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(– ⊢ "B " ++ "18")  ⇒	   "B 18"	  ⇝
 

"Bx 19"	  
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(E  ⊢ e') ⇒'v'	  

(E' ⊢ e') ⇐'v'	  

⇝
 ion	  

e  ::=  c  |  λx.e  |  x  |  (e1, e2)  |  e1 e2  |  … 

(– ⊢ "B " ++ "18")  ⇒	  

(– ⊢ "Bx " ++ "19")  ⇐'
	  

"B 18"	  ⇝
 

"Bx 19"	  

Primitive lens: ((++)get , (++)put) 	  
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(E  ⊢ e') ⇒'v'	  

(E' ⊢ e') ⇐'v'	  

⇝
 ion	  

e  ::=  c  |  λx.e  |  x  |  (e1, e2)  |  e1 e2  |  … 

     |   appLens (eget, eput) ex 

(– ⊢ "B " ++ "18")  ⇒	  

(– ⊢ "Bx " ++ "19")  ⇐'
	  

"B 18"	  ⇝
 

"Bx 19"	  

Libraries and users can���
define custom lenses	  

Primitive lens: ((++)get , (++)put) 	  
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(E  ⊢ e') ⇒'v'	  

(E' ⊢ e') ⇐'v'	  

⇝
 ion	  

e  ::=  c  |  λx.e  |  x  |  (e1, e2)  |  e1 e2  |  … 

     |   appLens (eget, eput) ex 

Bidirectional Programs���
with are Lenses 
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(E  ⊢ e') ⇒'v'	  

(E' ⊢ e') ⇐'v'	  

⇝
 ion	  

e  ::=  c  |  λx.e  |  x  |  (e1, e2)  |  e1 e2  |  … 

     |   appLens (eget, eput) ex 

Bidirectional Programs���
with are Lenses 
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Variety of "bidirectional docs" 
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Variety of "bidirectional docs" 

Variety of updates with���
relatively little ambiguity 
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Variety of "bidirectional docs" 

Variety of updates with���
relatively little ambiguity 

Uneval time ≈	  Eval time���
(with optimizations)	  

>>> Skip Related Work >>> 
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Lenses [Foster et al. 2007, et al.] 

BX DSLs for relational data, trees, strings, graphs 

Point-free programming style	  

Related Work 
Bidirectional Evaluation 

Applicative and Monadic Lenses 

 

[Matsuda and Wang, ICFP 2015]���
[Xia, Orchard, and Wang, ESOP 2019] 
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Func. Program Slicing [Perera et al., ICFP 2012] 

Forward evaluator records full trace for output value	  

Backward evaluator slices exp. based on "don't-care" sub-values 

HOBiT [Matsuda and Wang, ESOP 2018] 

Staged evaluator for λ-calculus eliminates function calls (e1 e2) 

Bidirectional evaluation for "residual" first-order programs 

More direct support for "branch switching" than our approach	  

Related Work 
Bidirectional Evaluation 
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Bidirectional���
Evaluation 

 

[PLDI 2016, OOPSLA 2018] 

Output-Directed���
Programming 

 

[UIST 2016, UIST 2019] 

Hybrid Text-GUI���
Code Editors 

 

[ICSE 2018, VL/HCC 2020] 

Live Programming���
by Example 

 

[POPL 2019, ICFP 2020] 

PL + UI	  
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Bidirectional���
Evaluation 

 

[PLDI 2016, OOPSLA 2018] 

Output-Directed���
Programming 

 

[UIST 2016, UIST 2019] 

Hybrid Text-GUI���
Code Editors 

 

[ICSE 2018, VL/HCC 2020] 

Live Programming���
by Example 

 

[POPL 2019, ICFP 2020] 

PL + UI	  
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Program Synthesizer 

89	  

length	  :	  List	  a	  -‐>	  Int	  
length	  =	  
	  	  ??	  
	  
assert	  (length	  [2,0,1,6]	  ==	  4)	  
assert	  (length	  	  	  	  	  	  	  	  []	  ==	  0)	  
	  

	  
length	  xs	  =	  
	  	  case	  xs	  of	  
	  	  	  	  []	  	  	  	  	  -‐>	  0	  
	  	  	  	  x::xs'	  -‐>	  1	  +	  length	  xs'	  
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Program Synthesizer 

90	  

stutter	  :	  List	  a	  -‐>	  List	  a	  
stutter	  =	  
	  	  ??	  
	  
assert	  (stutter	  [1,2,3]	  ==	  [1,1,2,2,3,3])	  
assert	  (stutter	  	  	  	  	  	  []	  ==	  []	  	  	  	  	  	  	  	  	  	  	  )	  
	  

	  
stutter	  xs	  =	  
	  	  case	  xs	  of	  
	  	  	  	  []	  	  	  	  	  -‐>	  []	  
	  	  	  	  x::xs'	  -‐>	  x	  ::	  x	  ::	  stutter	  xs'	  
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Program Synthesizer 

91	  

max	  :	  Nat	  -‐>	  Nat	  -‐>	  Nat	  
max	  n	  m	  =	  
	  	  case	  n	  of	  
	  	  	  	  Zero	  	  	  	  -‐>	  m	  
	  	  	  	  Succ	  n'	  -‐>	  ??	  
	  
