Interactive Program
ynthesis




The big picture

What if your excel was smart ?
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Format descriptor

Input Output
123.4567 123.46
123.4 123.40
78.234 78.23
(a)

Input Output
0d 5h 26m  5:00
0d 4h 57Tm  4:30
Od 4h 27m  4:00
0d 3h 57m  3:30

Language for rounding to
two decimal places
Excel, C# #.00
Python, C 2f
Java #. 44
(b)
Input Output

08/21/2010 08/21/2010
07/24/2010 07/24/2010

20.08.2010  08/20/2010
23.08.2010  08/23/2010
2010-06-07  07/06/2010
2010-24-08  08/24/2010

(d)


#
#
#
#

Input vy Input vs

Output

Stroller 10/12/2010
Bib 23/12/2010
Diapers 21/1/2011
Wipes 2/4/2009
Aspirator  23/2/2010

$145.67+0.30%145.67

$3.56+0.45%3.56
$21.45+0.35%21.45
$5.12+0.40%5.12
$2.56+0.30%2.56

MarkupRec CostRec

Id Name Markup Id Date Price
S30  Stroller 30% S30  12/2010 $145.67
B56  Bib 45% S30 11/2010 $142.38
D32  Diapers 35% B56  12/2010 $3.56
W98 Wipes 140% D32 1/2011  $21.45
A46  Aspirator 30% W98  4/2009  $5.12
ce cee e Ad6  2/2010 $2.56

191.128.19.55 - - [09/Jun/2016:18:05:33 -8800] "GET /checks.txt
174.13.84.3 - - [09/Jun/2016:19:43:23 -@800] "GET /images/pic.png
192.16.201.109 - - [10/Jun/2016:06:10:03 -0800] "GET /pdf/document.pdf
11.0.4.5@ - - [10/Jun/2016:16:10:02 -2800] "GET /index.html
191.169.12.13 - - [11/Jun/2016:11:10:82 -080@] "GET /index.html
172.18.0.102 - - [11/)un/2016:16:12:34 -880@] "GET /logs/access.log
192.19.2.10@ - - [11/Jun/2016:17:32:36 -0800] "GET /lIndex.html
10.129.2.78 - - [11/)un/2016:17:45:38 -0800] "GET /data/2/4
171.19.3.12 - - [11/Jun/2016:22:12:01 -8800) "GET /data/
191.168.125.112 - - [11/Jun/2016:23:12:52 -0800) "GET /pictures/pic2.png
174.26.8.223 - - [12/Jun/2016:16:13:04 -0800] "GET /images/picd.gif
175.16.8.24 - - [12/Jun/2016:17:29:33 -0880] "GET /index.html
196.168.29.105 - - [12/Jun/2016:18:33:11 -8808] "GET /styles.css
101.22.54.38 - - [13/Jun/2016:20:32:43 -0800] "GET /js/scripts.js

(a)

[191.128.19.55 - -[ 09/Jun/2016 : 18:05:33 - 0800 ] " GET / checks.txt

174.13.04.3 --[ 09/)un/2016 : 19:43:23 - 0800 ] " GET / images/pic.png
[192.16.201.109 - - 10/Jun/2016 : 06:10:03 - 0800 | " GET / pdf/document.pdf
|11.0.4.50 ~«[ 10/Jun/2016 : 16:10:02 - 0800 | " GET / index.html
191.169.12.13  --[ 11/Jun/2016 : 11:10:02 - 0800 | " GET / index.html
1172.18.0.102 --[ 11/Jun/2016 : 16:12:34 - 0800 | " GET / logs/access.log
1192.19.2.100 --[ 11/Jun/2016 : 17:32:36 - 0800 ] " GET / index.html
‘10.129.2.78 --[ 11/Jun/2016 : 17:45:38 - 0800 ] " GET / data/2/4

171.19.3.12 --[ 11/1un/2016 : 22:12:01 - 0800 ] " GET / data/
1191.168.125.112 --[ 11/Jun/2016 : 23:12:52 - 0800 ] " GET / pictures/pic2.png
|174.26.0.223 --[ 12/Jun/2016 : 16:13:04 - 0800 | " GET / images/pic4.gif
|175.16.0.24 -« [ 12/Jun/2016 : 17:29:33 - 0800 ] " GET / index.html
[196.168.29.105 - -[ 12/Jun/2016 : 18:33:11 - 0800 | " GET / styles.css
1101.22.54.38 -~ [ 13/Jun/2016 : 20:32:43 - 0800 | " GET / js/scripts.js

