,29453 Seattle WA (272) 555-7434 665-18-6435 5
i1§7 Yang Wang 944 28th Lane ,Redmond, WA, (151) 555-2272,846-78-8452,24388 Redmond WA (151) 555-2272 846-78-8452 by Sy nt h e S I Ze d p ro g ra m
15 |Pedro Afonso 411 70th Place ,Kent,WA,(170) 555-2964,774-35-2298,29485 Kent WA (170) 555-2964 774-35-2298 v
16 |Elizabeth Brown 971 20th Lane ,Puyallup,WA,(373) 555-4134,476-53-7164,26417 Puyallup WA (373) 555-4134 476-53-7164 26417 |
17 |Sven Ottlieb 676 17th Lane NE,Redmond, WA, (828) 555-1593,548-73-8633,27440 Redmond WA (828) 555-1593 548-73-8633 27440
18 |Janine Labrune 267 95th Place SE,Seattle, WA, (949) 555-1316,350-27-8300,28074 Seattle WA (949) 555-1316  350-27-8300 28074
19 |Ann Devon 694 53th Place ,Kent,WA,(194) 555-8124,559-74-4016,22367 Kent WA (194) 555-8124 559-74-4016 22367
20 |Roland Mendel 581 12th Street NW,Kent,WA,(103) 555-2146,303-79-1328,20518 Kent WA (103) 555-2146  303-79-1328 20518
21 |Aria Cruz 594 85th Lane ,Renton,WA,(431) 555-1376,329-93-9992,21498 Renton WA (431) 555-1376  329-93-9992 21498
22 |Diego Roel 550 22th Lane ,Renton,WA,(639) 555-6238,918-34-5172,25931 Renton WA (639) 555-6238 918-34-5172 25931
23 |Martine Ranceé 688 93th Place NW,Kent,WA,(573) 555-3571,695-94-3479,22424 Kent WA (573) 555-3571 695-94-3479 22424
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Many more interesting papers....Iater!



2020: MANTIS

Semantics-guided Inductive Program Synthesis

User intent

Input-output examples

Search strategy

Semantics-guided search
Search space

Partial programs

*

An et al., Augmented Example-based Synthesis using Relational Perturbation Properties, 2020



Problems in inductive program synthesis

int max (int x,int y,int z)

(0, 10, 2) » 10
intm= z;

(-1, 10, 20) = 20 =) ) if (z<=y)m=y;
if (m< xX) m= Xx;
(-1, -2, -3) » -1 return m;

1

Program/Search Space

@




Problems in inductive program synthesis

int max (int x,int y,int z)
intm= z;
if (z <= y) m
if (m < x) m
return m;

Y
X,

(0, 10, 2) » 10

—

(-1, 10, 20) » 20 am)

(-1, -2, -3) » -1 int max (int x,int y,int z)

intm= X;

if (y < z) m = z;
if (m<y)m=y;
return m;

@

Program/Search Space

Ambiguity!



Problems in inductive program synthesis \/

int max (int x,int y,int z)
intm= z;
if (z <= y) m
if (m < x) m
return m;

Y
X,

(0, 10, 2) » 10

—

(-1, 10, 20) » 20 am)

(-1, -2, -3) » -1 int max (int x,int y,int z)

intm= X;

if (y < z) m = z;
if (m<y)m=y;
return m;

@

Program/Search Space

X

Overfitting!



Problems in inductive program synthesis

int max (int x,int y,int z)
intm= X3

(0, 10, 2) » 10

(-1, 10, 20) » 20 am) ) if (y < z) m=z;
if (m<y)m=y;
(-1, -2, -3) » -1 return m;

1

Program/Search Space

X

@

Overfitting!



Problems in inductive program synthesis

X

int max (int x,int y,int Zz)
intm= X3

(0, 10, 2) » 10

(-1, 10, 20) = 20 =) mm) if (y<z)yms=z;
if (m<y)m=y;

int max (int x,int y,int 2z)
intm= X;

(0, 10, 2) » 10

(-1, 10, 20) = 20 E==) mm) 1f (y <z)m=2z;
if (m<y)m-=y;

 brittenesst v




Occam’s Razor V

D T . , , :
anking Function int max (int x,int y,int z)

‘l' intm= z;
if (z<=y)m=y;
it (m< x)m= x;

(0, 10, 2) » 10 return m;

(-1, 10, 20) = 20 =) —

(-1, -2, -3) » -1

int max (int x,int y,int Zz)
intm= X;
if (y < z) m=z;
I if (m<y)ms=y;
return m;

Program/Search Space

@

T IR



(0, 10, 2) » 10

(-1, 10, 20) — 20

(-1, -2, -3) » -1

@

Permutation Invariance

!

> >

|

Program/Search Space

v/

int max (int x,int y,int Zz)
intm= z;

if (z<=y)m=y;

it (m< x)m= x;

return m;

int max (int x,int y,int Zz)
intm= X;
if (y < z) m=z;
if (m<y)ms=y;

return m;




Permutation Invariance

(0, 10, 2 ) — 10 1 V

(-1, 10, 20) ~ 20

int max (int x,int y,int Zz)
intm= z;

(2,10, 0 ) = 10 ) I (z<=y)m=y;
if (m< x)m-= x;
(20, -1, 10) ~ 20 return m;

(-2, -1, -3) » -1 I

Program/Search Space




Key Strategy

1. Augment examples by applying properties

2. Use PBE engine to synthesize program from augmented examples



Partial Programs

+

Reference Implementations

SKETCHAX




Success Rate

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

60% improvement!

Benchmarks with Properties

M SKETCH

W SKETCHAX SELECTION

W SKETCHAX VALIDATION

W SKETCHAX INFERENCE



Success Rate

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

60% improvement!

Benchmarks with Properties

191% improvement!

Bitvector Benchmarks with
Properties

M SKETCH

W SKETCHAX SELECTION

W SKETCHAX VALIDATION

W SKETCHAX INFERENCE



Success Rate

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

+60%

+191% +30%| +1%

+22%

Properties

Properties
Bitvector

Properties
Integer

ProperUes

M SKETCH

W SKETCHAX SELECTION

W SKETCHAX VALIDATION

W SKETCHAX INFERENCE




Your project — Apply MANTIS to your domain!



Example Domains

Imperative programs over simple datatypes (integers, Booleans, arrays, matrices)
Heap-manipulating (recursive) imperative programs

Functional programs with algebraic datatypes

Relational queries (SQL, Datalog)

String-manipulating programs

Table-manipulating programs

Parser synthesis

Map-reduce distributed programs

Web programming

Regular expressions

VvV VvV VvV VvV VvV VvV VvV VvV VvV v VY



1. Identify domain

2. ldentify applicable semantic properties

3. Use existing inductive synthesizer as black-box
or

Build your own search algorithm/synthesizer!



Summary

Today
» Introduction to program synthesis
» Project description

Next
» Propositional logic

» Normal Forms