assert	  (max	  1	  1	  ==	  1)	  
assert	  (max	  1	  2	  ==	  2)	  
assert	  (max	  2	  0	  ==	  2)	  
assert	  (max	  2	  1	  ==	  2)	  
assert	  (max	  2	  2	  ==	  2)	  
	  

	  
max	  n	  m	  =	  
	  	  case	  n	  of	  
	  	  	  	  Zero	  	  	  	  -‐>	  m	  
	  	  	  	  Succ	  n'	  -‐>	  case	  m	  of	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Zero	  	  	  	  -‐>	  n	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Succ	  m'	  -‐>	  Succ	  (max	  n'	  m')	  
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Synthesizer 

92	  

Examples 

Sketch 

Type 

Program 
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Synthesizer 

93	  

Myth [Osera et al. PLDI 2015, POPL 2016] 

Examples 

Sketch 

Type 

Program 

Sketch 

Trace-Complete���
Examples 

Sketch, Rosette, … FlashFill, PROSE, … Leon, Synquid, … 
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Trace-Complete���
Examples 

length	  :	  List	  a	  -‐>	  Int	  
length	  =	  
	  	  ??	  
	  
assert	  (length	  [2,0,1,6]	  ==	  4)	  
assert	  (length	  	  	  	  	  	  	  	  []	  ==	  0)	  
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Trace-Complete���
Examples 

length	  :	  List	  a	  -‐>	  Int	  
length	  =	  
	  	  ??	  
	  
assert	  (length	  [2,0,1,6]	  ==	  4)	  
assert	  (length	  	  	  [0,1,6]	  ==	  3)	  
assert	  (length	  	  	  	  	  [1,6]	  ==	  2)	  
assert	  (length	  	  	  	  	  	  	  [6]	  ==	  1)	  
assert	  (length	  	  	  	  	  	  	  	  []	  ==	  0)	  
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Synthesizer 

96	  

Myth [Osera et al. PLDI 2015, POPL 2016] 

Examples 

Sketch 

Type 

Program 

Sketch 

Trace-Complete���
Examples 
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Guess-and-Check 
 
 

Example Refinement 

Branching 

 

Guess-and-Check 
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E ⊢ e ⊨ ex 

Myth [Osera et al. PLDI 2015, POPL 2016] 

Type 

Program 

Sketch 

Trace-Complete���
Examples 
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Eval 

E ⊢ e ⇒ v 
Check 

v ⊨ ex + 

Example Satisfaction in Myth 

E ⊢ e ⊨ ex 

Input-output examples���
for functions	  

ex  ::=  …  |  { vin → exout } 

xv  ::=  …  |  λx.e 
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Eval 

E ⊢ e ⇒ v 
Check 

v ⊨ ex + 

E ⊢ e ⊨ ex 

How to Eval and Check Sketches ??	  



Eval 

E ⊢ e ⇒ v 

100	  

E ⊢ e ⊨ ex 

Check 

v ⊨ ex + 
Live Eval 

E ⊢ e ⇒ r 

Partially evaluate���
sketch to result r���

(value or "paused")	  

How to Eval and Check Sketches ??	  
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E ⊢ e ⊨ ex 

Constraints X s.t.���
r will resume���
and satisfy ex	  

Check Eval 

[E] e ⇒ v v ⊨ ex + 
Live Eval 

E ⊢ e ⇒ r 
Live Uneval 

r ⇐ ex ⊣ X 

Partially evaluate���
sketch to result r���

(value or "paused")	  

How to Eval and Check Sketches ??	  



Live Bidirectional Evaluation	  
Live Uneval Live Eval 

102	  

E ⊢ e ⇒ r r ⇐ ex ⊣ X + 

Constraints X s.t.���
r will resume���
and satisfy ex	  

Partially evaluate���
sketch to result r���

(value or "paused")	  

E ⊢ e ⇒ r ⇐ ex ⊣ X 

>>> Skip Examples >>> 



Live Eval 

103	  

E ⊢ e ⇒ r 

Partially evaluate���
sketch to result r���

(value or "paused")	  



Holes typically represented as���
raise	  "Not	  yet	  implemented"	  

Eval 

104	  

Expressions 

Errors Values 

2019 + 1  ⇒ 
2019 ++ "!"  ⇒ 

(??, 2019 + 1)  ⇒ 

e ⇒ v 

2020 
crash 
crash 



105	  

Expressions 

Errors 

Results 

Values 

Paused 

(??, 2019 + 1)  ⇒ 
snd (??, 2019 + 1)  ⇒ 
(snd ??, 2019 + 1)  ⇒ 

(??, 2020) 
2020 
(snd ??, 2020) 

Eval 

e ⇒ v 
Live Eval 

e ⇒ r 

Partially evaluate���
"around" holes	  



Live Eval 

e ⇒ r 

106	  

xr  ::=  …  |  λx.e  |  [E] ??h |  snd r |  r1 + r2 |  … 

Values Paused Expressions 



Live Eval 

e ⇒ r 

107	  

Live Uneval 

r ⇐ ex ⊣ X 

ex  ::=  …  |  { vin → exout } 

xr  ::=  …  |  λx.e  |  [E] ??h |  snd r |  r1 + r2 |  … 

X  ::=  …  |  X, (E ⊢ ??h ⊨ ex) 

