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what makes a good spec?

1. human-friendly
easier to write than the program

2. informative
minimal ambiguity

3. synthesizer-friendly
easy to check, guides the search

specification
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pbe / pbd: discussion

Domains:
e text transformations: FlashFill, FlashExtract
« web scraping: WebRelate, Rousillon
« data science: Morpheus, Wrex
e programmer’s assistant: FrAngel, Snippy



https://www.microsoft.com/en-us/research/wp-content/uploads/2016/12/popl11-synthesis.pdf
https://dl.acm.org/doi/10.1145/2594291.2594333
https://dl.acm.org/citation.cfm?doid=3177123.3158090
https://schasins.com/assets/papers/rousillon.pdf
https://www.cs.rice.edu/~sc40/pubs/pldi17-morpheus.pdf
https://www.microsoft.com/en-us/research/uploads/prod/2020/03/chi20c-sub4932-cam-i16.pdf
https://arxiv.org/abs/1811.05175
https://cseweb.ucsd.edu/~npolikarpova/publications/uist20.pdf

pbe / pbd: discussion

Domains:
e text transformations: FlashFill, FlashExtract
« web scraping: WebRelate, Rousillon
« data science: Morpheus, Wrex
e programmer’s assistant: FrAngel, Snippy

- ambiguous
+ beginner-friendly - hard to write for complex
+ easy to check programs / data structures
correctness - cannot express non-

functional properties
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https://www.microsoft.com/en-us/research/wp-content/uploads/2016/12/popl11-synthesis.pdf
https://dl.acm.org/doi/10.1145/2594291.2594333
https://dl.acm.org/citation.cfm?doid=3177123.3158090
https://schasins.com/assets/papers/rousillon.pdf
https://www.cs.rice.edu/~sc40/pubs/pldi17-morpheus.pdf
https://www.microsoft.com/en-us/research/uploads/prod/2020/03/chi20c-sub4932-cam-i16.pdf
https://arxiv.org/abs/1811.05175
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SketCh [Solar-Lezama et al, 2005]

Problem: isolate the least significant zero bit in a word

0010 0107 = 0000 0010



Sketch

Problem: isolate the least significant zero bit in a word
Easy to implement with a loop

bit[32] isolate@ (bit[32] x) {
bit[32] ret = 0;
for (int 1 = 0; 1 < 32; i++)
if (!x[i]) { ret[i] = 1; return ret; }
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Fasy to implement with a loop
bit[32] isolate@ (bit[32] x) {
bit[32] ret = 0;

for (int i = 0; i < 32; i++)
if (Ix[1i]) { ret[i] = 1; return ret; }

Can this be done more efficiently with bit manipulation?



Sketch

Problem: isolate the least significant zero bit in a word
Easy to implement with a loop

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

Can this be done more efficiently with bit manipulation?

Trick: adding 1 to a string of ones turns the next zero to a 1
.e. 000111 +1 =001000



Sketch: synthesis goal

bit[32] isolate@fast (bit[32] x) implements isolate® {
return expr(x, 3);

}



Sketch: synthesis goal

bit[32] isolate@fast (bit[32] x) implements isolate® {
return expr(x, 3);

}

// Sketch for bit-vector expressions with
// +, &, xor and bitwise negation (~)
generator bit[32] expr(bit[32] x, int depth){
assert depth > 0;
if(??) return x;
if(??) return ??;
if(??) return ~gen(x, depth-1);
if(??){
return {| expr(x, depth-1) (+ | & | *) expr(x, depth-1) |};
}



Sketch: synthesis goal

bit[32] isolate@fast (bit[32] x) implements isolate® {
return expr(x, 3);

}

// Sketch for bit- ressions with
// +, &, xor and bi®®Ise negation (~)
generator bit[32] expr(bit[32] x, int depth){
assert depth > 0;
if(??) return x;
if(??) return ??;
if(??) return ~gen(x, depth-1);
if(??){
return {| expr(x, depth-1) (+ | & | *) expr(x, depth-1) |};
}



