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[ djtp_first_steps = [5] polls [_., dj. Django_test ¥

[ [@& models.py R
+ G%nm

create_question( ="Past question =

response = .client.get(reverse('polls: VARR!
.assertQuerysetEqual( Search Everywhere: Include non-project items (Double ) #* v tables
response.context['latest_question_list' Q result! rm auth_group

['<Question: Past question L) :
auth_group_permissions

O [(TMsView (polls.views)

v W Django default

B 1: Project
aseqeieq

)

auth_permission

test_index_view_with_a_future_question( auth_user

« 7: Structure

results.html auth_user_groups

auth_user_user_permissions
© result django_admin_log

create_question( ="Future quest &1 id
= : ' - @ result .
response = .client.get(reverse('polls:i 2
" 1 action_time
.assertContains(response, "No polls are O result

object_id

=200)
result
.assertQuerysetEqual(response.context(’ o 4 object_repr

© result -
- - - - action_flag
test_index_view_with_future_question_and_pa
change_message

content_type_id

View Offline Inspection Results...
user_id

Import Test Results ¥ <unnamed>
create_question( ="Past questio... - ’ > :
create_question( ="Future question." =30) #FAKE_django_admin_log
response = .client.get(reverse('polls:index'))

.assertQuerysetEqual( : . djiango_admin_log_417f1}
r?sponse.context[ latest_question_list'] . django_admin_log_e8701
['<Question: Past question.>'] <

#FAKE_django_admin_log.

[ django_content_type
» [T django_migrations
d
m Debugger [§ Console -+* ¥ M M r H

+) Frames »* == Variables ¥4 Watches

3| longMessage = False
% maxDiff = 640
8 reset_sequences = False

E MainThread v '

</ test_index_view_with_a_future_questii

% serialized_rollback = False

= » = startTime = {datetime} 2015-10-09 11:38:35.521452
4:Run « 5: Debug % 6: TODO w5 Pyth nsole Terminal 9 9: Version Control manage.py@first_steps &9, Event Log
34:9 LF: UTF-8% Git: masters &

% 2: Favorites

0

Tests Failed: 4 passed, 3 failed (4 minutes ago)



[ djtp_first_steps = [E] polls [_; sts.py dj. Django_test ¥

I-; tests.py [-; models.py [:, admin.py
=]

™ 1: Project
aseqeieq

7: Structure

B
*

“
-4
S
o
&
il
*

>

4:Run ¢ 5: Debug % 6: TODO ¥ Python Console _| Terminal 9 9: Version Control manage.py@first_steps &9, Event Log

34:9 LF: UTF-8: Git: masters &

Tests Failed: 4 passed, 3 failed (4 minutes ago)
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PLs / GUIs




PLs GUIs
2D Graphics %
Documents I%;gfw w E‘?Z
Presentations IMFX& P ?
Spreadsheets DB%L x é
web rpps | (B 5gf) @ "€
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PLs GUIs

2D Graphics %
Documents

Scholarl
MARKDOWN

Presentations

Spreadsheets

Web Apps

Programs

Text Trees/Blocks
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PLs + GUIs

2D Graph
Docume General Domain
Purpose Specific
Presentatiq PL Ul

+ +
Spreadshe .

General | Domain

Purpose Specific

Web App Program Program

Synthesis | Synthesis

Program ‘

Text + Trees/Blocks

13



Bidirectional Live Programming
Evaluation by Example

[PLDI 2016, OOPSLA 20138] [POPL 2019, ICFP 2020]

PL+UI

Hybrid Text-GUI | Output-Directed
Code Editors Programming

[ICSE 2018, VL/HCC 2020] [UIST 2016, UIST 2019]
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Bidirectional
Evaluation

[PLDI 2016, OOPSLA 20138]

Live Programming
by Example

[POPL 2019, ICFP 2020]

PL+UI

Hybrid Text-GUI
Code Editors

[ICSE 2018, VL/HCC 2020]

Output-Directed
Programming

[UIST 2016, UIST 2019]



Sketch-n-Sketch

N



Sketch the Code + Sketch the Output

PN  Sketch-n-Sketch  File  CodeTools View  Options

Current file: Untitled *

O Undo Clean Up

equiTriPt [x3, y3] [x2, y2] =
[ (x2 +x3 + sart 31 * (y2 - y3))/ 2!, (y2 + y3 - sqrt 31 * (x2 - x3)) / 2

let equiTriPt2 = equiTriP
if depth < 2 then
[point, oneThirdPt,

let makeKochPts2 i¥ makeKochPts (depth - 1) point oneThirdP

let makeKochPts3

makeKochPts (depth

48- makeKochPts (depth

let makeKochPts

= makeKochPts (depth

concat [malg™ochPts2, makeKochPts3,

depth = 3{1-5}
topPts
botCorner = e
rightPts
leftPts =

snowflakePt

svg (concat
[polygoni]
d

1) oneThirdPt3 equiTriPt

1) equiTriPt2 oneThirdPt2 in

1) oneThirdPt2 point2 in
makeKochPts4, makeKochPts5]