Example constraints 
required by Myth	  
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Live Uneval 

r ⇐ ex ⊣ X 

ex  ::=  …  |  { vin → exout } 

xr  ::=  …  |  λx.e  |  [E] ??h |  snd r |  r1 + r2 |  … 

X  ::=  …  |  X, (E ⊢ ??h ⊨ ex) 

2020 ⇐ 
[E] ??1  ⇐ 

4 + [E] ??2  ⇐ 

ite ([E] ??3) 2016 2020  ⇐ 

2020 

2020 

2020 

2020 

⊣ Ø 
⊣ (E ⊢ ??1 ⊨ 2020) 

⊣ (E ⊢ ??2 ⊨ 2016) 

⊣ (E ⊢ ??3 ⊨ False) 



Live Eval 

e ⇒ r 

109	  

Live Uneval 

r ⇐ ex ⊣ X 

ex  ::=  …  |  { vin → exout } 

xr  ::=  …  |  λx.e  |  [E] ??h |  snd r |  r1 + r2 |  … 

X  ::=  …  |  X, (E ⊢ ??h ⊨ ex) 



Live Bidirectional Evaluation	  
Live Uneval Live Eval 

110	  

E ⊢ e ⇒ r r ⇐ ex ⊣ X + 

Constraints X s.t.���
r will resume���
and satisfy ex	  

Partially evaluate���
sketch to result r���

(value or "paused")	  

E ⊢ e ⇒ r ⇐ ex ⊣ X 



Example Refinement 

Branching 

 

Guess-and-Check 
 
 

111	  

E ⊢ e ⇒ r ⇐ ex ⊣ X 
Type 

Program 

Sketch 

Trace-Complete���
Examples 

* 

* 

* Sketch 

Trace-Complete���
Examples 
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Compared to prior���
state-of-the-art: 

Trace-complete examples���
(without a sketch) 
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Compared to prior���
state-of-the-art: 

Non-trace-complete���
examples reduce 
specification size 



115	  

Compared to prior���
state-of-the-art: 

Non-trace-complete���
examples reduce 
specification size 

Sketches reduce 
specification size 
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Compared to prior���
state-of-the-art: 

Non-trace-complete���
examples reduce 
specification size 

Sketches reduce���
specification size 

Synthesis (relatively) 
robust to choice���
of examples 
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Compared to prior���
state-of-the-art: 

Non-trace-complete���
examples reduce���
specification size 

Sketches reduce���
specification size 

Synthesis (relatively) 
robust to choice���
of examples 
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Bidirectional���
Evaluation 

 

[PLDI 2016, OOPSLA 2018] 

Output-Directed���
Programming 

 

[UIST 2016, UIST 2019] 

Hybrid Text-GUI���
Code Editors 

 

[ICSE 2018, VL/HCC 2020] 

Live Programming���
by Example 

 

[POPL 2019, ICFP 2020] 

PL + UI	  
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Bidirectional���
Evaluation 

 

[PLDI 2016, OOPSLA 2018] 

Output-Directed���
Programming 

 

[UIST 2016, UIST 2019] 

Hybrid Text-GUI���
Code Editors 

 

[ICSE 2018, VL/HCC 2020] 

Live Programming���
by Example 

 

[POPL 2019, ICFP 2020] 

PL + UI	  
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Output-Directed Programming 
Sketch-n-Sketch 
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Output-Directed Programming 
Sketch-n-Sketch 

Elm-like PL + SVG GUI 

e0   ⇒  v0'	  
e1  ⇐   v0'

	  

e1   ⇒  v1'	  
e2  ⇐   v1'

	  

e2   ⇒  v2'	  
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123	  

Readable, reusable programs���
created solely through���
output manipulation	  
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Recursive function by demonstration	  

Readable, reusable programs 
created solely through���
output manipulation	  
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Bidirectional���
Evaluation 

 

[PLDI 2016, OOPSLA 2018] 

Output-Directed���
Programming 

 

[UIST 2016, UIST 2019] 

Hybrid Text-GUI���
Code Editors 

 

[ICSE 2018, VL/HCC 2020] 

Live Programming���
by Example 

 

[POPL 2019, ICFP 2020] 

PL + UI	  
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Bidirectional���
Evaluation 

 

[PLDI 2016, OOPSLA 2018] 

Output-Directed���
Programming 

 

[UIST 2016, UIST 2019] 

Hybrid Text-GUI���
Code Editors 

 

[ICSE 2018, VL/HCC 2020] 

Live Programming���
by Example 

 

[POPL 2019, ICFP 2020] 

>>> Skip >>> 

PL + UI	  
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Hybrid Text-GUI Code Editors 

>>> Skip >>> 
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(	   u	  f	   n	  c	   a	  r	  g	  )	  .	  

Show AST���
on Text 
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(	   u	  f	   n	  c	   a	  r	  g	  )	  .	  