Sketch: output

bit[W] isolate@fast (bit[W] x) {
return (~x) & (x + 1);

¥



reference programs: discussion

Domains:
 superoptimization: Stoke, Lens
e verified lifting: QBS, STNG, other Alvin Cheung's work



https://cacm.acm.org/magazines/2016/2/197428-stochastic-program-optimization/fulltext
https://dl.acm.org/doi/10.1145/2872362.2872387
https://homes.cs.washington.edu/~akcheung/papers/pldi13.html
https://homes.cs.washington.edu/~akcheung/papers/pldi16.html

reference programs: discussion

Domains:
 superoptimization: Stoke, Lens
e verified lifting: QBS, STNG, other Alvin Cheung's work

+ programmer-friendly - simple program does not
+ precise always exist
- hard to check correctness

18
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HOOQIE"‘ [Guo et al, 2020]

Problem: remove adjacent duplicates from a list
using library functions

(1,110,222, 11 2> [1,2,1]

20


https://cseweb.ucsd.edu/~npolikarpova/publications/popl20.pdf

inspiration: Hoogle

HoogAe

(a -> b) -> [a] -> [b]

Search

21



inspiration: Hoogle

HoogAe

(a -> b) -> [a] -> [b]

Search

map :: (a -> b) -> [a] -> [b]

Data.List

map f xs isthe list obtained by applying £ to each element of xs, i.e.,

map ¥ [x1, x2, ..., xn] == [f x1, f x2, ..., T xn]

21



Hoogle needs synthesis!

HoogAe

[a] -> [a]

Search
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Hoogle needs synthesis!
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Hoogle needs synthesis!

HoogAe

Eq a => [a] -> [a]

Search

nub :: Eq a => [a] -> [a]

Data.List

The nub function removes duplicate elements from a list.
tail :: [a] -> [a]

Prelude

Extract elements after the head of the list.




Hoogle needs synthesis!

HoogAe

Eq a => [a] -> [a]

Search

nub :: Eq a => [a] -> [a]

Data.List

tail ::

Prelude

Extract elements after the head of the list.




Hoogle+

specification

Eq a => [a] -> [a]

—>H+—>

Haskell
libraries

programs

W=

N\
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Hoogle+
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Eq a => [a] -> [a] qy_’
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Syan.id [Polikarpova et al, 2016]

Problem: duplicate every element in a list
using recursion

[1,2,3] = 1[1,1,2,2,3, 3]

24
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type-driven synthesis
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types: discussion

Domains:
 API discovery: Sypet, Hoogle+
e verified functional programs: Synquid



https://www.cs.utexas.edu/~isil/sypet-popl17.pdf
https://hplus.programming.systems/
https://cseweb.ucsd.edu/~npolikarpova/publications/pldi16.pdf

types: discussion

Domains:
 API discovery: Sypet, Hoogle+

e verified functional programs: Synquid

+ programmer friendly
+ concise
+ automatic checking
+ Can express non-
functional properties
+ guide search

- simple types are
ambiguous
- advanced types require
expertise
- some things are hard to
express / check

28
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Regel

‘| need a regular expression that

validates Decimal (18, 3), which

means the max number of digits
before comma is 15 then accept at
max 3 numbers after the comma.”

[Chen et al, 2020]



https://arxiv.org/pdf/1908.03316.pdf

Regel

‘| need a regular expression that

validates Decimal (18, 3), which

means the max number of digits
before comma is 15 then accept at
max 3 numbers after the comma.”

Positive examples:  Negative examples:
123456789.123 1234567891234567
12345.1 123.1234

[Chen et al, 2020]



https://arxiv.org/pdf/1908.03316.pdf

Regel [Chen et al, 2020]

‘I need a regular expression that Concat(
validates Decimal (18, 3), which RepeatRange(<num>,1,15),
means the max number of digits > Optional(Concat/(
before comma is 15 then accept at <.>,
max 3 numbers after the comma.” RepeatRange(<num>,1,3))