(b)
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357 21lh Place SE

' | Harvest | Date
A B C D E 930 | 1981
1 value | year | value | year
2 | Albania__| 1000 [ 1950 | 930 | 1981 Austria 3139 | 1951
3 3139 | 1951
Igium 541 | 1947 1| 195
5 | Bulgaria | 2964 | 1947 | 1959 | 1938 | Fgelgium | S41 T 1947
6 | Czech... | 2416 | 1950 | 2503 | 1960 elgium_ | 601 | 1950 |
e YellowLabel (a') (b)
Ana Trujillo Redmond (757) 555-1634
Antonio Moreno Renton (411) 555-2786
Thomas Hardy Seattle (412) 555-5719
Christina Berglund Redmond (443) 555-6774
Hanna Moos Puyallup (376) 555-2462
Frederique Citeaux Redmond (689) 555-2770

(b)
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Figure 2.1: The FlashFill PBE technology, released in Excel 2013, can automate
syntactic string transformations. Once the user provides one instance of the transfor-
mation (row 2, col. B) and proceeds to transforming another instance (row 3, col. B),
FlashFill synthesizes an intended program and applies it to the remaining rows to
populate col. B.

2.1. Data Wrangling

19

Input Output

123.4567  123.46
1234 123.40
78.234 78.23

Format descriptor

Input Output

0d 5h 26m  5:00
0d 4h 57Tm  4:30
Od 4h 27m  4:00
0d 3h 57m  3:30

(c)

Language for rounding to
two decimal places
Excel, C# #.00
Python, C 2f
Java #.##
(b)
Input Output

08/21/2010 08/21/2010
07/24/2010 07/24/2010
20.08.2010  08/20/2010
23.08.2010  08/23/2010
2010-06-07  07/06/2010
2010-24-08  08/24/2010

(d)

Figure 2.3: Sample number and date transformations that can be automated
using PBE: (a) Rounding to two decimal places, (c) Nearest lower half hour, (d)
Formatting dates to a consistent format. (b) shows the format descriptors in different
programming languages required to perform the rounding transformation in (a).
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18 Applications

Input vy Input vs Output

Stroller 10/12/2010 $145.67+0.30%145.67

Bib 23/12/2010 $3.56+0.45*3.56

Diapers 21/1/2011  $21.45+0.35*21.45

Wipes 2/4/2009 $5.12+0.40*5.12

Aspirator  23/2/2010 $2.56+0.30*2.56

MarkupRec CostRec
Id Name Markup Id Date Price
S30  Stroller 30% S30  12/2010 $145.67
B56 Bib 45% S30 11/2010 $142.38
D32  Diapers 35% B56  12/2010 $3.56
W98  Wipes 140% D32 1/2011  $21.45

W98 4/2009  $5.12

A46  Aspirator

30%

Ad6  2/2010  $2.56

Figure 2.2: A semantic string transformation that requires performing syntactic
manipulations on multiple lookup results. The goal is to compute the selling price
of an item (Output) from its name (Input v,) and selling date (Input v2) using the
MarkupRec and CostRec tables. The selling price of an item is computed by adding
its purchase price (for the corresponding month) to its markup charges, which in
turn is calculated by multiplying the markup percentage by the purchase price. Such
transformations can be inferred by examples [127].

191.128.19.55 - - [09/Jun/2016:18:05:33 -8800] "GET /checks.txt
174.13.84.3 - - [09/Jun/2016:19:43:23 -@800] "GET /images/pic.png
192.16.201.109 - - [10/Jun/2016:06:10:03 -0800] "GET /pdf/document.pdf
11.0.4.50 - - [10/Jun/2016:16:10:02 -2800] "GET /index.html
191.169.12.13 - - [11/Jun/2016:11:10:82 -080@] "GET /index.html
172.18.0.102 - - [11/Jun/2016:16:12:34 -880@] "GET /logs/access.log
192.19.2.10@ - - [11/Jun/2016:17:32:36 -0800] "GET /lIndex.html
10.129.2.78 - - [11/)un/2016:17:45:38 -0800] "GET /data/2/4
171.19.3.12 - - [11/Jun/2016:22:12:01 -8800] "GET /data/
191.168.125.112 - - [11/Jun/2016:23:12:52 -0800) "GET /pictures/pic2.png
174.26.8.223 - - [12/Jun/2016:16:13:04 -0800] "GET /images/picd.gif
175.16.8.24 - - [12/Jun/2016:17:29:33 -0800] "GET /index.html
196.168.29.185 - - [12/Jun/2016:18:33:11 -8808] "GET /styles.css
101.22.54.38 - - [13/Jun/2016:20:32:43 -0800] "GET /js/scripts.js