Show AST���
on Text 
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u	  f	   n	  c	   a	  r	  g	  )	  (	  

Show AST���
on Text 



Traditional “Text-Select Mode”

 78

Structure Select Short Menu Defaults

 78

Deuce “Box-Select Mode”

Text Select Right-Click Menu Select Arguments Defaults

131	  

Traditional Refactoring UI	  

Text-Select    +    Long Menu    +    Configuration Choices 



Traditional “Text-Select Mode”

 78

Structure Select Short Menu Defaults

 78

Deuce “Box-Select Mode”

Text Select Right-Click Menu Select Arguments Defaults

132	  

Traditional Refactoring UI	  

Text-Select    +    Long Menu    +    Configuration Choices 



Text-Select    +    Long Menu    +    Configuration Choices 

Traditional “Text-Select Mode”

 78

Structure Select Short Menu Defaults

 78

Deuce “Box-Select Mode”

Text Select Right-Click Menu Select Arguments Defaults

133	  

Traditional Refactoring UI	  



Deuce “Box-Select Mode”

Text Select Right-Click Menu Select Arguments Defaults

134	  

Traditional “Text-Select Mode”

 78

Structure Select Short Menu Defaults

 78

Deuce “Box-Select Mode”

Text Select Right-Click Menu Select Arguments Defaults

Deuce Refactoring UI	  

Traditional Refactoring UI	  

Text-Select    +    Long Menu    +    Configuration Choices 

Structural Multi-Select    +    Context-Sensitive Transforms 



Deuce “Box-Select Mode”

Text Select Right-Click Menu Select Arguments Defaults
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Traditional “Text-Select Mode”

 78

Structure Select Short Menu Defaults

 78

Deuce “Box-Select Mode”

Text Select Right-Click Menu Select Arguments Defaults

Deuce Refactoring UI	  

Traditional Refactoring UI	  

Text-Select    +    Long Menu    +    Configuration Choices 

Structural Multi-Select    +    Context-Sensitive Transforms 
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Text���
Editors 

Structure���
Editors 

Traditional���
UI 

Deuce���
UI 

versus	  

21 users 



Deuce UI versus Traditional UI 

Traditional may be better for discovery	  

Deuce may be faster once learned 

Deuce strongly preferred	  

137	  
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Bidirectional���
Evaluation 

 

[PLDI 2016, OOPSLA 2018] 

Output-Directed���
Programming 

 

[UIST 2016, UIST 2019] 

Hybrid Text-GUI���
Code Editors 

 

[ICSE 2018, VL/HCC 2020] 

Live Programming���
by Example 

 

[POPL 2019, ICFP 2020] 

PL + UI	  
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Bidirectional���
Evaluation 

 

[PLDI 2016, OOPSLA 2018] 

Output-Directed���
Programming 

 

[UIST 2016, UIST 2019] 

Hybrid Text-GUI���
Code Editors 

 

[ICSE 2018, VL/HCC 2020] 

Live Programming���
by Example 

 

[POPL 2019, ICFP 2020] 

PL + UI	  

>>> Skip 4 >>> 
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Bidirectional Evaluation 
Future Work 

Synthesis of larger structural repairs 

More expressive value diffs 

Automatically deriving unevaluators 

Bi-directional, scriptable���
 Docs, Sheets, Slides, p5.js, D3, Vega, etc. 
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Live Programming by Example 
Future Work 

Unpredictability of examples 

Synthesizing pattern and type holes 

Integrating logic-based specifications 

Propagating multiple candidate programs���
("multi-sketches") 
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Output-Directed Programming 
Future Work 

Propagating multiple candidate programs���
("multi-sketches") 

Visualization of intermediate program states 

Deriving structure editors from���
toString and toSvg functions 

DSLs for defining new transformations 



Hybrid Text-GUI Code Editors 
Future Work 

DSLs for defining new transformations 

DSLs for defining custom, type-specific GUIs 

UI concerns for larger programs 

How to encourage tree transforms? 

143	  



Usable Synthesis 
Future Work 

Explaining program differences 

Statistics to rank solutions according���
to code corpus and edit history 

Representation of search space and 
intermediate synthesis results 

Interaction to resolve ambiguity 

144	  



User Interfaces for Programming 

145	  



User Interfaces for Programming 

146	  

UIST 2016 

UIST 2020 
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GUIs Code 

Web Apps 

2D Graphics 

Presentations 

Documents 

Spreadsheets 

… 

… 
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GUIs Code 

Web Apps 

2D Graphics 

Presentations 

Documents 

Spreadsheets 

… 

… 



 Creative Coding (CMSC 11111) 
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 Creative Coding (CMSC 11111) 

150	  



 Creative Coding (CMSC 11111) 

151	  

e0   ⇒  v0'	  
e1  ⇐   v0'

	  

e1   ⇒  v1'	  
e2  ⇐   v1'

	  

e2   ⇒  v2'	  
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 Creative Coding 
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Web Apps 

2D Graphics 

Presentations 

Documents 

Spreadsheets 

… 

… 
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Web Apps 

2D Graphics 

Presentations 

Documents 

Spreadsheets 

… 

… 

"Everyday Coding" 
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Web Apps 

2D Graphics 

Presentations 

Documents 

Spreadsheets 

… 

… 

"Everyday Coding" 



"Everyday Coding" 

156	  

Existing���
GUI 

+���
Inline���

Formulas 

+���
Formula���
Pane 
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Web Apps 

2D Graphics 

Presentations 

Documents 

Spreadsheets 

… 

… 
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Web Apps 

2D Graphics 

Presentations 

Documents 

Spreadsheets 

… 

… 

Data and Visualization 
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Web Apps 

2D Graphics 

Presentations 

Documents 

Spreadsheets 

… 

… 

Data and Visualization 



Data and Visualization 

160	  

Computational Notebooks 
⇒ ⇒⇒ ⇒
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GUIs Code 