Positive examples:  Negative examples:
123456789.123 1234567891234567
12345.1 123.1234


https://arxiv.org/pdf/1908.03316.pdf

natural language: discussion

Domains:
 queries (SQL, regex). SOLizer, Rege|
* programmer’s assistant: SWIM, GPT-37



https://www.cs.utexas.edu/~isil/sqlizer.pdf
https://arxiv.org/pdf/1908.03316.pdf
https://dl.acm.org/citation.cfm?id=2884808

natural language: discussion

Domains:
 queries (SQL, regex). SOLizer, Rege|
* programmer’s assistant: SWIM, GPT-37

+ beginner-friendly - ambiguous
+ expressive - verbose


https://www.cs.utexas.edu/~isil/sqlizer.pdf
https://arxiv.org/pdf/1908.03316.pdf
https://dl.acm.org/citation.cfm?id=2884808
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specifications: conclusions

synthesis is more than just PBE/PBD!

depends on target domain and audience
targeting programmers? can use programs or types!

pest results when combined
types + examples, NL + examples
help eliminate ambiguity
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context-free grammars (CFGs)

a grammar of list expressions

L ::= sort(L)
L[N..N]
L + L
[N]
X
N ::= find(L,N)

0
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context-free grammars (CFGs)

a grammar of list expressions

L ::= sort(L)
| L[N..N]
terminals L+ L
[N]
nonterminals X
N ::= find(L,N)

0



context-free grammars (CFGs)

starting a grammar of list expressions
nonterminal

b

= sort(L)
| L[N..N]
terminals L+ L
[N]
nonterminals X
N ::= find(L,N)

0
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enumerative search

idea: sample programs from the grammar one by one
and check if they satisfy the spec

challenge: how do we systematically enumerate all programs?



enumerative search

idea: sample programs from the grammar one by one
and check if they satisfy the spec

challenge: how do we systematically enumerate all programs?

bottom-up vs top-down



bottom-up enumeration

L ::= sort(L)
start from variables / literals t[N-LN]
+
combine sub-programs into larger [N]
programs using productions X
N ::= find(L,N)
0

[ 2> [1,4]]



bottom-up: example

Program bank
height O:

L ::= sort(L)
L[N..N]
L + L

[N]
X

N ::= find(L,N)
0

[ 2> [1,4]]
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0
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bottom-up: example

height O:

height 1:

height 2:

Program bank

X (5]

sort(x) x[0..0] X + X [9]

find(x,0)
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top-down enumeration

L ::= L[N..N] |

start from the start non-terminal X
N ::= find(L,N) |

expand remaining non-terminals 0

using productions
[ > [1,4]]



top-down: example

Worklist

L ::= L[N..N] |
X

N ::= find(L,N) |
%)

[ 2> [1,4]]
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bottom-up top-down
+ dynamic programming + goal-directed
(result caching) + good for spec propagation
+ can evaluate candidates + can be guided with context-

(good for equivalence reduction) dependent weights
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enumerative search: discussion

examples: Synguid, Morpheus, Snippy

+ works for any language you - might not fully leverage
can evaluate / check spec / DSL
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https://cseweb.ucsd.edu/~npolikarpova/publications/pldi16.pdf
https://www.cs.rice.edu/~sc40/pubs/pldi17-morpheus.pdf
https://cseweb.ucsd.edu/~npolikarpova/publications/uist20.pdf
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representation-based search

idea: build a graph that compactly represents all programs that
satisty the spec

examples: FlashhFill, FlashExtract, WebRelate

+ efficient - restricted class of DSLs
+ returns a ranked list of
solutions
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https://www.microsoft.com/en-us/research/wp-content/uploads/2016/12/popl11-synthesis.pdf
https://dl.acm.org/citation.cfm?doid=2594291.2594333
https://dl.acm.org/citation.cfm?doid=3177123.3158090
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naive local search

better
program

To find the best program: Srogram
p := random()
while (true) {

p’ := mutate(p);

if (cost(p’) < cost(p))
\ P :=p’;

Will never get to @ from p,/!