(a)
jl9l.128.19.55 <[ 09/Jun/2016 : 18:05:33 - 0800 | " GET / checks.txt
174.13.04.3 --[ 09/)un/2016 : 19:43:23 - 0800 ] " GET / images/pic.png
[192.16.201.109 - - 10/Jun/2016 : 06:10:03 - 0800 | " GET / pdf/document.pdf
|11.0.4.50 ~«[ 10/Jun/2016 : 16:10:02 - 0800 | " GET / index.html
{191‘169.12.13 --[ 11/Jun/2016 : 11:10:02 - 0800 | " GET / index.html
172.18.0.102 -~ 11/Jun/2016 : 16:12:34 - 0800 | GET / logs/access.log
1192‘19.2.100 --[ 11/)un/2016 : 17:32:36 - 0800 ] " GET / index.html
‘10.129.2.78 --[ 11/Jun/2016 : 17:45:38 - 0800 | " GET / data/2/4
jl7l.19.3.12 --[ 11/lun/2016 : 22:12:01 - 0800 ] " GET / data/
5191.168.125.112 --[ 11/Jun/2016 : 23:12:52 - 0800 ] " GET / pictures/pic2.png
:174.26.0.223 --[ 12/Jun/2016 : 16:13:04 - 0800 | " GET / images/pic4.gif
|175.16.0.24 --[ 12/1un/2016 : 17:29:33 - 0800 | " GET / index.htm!
;196.168.29.105 --[ 12/Jun/2016 : 18:33:11 - 0800 | " GET / styles.css
1101.22.54.38 - +[ 13/Jun/2016 : 20:32:43 - 0800 | " GET / js/scripts.js

(b)

Figure 2.4: PBE can be used for column splitting: (a) input data column, (b)
output columns.
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Redmond] WA

93th Lane

iton, WA

Country | Harvest | Date
Thomas Hardy A B C D E Albania 930 | 1981
m Street NE 1 value | year | value | year
B WA 3 1000 [ 1950 930 | 1981 Austnia 3139 ] 1951
3 3139 | 1951
"4 | Belgium T |1 1 | 1950 .
475 22th Lane 5 | Bulgaria | 2964 | 1947 | 1939 | 1958 | Fgelgium [ ST 19T
Redmond, WA 6 | Czech... | 2416 [ 1950 [ 2503 | 1960 elgium | 601 | 1950 |
‘BlueLabel Greenl hm .| i YellowLabel S o
Hanna Moog Ana Trujillo Redmond (757) 555-1634 (a) (b)
785 45th Street NE
Puyallupl WA Antonio Moreno Renton (411) 555-2786
(376) 555-2462 -
Tho.més Hardy Seattle (412) 555-5719 Figure 2.5: FlashRelate can transform the semi-structured table (a) into the output
W Christina Berglund Redmond (443) 555-6774 structured table (b) once the user provides a couple of examples of tuples in the
Redmond \?\;\e Hanna Moos Puyallup (376) 555-2462 output table, for instance, the ones highlighted in orange and green, respectively.
Frederique Citeaux Redmond (689) 555-2770

(a) (b) '

Figure 2.6: FlashExtract enables tabular data extraction from text/log files and
web pages using examples. Once the user highlights one or two examples of each field
in a different color (in the text file on the left side), FlashExtract extracts more such
instances and arranges them in a structured data format (table on the right side).
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Program Synthesis: “The Ultimate Dream” of CS

Programming

Language

Search
Algorithm
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Applications

2.1 Data Wrangling . . . ..
2.2 Graphics .. .........
2.3 Code Repair. ... ..

2.4 Code Suggestions.. .. ..
2.5Modeling..........
2.6 Superoptimization . . ..

2.7 Concurrent Programming

cid N asz | B | fix)

Query Optimization

Goal:
Declarative SQL query

Imperative query execution plan:
I

buyer

[

SELECT S.buyer
FROM Purchase P, Person Q
WHERE P.buyer=Q.name AND City='seattle’”\ phone>’5430000°