Web Apps 

2D Graphics 

Presentations 

Documents 

Spreadsheets 

… 

… 
Text Trees/Blocks 
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GUIs Code 

Web Apps 

2D Graphics 

Presentations 

Documents 

Spreadsheets 

Text Trees/Blocks 

General���
Purpose 

PL 
 

+ 
 

General���
Purpose���
Program���
Synthesis 

Domain���
Specific 

UI 
 

+ 
 

Domain���
Specific���
Program���
Synthesis 

+	  



Thanks! 
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Mikaël���
Mayer 

Justin 
Lubin 

Cyrus���
Omar 

Nick���
Collins 

Brian���
Hempel 

Mitch���
Spradlin 

Jacob���
Albers 

Grace���
Lu 



Bidirectional���
Evaluation 

 

[PLDI 2016, OOPSLA 2018] 

Output-Directed���
Programming 

 

[UIST 2016, UIST 2019] 

Hybrid Text-GUI���
Code Editors 

 

[ICSE 2018, VL/HCC 2020] 

Live Programming���
by Example 

 

[POPL 2019, ICFP 2020] 

http://ravichugh.github.io/sketch-‐n-‐sketch/	  

Sketch-n-Sketch 



165	  

EXTRA SLIDES 
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Bidirectional���
Evaluation 
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e  ::=  c  |  λx.e  |  x  |  (e1, e2)  |  e1 e2 

v  ::=  c  |  [E] λx.e  |  (v1, v2) 

E  ::=  –  |  (E, x↦v) 

(E  ⊢ e') ⇒'v'	  

(E' ⊢ e') ⇐'v'	  

⇝
 ion	  

(E ⊢ e1 e2)  ⇒'v'	  

v'	  

⇝
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e  ::=  c  |  λx.e  |  x  |  (e1, e2)  |  e1 e2 

v  ::=  c  |  [E] λx.e  |  (v1, v2) 

E  ::=  –  |  (E, x↦v) 

(E  ⊢ e') ⇒'v'	  

(E' ⊢ e') ⇐'v'	  

⇝
 ion	  

(E… ⊢ f x)  ⇒'v'	  

v'	  

⇝
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e  ::=  c  |  λx.e  |  x  |  (e1, e2)  |  e1 e2 

v  ::=  c  |  [E] λx.e  |  (v1, v2) 

E  ::=  –  |  (E, x↦v) 

(E  ⊢ e') ⇒'v'	  

(E' ⊢ e') ⇐'v'	  

⇝
 ion	  

((E, f ↦[Ef'] λy.ef', x ↦ vx') ⊢ f x)  ⇒'v'	  

v'	  

⇝
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e  ::=  c  |  λx.e  |  x  |  (e1, e2)  |  e1 e2 

v  ::=  c  |  [E] λx.e  |  (v1, v2) 

E  ::=  –  |  (E, x↦v) 

(E  ⊢ e') ⇒'v'	  

(E' ⊢ e') ⇐'v'	  

⇝
 ion	  

((E, f ↦[Ef'] λy.ef', x ↦ vx') ⊢ f x)  ⇒'v'	  

v'	  

⇝
 

((Ef', x ↦ vx') ⊢ ef')  ⇒'v'	  
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e  ::=  c  |  λx.e  |  x  |  (e1, e2)  |  e1 e2 

v  ::=  c  |  [E] λx.e  |  (v1, v2) 

E  ::=  –  |  (E, x↦v) 

(E  ⊢ e') ⇒'v'	  

(E' ⊢ e') ⇐'v'	  

⇝
 ion	  

((E, f ↦[Ef'] λy.ef', x ↦ vx') ⊢ f x)  ⇒'v'	  

v'	  

⇝
 

((Ef', y ↦ vx') ⊢ ef')  ⇒'v'	  
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e  ::=  c  |  λx.e  |  x  |  (e1, e2)  |  e1 e2 

v  ::=  c  |  [E] λx.e  |  (v1, v2) 

E  ::=  –  |  (E, x↦v) 

(E  ⊢ e') ⇒'v'	  

(E' ⊢ e') ⇐'v'	  

⇝
 ion	  

((E, f ↦[Ef'] λy.ef', x ↦ vx') ⊢ f x)  ⇒'v'	  

v'	  

⇝
 

((Ef', y ↦ vx') ⊢ ef')  ⇒'v'	  

v'	  

⇝
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e  ::=  c  |  λx.e  |  x  |  (e1, e2)  |  e1 e2 

v  ::=  c  |  [E] λx.e  |  (v1, v2) 

E  ::=  –  |  (E, x↦v) 

(E  ⊢ e') ⇒'v'	  

(E' ⊢ e') ⇐'v'	  

⇝
 ion	  

((E, f ↦[Ef'] λy.ef', x ↦ vx') ⊢ f x)  ⇒'v'	  

v'	  

⇝
 

((Ef', y ↦ vx') ⊢ ef')  ⇒'v'	  

v'	  

⇝
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e  ::=  c  |  λx.e  |  x  |  (e1, e2)  |  e1 e2 

v  ::=  c  |  [E] λx.e  |  (v1, v2) 

E  ::=  –  |  (E, x↦v) 

(E  ⊢ e') ⇒'v'	  

(E' ⊢ e') ⇐'v'	  