can generate p, from p;,
(and vice versa) via
mutation



MCMC sampling

Avoid getting stuck in local minima:

p := random()
while (true) {
p’ := mutate(p);
if (random(A(p -> p’))
p :=p’;
}

where
if p? is betterthanp: A(p - p’) =1

otherswise: A(p — p') decreases with
difference in cost between p’ and p




MCMC for superoptimization

.LO:

movq rsi, r9
movl ecx, ecx
shrq 32, rsi
andl oxffffffff, rod
movq rcx, rax
movl edx, edx
imulq r9, rax
imulq rdx, r9
imulq rsi, rdx
imulq rsi, rcx
addq rdx, rax
jae .L2
movabsq 0x100000000, rdx
addq rdx, rcx
.L2:

movq rax, rsi
movq rax, rdx
shrq 32, rsi
salq 32, rdx
addq rsi, rcx
addqg r9, rdx
adcq 9, rcx
addqg r8, rdx
adcq 9, rcx
addq rdi, rdx
adcq 9, rcx
movq rcx, r8
movq rdx, rdi

.LO:
shlq
movl
xorq
movq
mulq
addq
adcq
addq
adcq
movq

movq

[STOKE. Schkufza et al "13]

32, rcx
edx, edx
rdx, rcx
rcx, rax
rsi

r8, rdi
0, rdx
rdi, rax
0, rdx
rdx, r8
rax, rdi



https://cacm.acm.org/magazines/2016/2/197428-stochastic-program-optimization/fulltext

stochastic search: discussion

examples: STOKE, FrAngel

+ can explore program spaces - needs cost function that
with no a-priori bias faithfully approximates
+ good for sampling from a correctness

distribution
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https://cacm.acm.org/magazines/2016/2/197428-stochastic-program-optimization/fulltext
https://arxiv.org/abs/1811.05175
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constraint-based search

idea: reduce synthesis to a SAT/SMT problem
and let a solver deal with it

challenge: how to encode a synthesis problem into SAT/SMT?



what is an encoding?

parameter
space

C = {Cl, cer CTl}

v w0}

well-formedness
constraint

(CIW(C) A (G, i,0))
/ T~

semantic correctness
constraint

program space

solutions
~@




how to define an encoding

e define the parameter space C = {cy, ..., Cp }
 encode : Prog =2 C

- decode : C = Prog (Might not be defined for all C)

 define a formula wf(cy, ..., ¢;,)
e that holds iff decode[C] is a “well-formed” program

 define a formula @(cq, ..., ¢y, i, 0)
e that holds iff (decode[C])(i) = o



SAT encoding: example

X IS a two-bit word parameter space

(x = x4) C = {c:Bool}
E = [11 D> e1]

program space

{x, x & 1}

decode[@] = X
wf(c) =T decode[1] & x & 1
(P(C; y L) Op, Ol) = (_IC = Op = N\ 0; = )
AN(c = 0,=0A0,=1))
SAT C; ) )0)1
((P( )) SAT solver
SAT((mc = 0=1A1=1A(c 20=0A1=1)) > Model {c>1}

return decode[1l] ie. x & 1



SMT encoding: example

N is an in integer literal parameter space
X IS an integer input
SEH P C = {c,p: Bool,cy: Int}

E = 2> 9
: ] decode[O,N] = x + N
decode[1,N] = x * N

program space

X + N | x *

wi(cop, cy) =T

(p(cop,cN, ,0) = (_ICOp = 0= +CN) N (cop > 0= *CN)

SAT((p(Cop; CN» 19)) SMT solver

SAT((=¢op = 9=24cy)A (cop =9 =2%cy)) > Model {cOp;e},
Cy27

return decode[0,7] ie. x + 7



constraint-based search: discussion

examples: Sketch, Hoogle+

+ efficient - finite number of parameters
+ SMT solvers can discover (no recursive grammars)
constants - program semantics expressible

as a SAT/SMT formula
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https://link.springer.com/content/pdf/10.1007%2Fs10009-012-0249-7.pdf
https://cseweb.ucsd.edu/~npolikarpova/publications/popl20.pdf

Comparison of search strategies

Stochastic

Efficiency

Flexibility
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