Q.city="seattle’ AND ‘

Q.phone > 5430000
_______________________________ ' D>
 Inputs: | Buyer=name  (Simple Nested Loops)
| » the query | i

i * statistics about the datal
| (indexes, cardinalities, |
i selectivity factors) |
|+ available memory |

Ideally: Want to find best plan. Practically: Avoid worst plans!

|

Purchase Person

(Table scan) (Index scan)
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Case for Data Wrangling.

b
WHAT ARE THEODDS || DOES IT MATTER, 3 BUT ASK
THAT YOU MADE THIS 4| AS LONG AS IT GIVES E IT YOURSELF
COMPLICATED SPREAD— ME THE ANSWER T | sHouLD,  IF IT DOES.
0 SHEET WITHOUT ANY g WANT? 2 :
99% of spreadsheet { CRITICALERRORs? | g
L] g
do not know programming g 3
3 &
2 .
(-]
by

El Joel Grus ¥ Follow
@joelgrus

Data scientists spend 80% time "Data science is a god-like power."
. . "Right, have you finished munging those CSVs yet?"
eXtraCtmg & CIeanmg data "No, they have time zone data in them!”

¢ A ] Lo ] "N $f Y"1 5
9:18 AM - 25 Oct 2015

« 13209 272
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Case for Data Wrangling.

Input-Output Examples

input state o

HZ20e=2T9=0201"
S40LS . 4l s, OTT08F

“(646) 408 6649”

l

output value out

“(200)
“(415)

“(6406)

279=0201"

41307 03#

408-6649"
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Milestones

A Case for Programming by Examples
- Focus on Data Wrangling.



Key Challenges

®ntractab|e program space

Programming

@ Domain Specific Language (DSL)
+

Version Space Algebra (VSA)

Language

Search P
i Algorithm rogram

Q Programming By Examples
Framework

iversity of users intent
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PBE Timeline

2010-2012 2012-2014 2012-2015 2014-2015 2015-present
[POPL 11] [PLDI 14] [PLDI 15] [OOPSLA 15]

E | E Q Convert-String, e \Y iCl’OSOft
EXChange ConvertFrom-String m Log Analytics
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Domain Specific Language (DSL)

e A domain-specific language (DSL) is a computer language specialized to a particular
application domain.
Eg. spreadsheet formulas and macros.

e A synthesis problem is defined for a given domain specific language (DSL) L.
e ADSL is specified as a context free grammar (CFG)

A CFG descnibing strings of letters with the word "mamn" somewhere in the string:

<program> --> <letter*> m a i n <let
<letter*> --> <letter> <Lletter*>

=
<letter> --> A B R Z a o SRR A


#
#
#
#
https://en.wikipedia.org/wiki/Computer_language
https://en.wikipedia.org/wiki/Domain_(software_engineering)
https://en.wikipedia.org/wiki/Spreadsheet

Domain Specific Language (DSL)

language FlashFill;

@output string start :=

string e := f | Concat(f, e);

string f := ConstStr(w)

string sub

Tuple<int, int> pp
int pos

Tuple<Regex, Regex> 7rr

bool cond := let string
@extern[std. text.match]
@input string[] vs;

| let string = = std.Kth(wvs, k) in sub;

:= std.Pair(r, 7r);

e | std.ITE(cond, e, start);

SubStr(z, pp);
std.Pair(pos, pos);
AbsPos(x, k) | RegPos(x, rr, k);

s = std.Kth(vs, k) in b;
bool b; //FV(b) = {s: string}
string w; int k; Regex r;

Figure 1: FlashFill DSL Lrr for string transformations in spread-
sheets [4]. Each program rooted at start takes an input a spreadsheet
row vs and performs a chain of if-elseif matches on some cells
of vs. The expression in the chosen ITE branch returns a concatena-

tion of constants and input

substrings.