Directly
| Manipulate

Bullt-In Tools
R Cursor

°°> Point or Offset

* Polygon

User-Defined Tools

(o] °
s equiTriPt

(6]
Q, oneThirdPt

% makeKochPts
Standard Library Tools

"o , vec20Plus

(o]
., vec2DLength

. circle

O

‘” ellipse

Directly
Manipulate
Output

: nVerticalPointsSepBy

)

°°°° pointsBetweenSepBy

O O
oo midpoint




- Sketch-n-Sketch  File  CodeTools View  Options Output Tools

Current file: Untitled * o Context: Program Built-in Tools

Clean Up (mfl Run» | K Cursor

1 svg (concat [ °° . Point or Offset

2 D
* Polygon

User-Defined Tools
Standard Library Tools

 vec2DPlus
! vec2DLength
© cice
or"

© oo

W rect

B square

\,. line

. rectByCenter
B scaresyCenter

o
o o NPointsOnCircle

https://www.youtube.com/watch?v=I5glcFxikbk

°o o nPointsOnSegment

°
© nPointsSepBy
°

o000

nHorizontalPointsSepBy

000

nVerticalPointsSepBy

o0

0% pointsBetweenSepBy
O midpoint
©O. onLine

o
onPerpendicularLine




Sketch-n-Sketch  File  Examples CodeTools OutputTools View  Options

Current file: Untitled ((xi) Ferris Wheel) * o l Context: Program
|

'O Undo Clean Up =) m |
|

1l

2 point = [307, 334]

3

4 r =241

5

6 attachmentPts = nPointsOnCircle 14{0-20}0NI25600000000000021N3N
7/

8 color = 434

9

10 spokeFunc point2 =

11 line color S point point2
12

13 spokes =

14 map spokeFunc attachmentPts
15

16 carfFunc center2 =
17 squareByCenter 48 center2 20

18

19 cars =

20 map carFunc attachmentPts "
21

22 capFunc point2 =
23 circle 364 point2 9

24

25 caps =

26 map capFunc attachmentPts
27

28 ringl = ring color 7 point r
29

30 hub = circle 362 point 44

32 svg (concat [

33 [hub],

5 s, https://www.youtube.com/watch?v=6TGBTuuaV3E
ringl],

37 caps

38 1

Built-In Tools
k Cursor

o2, Point or Offset

W Polygon
User-Defined Tools
Standard Library Tools

R vec2DPlus
“_ vec2DLength
. circle
oL
. ellipse
W ret
. square
T\J line
. rectByCenter
. squareByCenter
° o o NPointsOnCircle
°o o nPointsOnSegment
i © nPointsSepBy
o o .

© nHorizontalPointsSepBy

nVerticalPointsSepBy

OOOOO

°°° pointsBetweenSepBy
“o_ midpoint
o, onLine

onPerpendicularLine




}x Sketch-n-Sketch  File  View  Options < Previous Example Next Example »

Current file: Untitled (1a: Table of States) o State  Capital

m Alabama , AL?
Alaska ,AL?

1 states = .

2 [ ["Alabama", "AL?", ""] SEons LU
3 , ["Alaska", "AL?", ""] Arkansas , AR?
4, ["Arizona", "AR?", ""] California , CA
5 , ["Arkansas", "AR?", ""] Colorado , CO?
6 , ["California", "CA", ""] Connecticut , CO?
7 , ["Colorado", "CO?", ""]

8 , ["Connecticut", "CO?", ""] 1]

9

10 main =

11 let headers = ["State", "Capital"] in
12 let rows =

13 List.map

14 (\[state, abbrev, cap] -> [state, cap + ", " + abbrev])
15 states

16 in L3

17 let padding = ["padding", "3px"] in
18 let headerRow =

GUI
HTML
Value

Auto
Sync

19 let styles = [padding] in

20 Html.tr [] [J (List.map (Html.th styles []) headers)

21 in

22 let stateRows =

23 let colors = ["lightgray", "white"] in

24 let drawRow i row =

25 let color = List.nth colors (mod i (List.length colors)) in
26 let columns =

27 List.map

28 (Html

" o ™ | https://www.youtube.com/watch?v=pp6yQPrd6bw
31 Html.tr [

32 in

33 List.indexedMap drawRow rows

34 in

35 Html.table [padding] [] (headerRow :: stateRows)




)x Sketch-n-Sketch  File  Code Tools  View  Options < Previous Example ~ Next Example »