⇝
 ion	  

((E, f ↦[Ef'] λy.ef', x ↦ vx') ⊢ f x)  ⇒'v'	  

v'	  

⇝
 

((Ef', y ↦ vx') ⊢ ef')  ⇒'v'	  

((Ef', y ↦ vx') ⊢ ef') ⇐' v'	  

⇝
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e  ::=  c  |  λx.e  |  x  |  (e1, e2)  |  e1 e2 

v  ::=  c  |  [E] λx.e  |  (v1, v2) 

E  ::=  –  |  (E, x↦v) 

(E  ⊢ e') ⇒'v'	  

(E' ⊢ e') ⇐'v'	  

⇝
 ion	  

((E, f ↦[Ef'] λy.ef', x ↦ vx') ⊢ f x)  ⇒'v'	  

((E, f ↦[Ef'] λy.ef', x ↦ vx') ⊢ f x) ⇐' v'	  

⇝
 

((Ef', y ↦ vx') ⊢ ef')  ⇒'v'	  

((Ef', y ↦ vx') ⊢ ef') ⇐' v'	  

⇝
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e  ::=  c  |  λx.e  |  x  |  (e1, e2)  |  e1 e2 

v  ::=  c  |  [E] λx.e  |  (v1, v2) 

E  ::=  –  |  (E, x↦v) 

(E  ⊢ e') ⇒'v'	  

(E' ⊢ e') ⇐'v'	  

⇝
 ion	  

((E, f ↦[Ef'] λy.ef', x ↦ vx') ⊢ f x)  ⇒'v'	  

((E, f ↦[Ef'] λy.ef', x ↦ vx') ⊢ f x) ⇐' v'	  

⇝
 

((Ef', y ↦ vx') ⊢ ef')  ⇒'v'	  

((Ef', y ↦ vx') ⊢ ef') ⇐' v'	  

⇝
 

New Code	  
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e  ::=  c  |  λx.e  |  x  |  (e1, e2)  |  e1 e2 

v  ::=  c  |  [E] λx.e  |  (v1, v2) 

E  ::=  –  |  (E, x↦v) 

(E  ⊢ e') ⇒'v'	  

(E' ⊢ e') ⇐'v'	  

⇝
 ion	  

((E, f ↦[Ef'] λy.ef', x ↦ vx') ⊢ f x)  ⇒'v'	  

((E, f ↦[Ef'] λy.ef', x ↦ vx') ⊢ f x) ⇐' v'	  

⇝
 

((Ef', y ↦ vx') ⊢ ef')  ⇒'v'	  

((Ef', y ↦ vx') ⊢ ef') ⇐' v'	  

⇝
 

New Data	  New Code	  
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(E  ⊢ e') ⇒'v'	  

(E' ⊢ e') ⇐'v'	  

⇝
 ion	  

((E, f ↦[Ef'] λy.ef', x ↦ vx') ⊢ f x)  ⇒'v'	  

((E, f ↦[Ef'] λy.ef', x ↦ vx') ⊢ f x) ⇐' v'	  

⇝
 

((Ef', y ↦ vx') ⊢ ef')  ⇒'v'	  

((Ef', y ↦ vx') ⊢ ef') ⇐' v'	  

⇝
 

New Data	  

Key Idea 

New Code	  
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(E  ⊢ e') ⇒'v'	  

(E' ⊢ e') ⇐'v'	  

⇝
 ion	  

e  ::=  c  |  λx.e  |  x  |  (e1, e2)  |  e1 e2 
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(E  ⊢ e') ⇒'v'	  

(E' ⊢ e') ⇐'v'	  

⇝
 ion	  

e  ::=  c  |  λx.e  |  x  |  (e1, e2)  |  e1 e2 

e  :|= e1 :: e2  |  [ e1, … , en ] 

e  :|= { f1 = e1, … , fn = en } 

e  :|= let x = e1 in e2 

e  :|= if e1 then e2 else e3 

e  :|= e1 + e2  |  ¬e   | … 

e  :|= dict_get e1 e2   | … 

e  :|= re_match e1 e2  | … 

e  :|= eval e 
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(E  ⊢ e') ⇒'v'	  

(E' ⊢ e') ⇐'v'	  

⇝
 ion	  

e  ::=  c  |  λx.e  |  x  |  (e1, e2)  |  e1 e2 

e  :|= e1 :: e2  |  [ e1, … , en ] 

e  :|= { f1 = e1, … , fn = en } 

e  :|= let x = e1 in e2 

e  :|= if e1 then e2 else e3 

e  :|= e1 + e2  |  ¬e   | … 

e  :|= dict_get e1 e2   | … 

e  :|= re_match e1 e2  | … 

e  :|= eval e 
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e  ::=  c  |  λx.e  |  x  |  (e1, e2)  |  e1 e2 

e  :|= e1 :: e2  |  [ e1, … , en ] 

e  :|= { f1 = e1, … , fn = en } 

e  :|= let x = e1 in e2 

e  :|= if e1 then e2 else e3 

e  :|= e1 + e2  |  ¬e   | … 

e  :|= dict_get e1 e2   | … 

e  :|= re_match e1 e2  | … 

e  :|= eval e 

Structural updates 
through, e.g.,���

List.map f' xs' ⇐'vs'	  ? 