Start, End

concatenate( stringA, stringB)
condition_on_char( condition, stringA)
substring( stringA, start, end)

kth_elem(stringA, k)
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e P = Program

VerSion Space Algebra (VSA) e N = Setof Programs {P1, P2, ... Pn}
L = Domain Specific Language (DSL)

e Aversion space algebra (VSA) is a data structure for efficient storage of candidate
programs in deductive synthesis. _
e Operations like union, intersection, Top_h (N, k), and projection(filtering) is permitted

1 10
2 1

3 |01
4 |00
5 | 011

6 010
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Version Space Algebra (VSA)

Concaty ’ [e’ﬁ},j Concaty
v v
“42” Concatx Concatx “5”

ll ”n “ ”» “ ”»

Flgure 4: A VSA representing all possible programs output

~ o~ A~ e~

VSAs representing all ways to output substrings “4”, <27, “5”,
“42”, and “25” respectively (not expanded in the figure).
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Inductive Synthesis Problem

e P = Program
= Set of Programs {P1, P2, .... Pn}
= Domain Specific Language (DSL)

N
L

e O -~ Y = Input output constraint (i.e. o/p of the program for i/p O follows constraint )
(P =

Collection of input output examples / constraints. (Specification)

e PBE and inductive synthesis used interchangeably.

An inductive synthesis problem refers to synthesis of a program set N € L that is consistent

with a given inductive specification (p.
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Inductive Synthesis Problem

program P satisfies an input-output
ut [P]o on the given input state o
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BackPropagation / Deductive Synthesis

The main synthesis algorithm in FlashMeta formalism employed for PBE.
Follows the grammar top-down, applying the principle of divide and conquer.

e At each step, it reduces the synthesis problem to Learn (N, ¢ )

e Backpropagate constraints on a program F (N1, ... Nk) to deduced constraints on

its Subexpressions N1, . .., Nk.

e Witness function W transforms the
Spec (P to corresponding spec " for N’

Learn (N, )

/\

Learn (N1, (1) Learn (N2, (p2)

language FlashFill;

@output string start := e | std.ITE(cond, e, start);
string e := f | Concat(f, e);
string f := ConstStr(w)

| let string = = std.Kth(vs, k) in sub;

string sub

Tuple<int, int> pp

int pos

Tuple<Regex, Regex> rr :

= SubStr(z, pp);

std.Pair(pos, pos);

AbsPos(x, k) | RegPos(xz, rr, k);
std.Pair(r, r);

bool cond := let string s = std.Kth(vs, k) in b;
@extern[std.text.match] bool b; //FV(b) = {s: string}
@input string[] vs; string w; int k; Regex 7;
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Ranking Function

e The main idea of ranking is to assign a likelihood score to each program in the set of
programs, induced from a small set of input-output examples, such that the programs
with the highest scores correspond to the desired user-intended programs.

e Insimple words ( converts a set of programs to a ordered list, the top of the list is most
likely to be the desired program)

e Can be designed Manually [57, 84, 90, 106]
Or

e Generated using Machine learning [7128, 30]
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Milestones

A Case for Programming by Examples

- Focus on Data Wrangling.

Defining Program Synthesis

- Key Challenges
- Background
- Domain Specific Language (DSL)
- Inductive Synthesis Problem
- Version Space Algebra (VSA)
- Ranking Function & Backprop

..........................................................................
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. Rankin ~_
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@ Figure 6: Learner-user communication in conventional PBE.

Refined intent
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I |
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Debugging [ TranTator J [?]
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Hurdles to Mass Market

e The performance of the Synthesizer. !,
o  Cannot wait more than 1-2 seconds per round. " .

e The correctness of Synthesized program. m
o Must capture a large class of tasks.
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Inspirations Towards Interactivity.

e Incremental: (one logic at a time)

e Step-based: (One component at a time)

] def __repr__(self):
L4 Feedback-based : (EVOIVlng COdebase) n "oval({}, {})".format(str(self.pl), str(self.p2))

def clone(self):
other = Oval(self.pl, self.p2)
other.config - self.config.copy()
other

ey 2
canvas.toScreen(pl.x,pl.y)
canvas.toScreen(p2.x,p2.y)
canvas.create oval(x1l,yl,x2,y2,options)
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Inspirations: Incrementality

Incremental : (one logic at a time)

DSL £
Observation on each iteration:
e Searchover the same programspaceN € L.
e Growing number of constraints (P
e Decreasing number of output programs N DSL L
What if | could update the DSL L after each iteration ?
-  Maybeasub-DSL?
DSL L program P
\ /-\
Ranking — Woss ™
function h refined spec ¢’
Figure 6: Learner-user communication in conventional PBE.

BeaEs
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Inspirations: Incrementality

Incremental : (one logic at a time)

DSL £
Observation on each iteration:
e Searchover the same programspaceN € L.
e Growing number of constraints (P
e Decreasing number of output programs N DSL L
What if | could update the DSL L after each iteration ?
-  Maybeasub-DSL?
DSL £ prog,ram P
\
Ranking —
function h 1eﬁned spec ¢’
Figure 6: Learner-user communication in conventional PBE.

BeaEs
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Inspirations: Step-based formulation

Step-based : (One component at a time) DSL .

Observation on each iteration:

e Black box model (DSL and ranking function)

e Dependence on counter example
e Whole program to be analyzed for generating
Counter-example. DSL L

What if | could focus on a part of the program for sub

-

expressions and fine tune that. Then move to next ?

DSL £ program P
\ /‘\
Ranking — Woss e
function h refined spec ¢’

Figure 6: Learner-user communication in conventional PBE.
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Inspirations: Step-based formulation

Step-based : (One component at a time) DSL C P

Observation on each iteration:
e Black box model (DSL and ranking function)

e Dependence on counter example 7 [ S
e Whole program to be analyzed for generating
Counter-example. DSL L P

What if | could focus on a part of the program for sub
expressions and fine tune that. Then move to next ?

DSL L program P I- A
(o) o ¢
Ranking — W o™
function h refined spec ¢’ 4
Figure 6: Learner-user communication in conventional PBE.
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Inspirations: Feedback based interaction

Feedback-based : (Evolving codebase)

DSL L. ¢P
Observation on each iteration:
e Noclear understanding of full spec (p.
e Lots of ambiguous programs N =

e Certain constraint disambiguates the program
set more than the other. DSL £

O
What if | could find the right set of next constraints
that shrinks the DSL themost. (say a hypothesizer) et
-
DSL £ prog,ram P
\
Ranking —
function h 1eﬁned spec ¢’ A
Figure 6: Learner-user communication in conventional PBE.


#
#
#
#

Inspirations: Feedback based interaction

Feedback-based : (Evolving codebase)
DSL L

Observation on each iteration:
e Noclear understanding of full spec (p.

e Lotsof ambiguous programs N
e Certain constraint disambiguates the program
set more than the other. DSL C

)

&
-
18

/e
N

—_—

=
el

What if | could find the right set of next constraints
that shrinks the DSL themost. (say a hypothesizer)

m.

DSL £ program P
\ m
_—
Ranking — Woss e
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Figure 6: Learner-user communication in conventional PBE.
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Inspirations Towards Interactivity.

e Incremental : (one logic at a time) DSL L.
o Sub-DSL search

e Step-based: (One component at a time)

o Sub Expression Constraints . R
0

&
=l

_
PR

e Feedback-based : (Evolving codebase) DSL L
o Best resolve ambiguity using Hypothesizer
to generate questions and answering them

o

/g
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\/"\

-
/

Ranking Woss e

m.

function h refined spec ¢’

DSL £ program P |

Figure 6: Learner-user communication in conventional PBE.
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Interactive PBE Architecture
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language £ Figure 7: Learner-user communication in interactive PBE.
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Milestones

A Case for Programming by Examples

- Focus on Data Wrangling.

Defining Program Synthesis

- Key Challenges

- Background
- Domain Specific Language (DSL)
- Inductive Synthesis Problem
- Version Space Algebra (VSA)

Hurdles to Mass Market

- Performance & Correctness

3 Key Inspirations towards Interactivity (Partial)
- Incremental . (one logic at a time)
- Step-based : (One component at a time)

- Feedback-based : (Evolving codebase)



1. Incremental Synthesis

VSA as aDSL function VSATODSL(VSA N)
. . . 1. Let V be a set of fresh nonterminals, one per each non-leaf node in N
e VSANisa DAG_IIke program set 2. Let X be a set of fresh terminals, one per each leaf node in N
repregentatlon. 3./l We write sym(N') € V U X to denote the corresponding fresh
e Itis simply an AST-based /I symbol for a node N' from N

representation of a sub-DSL L'Ce. : Productlons R« 0

4
6| for all union nodes N’ = U(Nl,.. Nk)mNdo
Concan| (e ConcatM 7 R+ RU{sym(N') :==sym(N;) |i=1...k}

B 8: _II Create operator productions for all join nodes
U — —_— — —

9:| for all join nodes N’ - Fu(N1,- .., Ng)inNdo
. \Concatm\ | Concaty \ 10: R + RU {sym(N’) := F(sym(Ny),...,sym(Ny))}