(E  ⊢ e') ⇒'v'	  

(E' ⊢ e') ⇐'v'	  

⇝
 ion	  
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e  ::=  c  |  λx.e  |  x  |  (e1, e2)  |  e1 e2 

e  :|= e1 :: e2  |  [ e1, … , en ] 

e  :|= { f1 = e1, … , fn = en } 

e  :|= let x = e1 in e2 

e  :|= if e1 then e2 else e3 

e  :|= e1 + e2  |  ¬e   | … 

e  :|= dict_get e1 e2   | … 

e  :|= re_match e1 e2  | … 

e  :|= eval e 

Structural updates 
through, e.g.,���

List.map f' xs' ⇐'vs'	  ? 

Domain-specific 
primitives?	  

(E  ⊢ e') ⇒'v'	  

(E' ⊢ e') ⇐'v'	  

⇝
 ion	  
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e  ::=  c  |  λx.e  |  x  |  (e1, e2)  |  e1 e2 

e  :|= e1 :: e2  |  [ e1, … , en ] 

e  :|= { f1 = e1, … , fn = en } 

e  :|= let x = e1 in e2 

e  :|= if e1 then e2 else e3 

e  :|= e1 + e2  |  ¬e   | … 

e  :|= dict_get e1 e2   | … 

e  :|= re_match e1 e2  | … 

e  :|= eval e 
e  :|= appLens (eget, eput) ex 

 

Structural updates 
through, e.g.,���

List.map f' xs' ⇐'vs'	  ? 

Domain-specific 
primitives?	  

User-defined lenses 
for customization	  

(E  ⊢ e') ⇒'v'	  

(E' ⊢ e') ⇐'v'	  

⇝
 ion	  
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(E  ⊢ e') ⇒'v'	  

(E' ⊢ e') ⇐'v'	  

⇝
 ion	  

(E ⊢ appLens (fget, fput) ex)  ⇒'vy'	  

e  ::=  …  |  appLens (eget, eput) ex 
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(E  ⊢ e') ⇒'v'	  

(E' ⊢ e') ⇐'v'	  

⇝
 ion	  

((E, x↦vx') ⊢ appLens (fget, fput) x)  ⇒'vy'	  

e  ::=  …  |  appLens (eget, eput) ex 
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(E  ⊢ e') ⇒'v'	  

(E' ⊢ e') ⇐'v'	  

⇝
 ion	  

((E, x↦vx') ⊢ appLens (fget, fput) x)  ⇒'vy'	  

(E ⊢ fget  vx vy vy')  ⇒'vy'	  

e  ::=  …  |  appLens (eget, eput) ex 
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(E  ⊢ e') ⇒'v'	  

(E' ⊢ e') ⇐'v'	  

⇝
 ion	  

((E, x↦vx') ⊢ appLens (fget, fput) x)  ⇒'vy'	  

(E ⊢ fget  vx vy vy')  ⇒'vy'	  

e  ::=  …  |  appLens (eget, eput) ex 
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(E  ⊢ e') ⇒'v'	  

(E' ⊢ e') ⇐'v'	  

⇝
 ion	  

((E, x↦vx') ⊢ appLens (fget, fput) x)  ⇒'vy'	  

vy'	  

⇝
 

(E ⊢ fget  vx vy vy')  ⇒'vy'	  

e  ::=  …  |  appLens (eget, eput) ex 
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(E  ⊢ e') ⇒'v'	  

(E' ⊢ e') ⇐'v'	  

⇝
 ion	  

((E, x↦vx') ⊢ appLens (fget, fput) x)  ⇒'vy'	  

vy'	  

⇝
 

(E ⊢ fput vx vy vy')  ⇒'vx'	  

(E ⊢ fget  vx vy vy')  ⇒'vy'	  

e  ::=  …  |  appLens (eget, eput) ex 
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(E  ⊢ e') ⇒'v'	  

(E' ⊢ e') ⇐'v'	  

⇝
 ion	  

((E, x↦vx') ⊢ appLens (fget, fput) x)  ⇒'vy'	  

vy'	  

⇝
 

(E ⊢ fput vx vy vy')  ⇒'vx'	  

(E ⊢ fget  vx vy vy')  ⇒'vy'	  

e  ::=  …  |  appLens (eget, eput) ex 
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(E  ⊢ e') ⇒'v'	  

(E' ⊢ e') ⇐'v'	  

⇝
 ion	  

((E, x↦vx') ⊢ appLens (fget, fput) x)  ⇒'vy'	  

((E, x↦vx') ⊢ appLens (fget, fput) x) ⇐' vy'	  

⇝
 

(E ⊢ fput vx vy vy')  ⇒'vx'	  

(E ⊢ fget  vx vy vy')  ⇒'vy'	  

e  ::=  …  |  appLens (eget, eput) ex 
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(E  ⊢ e') ⇒'v'	  

(E' ⊢ e') ⇐'v'	  

⇝
 ion	  

((E, x↦vx') ⊢ appLens (fget, fput) x)  ⇒'vy'	  

((E, x↦vx') ⊢ appLens (fget, fput) x) ⇐' vy'	  

⇝
 

(E ⊢ fput vx vy vy')  ⇒'vx'	  

(E ⊢ fget  vx vy vy')  ⇒'vy'	  

e  ::=  …  |  appLens (eget, eput) ex 

PUTGET
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Evaluation with tracing 
+ constraint solving 