11: /] Annotate terminal symbols with values extracted from leaf nodes
12:| for all leaf nodes N’ = {Py,..., P,}in N do

13: Annotate in ¥ that sym(N”) € {Px,..., Py}

string sub := SubStr(z, pp); .
Tuple<int, int> pp := std.Pair(pos, pos); 14: return the context-free grammar G = (V, X, R, sym(N))
int pos := AbsPos(xz, k) | RegPos(z, rr, k);

Tuple<Regex, Regex> rr std.Pair(r, r);
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1. Incremental Synthesis

Constraint Resolution

e Definitive constraints
Constructively define a subset of DSL by their own. (irrespective of witness function)

e Example constraint: “output = v”,
e Membership constraint: “output € {vy,v2,v3}”,
e Prefix constraint: “output = [v1,v2,...]",

® Subset/subsequence constraint: “output J [v1,v2, v3]”.
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1. Incremental Synthesis

Constraint Resolution

e Definitive constraints
Constructively define a subset of DSL by their own. (irrespective of witness function)

e Locally refining constraints
Do not define a subset of DSL on their own. But can trim/refine the DSL.(only relevant to
select witness functions.)

e Datatype constraint: “output: 7. Eliminates all top-level
programs rooted at any type-incompatible DSL operators.
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1. Incremental Synthesis

Constraint Resolution

e Definitive constraints
Constructively define a subset of DSL by their own. (irrespective of witness function)

e Locally refining constraints
Do not define a subset of DSL on their own. But can trim/refine the DSL.(only relevant to
select witness functions.)

e Globally refining constraints
Do not define a subset of DSL on their own and do not permit any local refining logic.

® Negative example constraint: “output # v”,

e Negative membership constraint: “output Z v”.
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2. Step-based Synthesis

Definition 3 (Compound DSL). A DSL L is called a compound
DSL if it includes an)! extern nonterminals N1, ..., Ny, which re-

solve to output symbols of some sub-DSLs L, . . ., L,, respectively

Definition 4 (Constraints on named subexpressions). Given a

compound DSL L, a|named constraint 1" " is specified|for an
extern nonterminal N in L. Its meaning is as follows:

“There exists a subexpression rooted at N in the desired
compound program. We mark it with ID e. This subexpression
must satisfy the constraint 1.”

When used in a context of iterative learner-user interaction on a
larger task, all named constraints with the|same ID e lapply to the
same subexpressionl in the desired compound program in L.

Named specs o~ are defined similarly as conjunctions of
named constraints on e.
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3. Feedback-based Synthesis: Q -> A

e Proposed learner-user interaction model that leverages proactive feedback in the form of
queries to the user. (Ask questions -> get Answers -> convert to constraints)

L = Domain Specific Language (DSL)

C T = all top-level constraint types supported by synthesizer . CeoT
(5
C € CT, Cis atop-level constraint type.

Y = instance_of(C)

= instance_of(C) is a constraint. 4 \

Foreach C € CT We associate a descriptive
“question q “ such that a “responser “ Response ~——— Question
for this question directly

constitutes Y = instance_of(C)
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3. Feedback-based Synthesis : Disamb Score

e Which questions to ask ?
e To evaluate a question’s effectiveness, the hypothesizer is parameterized with a

disambiguation score function “ get_disambiguation_score(q, N, ¢ ). “
e Higher the score, greater the number of ambiguity resolved.

e Since response r is unknown, function represents the potential effectiveness
e May be domain-specific or general.

Case Study: . . . Higher if every response for the question q
General purpose disambiguation score leads to a higher-ranked alternative program.
function.

dsr(q, N, ©) £ min max h(P)

r€R(q) PeN,.
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3. Feedback-based Synthesis

procedure DISAMBIGUATE(Candidate programs N, current spec )

Ranked set of @
valid programs§

Let 1/ be the response r converted into a constraint

response
1. Analyze the ambiguities in N w.r.t. .

Let @ be a set of questions that may resolve ambiguity in N >
2. |q* «+ argmaxds(q, N, @) // Compare thfz disa Refined .

9€Q of all questions : Interactive

3. |if ds(¢*, N, ) < threshold 7" then —— questions
4: break ‘
5 else
6: Present the question ¢* to the user Hypothesizer
7: Let r be the user’s response to g DSLL' © Linducedbys |
8:
9:

return 1) to the learner and invoke a new round of synthesis

Figure 9: The hypothesizer’s proactive disambiguation algorithm.
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Milestones

A Case for Programming by Examples

- Focus on Data Wrangling.