 
 

Sketch-n-Sketch 
R

ep
ai

r���
A

lg
or

it
hm

	  
U

se
r���

In
te

rf
ac

e	  

[Chugh et al. PLDI 2016] 

Related���
Work 

[OOPSLA 2018] 

Re-run evaluation���
"in reverse" only as needed 

 
Lens API for customization 

Elm-like language ⇒ HTML 
 

User disambiguation���
via dropdown menu 

Little λ-calculus ⇒ SVG 
 

Auto disambiguation���
via simple heuristics 



195	  

Live Programming���
by Example 
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Live Programming by Example 

Sketching with 

Example-Based���
Synthesis 

 
Escher 

Lambda2 

Myth 
Myth2 

Sketching with 

Logic-Based���
Synthesis 

 
Sketch 
Leon 

Rosette 
Synquid 

Our Goal:	  



+ 

197	  

Example-Based���
Synthesis 

 

e.g. [Myth] 

Logic-Based���
Synthesis 

 

e.g. [Synquid] 

Program���
Sketching 

 

e.g. [Sketch] 

Two Peas in a Pod 



+ 
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Example-Based���
Synthesis 

 

[Myth] 

Program���
Sketching 

 

[Sketch] 

Sketch-n-Myth  ?? 
Examples from���
evaluating sketch 

Solve multiple���
interdependent holes 

Often requiring fewer���
user-provided examples	  
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Sketch-n-Myth  ?? 

Myth 
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Output-Directed 
Programming 



Idea 

202	  



λ...	  
λ...	  

λ...	  
λ...	  

λ...	  
λ...	  

λ...	  
λ...	  

λ...	  
λ...	  

Draw…  Relate…  Abstract…  Refactor…	  
Idea 
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Idea 

λ...	   λ...	   λ...	   λ...	   λ...	  

Programming with:���
Less Keyboard. ���
More Mouse. 



205	  

Hybrid Text-GUI 
Code Editors 
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Text���
Editors 

Structure���
Editors 

Traditional 
UI 

Deuce���
UI 

versus	  

21 users 



Traditional “Text-Select Mode”

 78

Structure Select Short Menu Defaults

 78

Deuce “Box-Select Mode”

Text Select Right-Click Menu Select Arguments Defaults
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Traditional “Text-Select Mode”

 78

Structure Select Short Menu Defaults

 78

Deuce “Box-Select Mode”

Text Select Right-Click Menu Select Arguments Defaults

Deuce ("Box-Select") Mode	  

Traditional ("Text-Select") Mode	  
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1. Tutorial	  

 79

Mix & Match Tasks (free to use both modes)

Head-to-Head Tasks (2x; once per mode)

Tutorial

Exit Survey

2. Head-to-Head Tasks (2x each; once per mode)	  

 79

Mix & Match Tasks (free to use both modes)

Head-to-Head Tasks (2x; once per mode)

Tutorial

Exit Survey

3. Mix-and-Match Tasks (free to use both modes)	  

4. Exit Survey	  
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 84

0%
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te
   

   
   

  

First
Encounter

Second
Encounter

Deuce more effective than Traditional?

0%

50%

100%
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io
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te
   

   
   

  

First
Encounter

Second
Encounter

Deuce more effective than Traditional?  

Deuce doesn't help discoverability	  
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 87

Deuce more effective than Traditional?

0

1

2

3

4

Re
l T

im
e 

(v
s t

as
k 

m
ea

n)

First
Encounter

Second
Encounter

Deuce may be faster once learned	  

Deuce more effective than Traditional?  

36%���
faster	  
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Deuce preferred to Traditional?  

 91
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Almost everyone 
used Deuce more

Modest subjective 
preference for Deuce

Survey ObservedSurvey	  
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Overall

Almost everyone 
used Deuce more

Modest subjective 
preference for Deuce

Survey ObservedObserved	  

 Modest subjective 
preference for	  Deuce	  

 Almost everyone���
used	  Deuce more	  



0% 5% 10% 15%
Mean Proportion of User's Refactorings

Rename

Make Equal with Single Variable

Introduce Variable(s)

Add Argument(s)

Create Function from Arguments

Move Definition(s)

Inline Definition(s)

Create Function by Merging Definitions

Create Function from Definition
Traditional
Deuce

Mix & Match Tool Usage
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0% 5% 10% 15%
Mean Proportion of User's Refactorings

Rename

Make Equal with Single Variable

Introduce Variable(s)

Add Argument(s)

Create Function from Arguments

Move Definition(s)

Inline Definition(s)

Create Function by Merging Definitions

Create Function from Definition
Traditional
Deuce

Mix-and-Match Tool Usage 
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Hypothesis:���
Deuce better���
for multi-arg���
transforms	  



Deuce versus Traditional 

Traditional may be better for discovery	  

Deuce may be faster once learned 

Deuce strongly preferred	  
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Related���
Work Plain Text Editing 

Structured Editing Automated Refactoring 

Hybrid Editors 
 

Barista���
Active Code Completion���

Greenfoot���
Code Bubbles 

Sketch-n-Sketch: Deuce 

Alternative UIs���
for Refactoring 

 
Refactoring w/ Synthesis���
Drag-n-Drop Refactoring 
Sketch-n-Sketch: Deuce 
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END 