Defining Program Synthesis

- Key Challenges

- Background
- Domain Specific Language (DSL)
- Inductive Synthesis Problem
- Version Space Algebra (VSA)

Hurdles to Mass Market

- Performance & Correctness

3 Key Inspirations towards Interactivity
- Incremental : (one logic at a time)
- Step-based : (One component at a time)

- Feedback-based : (Evolving codebase)
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Evaluation - Incremental Synthesis
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(a) Speedup on the FlashFill DSL. (b) Speedup on the FlashExtract DSL.

Figure 10: Speedups obtained by the incremental synthesis algorithm vs. the non-incremental algorithm. Values higher above the y = 1 line
(where the runtimes are equal) are better.
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Evaluation - Step-based Synthesis

e Non Step-based: The baseline of this evaluation is a non-interactive FlashExtract where the user has
to provide examples for all the fields at once.
e Step-based: The user of this system extracts fields in topological order (i.e., from top-level fields to

leaf fields)
8 | |
=2 7 —— Step-based i B
[T 1
HE 6 - - --- Non Step-based 2 —
e 'Q—)‘ (4 1!
g o (9 N '|I [‘| I"\ B
175} I
= g 4 I |lr —‘ [’ || II |‘
e 3 - ; . ead ¥ N sy S
E‘: % Il\ ,"\' II\\ I‘ I\,\,I
C>) § 2 Jm—————— ML B A [ U, TR [P - — .
<g 14 - n
0 i i | i i i | | n | | | | i | :

\ I w I i
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Benchmark ID

Figure 11: The average number of interactions per field across all benchmarks. Lower is better.
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Evaluation - Feedback-based Synthesis

®  FlashSplit We evaluate the feedback-driven synthesis for Flash-Split on
a set of 77 splitting tasks on different log files.

e Binary position questions. A binary position question g € Qb
presents a single position in the input row and asks if it is a desired
splitting point.

e Confirmation questions. A confirmation question g € Qc presents a
set of positions to the user and asks whether all of these posi-tions are
valid splitting points.

® baseline setting,Split position examples are provided randomly
until the splitting is correct.

e BinaryQ One random example is provided, after which the
system keeps asking binary position questions until the correct
program is achieved.

e  ConfirmationQ One random example is provided by the user,
after which the system poses a confirmation question if one
exists.

e CombinedQ The system uses a combination of binary and
confir-mation questions, using the disambiguation score dsFS

Strategy

Baseline
BinaryQ
ConfirmationQ
CombinedQ

~

DSLL

DSLL

Krovo (
oL

M\
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Evaluation - Feedback-based Synthesis

45
_ I ¢ Baseline
40 o ) .
35 S s . - === Linear (Baseline)
30 _——”’—— o O BinaryQ

Linear (BinaryQ)

A ConfirmationQ

= - = Linear (ConfirmationQ)
= % CombinedQ

| Linear (CombinedQ)

Number of user inputs required

60

Number of fields in the desired splitting

Figure 12: Comparison of effectiveness of different example provision strategies for field splitting tasks from log files. Lower is better.

S t & b fi Feedback
trategy vg. number of inputs fisseliie & 5 8 4 F & %
Baseline 8.81 1 gil 20 M6 4 L1 O 9 Table 1: Number of rows inspected in the
Bii: 2 75 30 4 0o 0 0 O - : -
lndI'yQ 8.54 3 20 7 2 0 0 0 0 baseline and the feedback driven settings for

COHﬁrmationQ 6.98 4 0 5 3 0 0 0 0 FlashFill evaluation.

: 5 0 1 0 0o 0 0 O
CombinedQ 6.90 ! : i § 55 6 6
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Milestones

A Case for Programming by Examples

- Focus on Data Wrangling.

Defining Program Synthesis

- Key Challenges

- Background
- Domain Specific Language (DSL)
- Inductive Synthesis Problem
- Version Space Algebra (VSA)

Thank you !
Questions. ..

Hurdles to Mass Market

- Performance & Correctness

3 Key Inspirations towards Interactivity
- Incremental . (one logic at a time)
- Step-based : (One component at a time)

- Feedback-based : (Evolving codebase)

Results / Ablation Study.