Current file: Untitled (Get Started) * ° k

© Undo C Redo m
(x, y, size) = (23, 30, 217)

1
2
3
4 rectl =

5 rect "slategray" x y size size
6

7

8

9

linel =

1.
AN
N
line "white" 10 x y (x + size) (y + size) ‘
*
*

10 1line2 =
11 line "white" 10 x (y + size) | Il

13 main = svg [rectl, linel, lineZ]

https://www.youtube.com/watch?v=GE6KSG5Q 0




Sketch the Code + Sketch the Output

PN  Sketch-n-Sketch  File  CodeTools View  Options

Current file: Untitled *

O Undo Clean Up

equiTriPt [x3, y3] [x2, y2] =
[ (x2 +x3 + sart 31 * (y2 - y3))/ 2!, (y2 + y3 - sqrt 31 * (x2 - x3)) / 2

let equiTriPt2 = equiTriP
if depth < 2 then
[point, oneThirdPt,

let makeKochPts2 i¥ makeKochPts (depth - 1) point oneThirdP

let makeKochPts3

makeKochPts (depth

48- makeKochPts (depth

let makeKochPts

= makeKochPts (depth

concat [malg™ochPts2, makeKochPts3,

depth = 3{1-5}
topPts
botCorner = e
rightPts
leftPts =

snowflakePt

svg (concat
[polygoni]
d

1) oneThirdPt3 equiTriPt

1) equiTriPt2 oneThirdPt2 in

1) oneThirdPt2 point2 in
makeKochPts4, makeKochPts5]

Directly
| Manipulate

Bullt-In Tools
R Cursor

°°> Point or Offset

* Polygon

User-Defined Tools

(o] °
s equiTriPt

(6]
Q, oneThirdPt

% makeKochPts
Standard Library Tools

"o , vec20Plus

(o]
., vec2DLength

. circle

O

‘” ellipse

Directly
Manipulate
Output

: nVerticalPointsSepBy

)

°°°° pointsBetweenSepBy

O O
oo midpoint




Bidirectional
Evaluation

[PLDI 2016, OOPSLA 2018]

Live Programming
by Example

[POPL 2019, ICFP 2020]

PL+UI

Hybrid Text-GUI
Code Editors

[ICSE 2018, VL/HCC 2020]

Output-Directed
Programming

[UIST 2016, UIST 2019]



Live Programming
by Example

[POPL 2019, ICFP 2020]

PL+UI}

Hybrid Text-GUI | Output-Directed
Code Editors Programming

[ICSE 2018, VL/HCC 2020] [UIST 2016, UIST 2019]




Edit Program

25



Edit Program; Run

26



Edit Program; Run; View Output

27



Edit Program; Run; View Output
Edit Program; Run; View Output
Edit Program; Run; View Output
( Edit Program; Run; View Output )+
Edit Program; Run; View Output
Edit Program; Run; View Output
Edit Program; Run; View Output
Edit Program; Run; View Output
Edit Program; Run; View Output
Edit Program; Run; View Output

28



( Edit Program; Run; View Output; Edit Output )+

Synthesize Program Repair

29



letfx=x++"2018"In

30



letfx=x++"2018"In
f IIBII ++ il @ il ++ f IIPLWII

31



letfx=x++"2018"In
f IIBII ++ il @ i ++ f IIPLWII

"B 2018
@ PLW 2018"

32



letfx=x++"2018"In
f IIBII ++ il @ i ++ f IIPLWII

"B 2018
@ PLW 2018"

3

"Bx 2019
@ PLW 2018"

33



letfx=x++"2018"In
f IIBII ++ il @ i ++ f IIPLWII

"B 2018
@ PLW 2018"

3

letfx=x++"2019"in
fUBX" ++"@" 4+ f "PLW"

"Bx 2019
@ PLW 2018"

34



letfx=x++"2018"In
f IIBII ++ i @ il ++ f IIPLWII

"B 2018
@ PLW 2018"

3

letfx=x++"2019"In
fUBX" ++ " @" 4+ f "PLW"

"Bx 2019
@ PLW 2018"

35



letfx=x++"2018"In
f IIBII ++ i @ il ++ f IIPLWII

"B 2018
@ PLW 2018"

3

letfx=x++"2019"In
fUBX" ++ " @" 4+ f "PLW"

"Bx 2019
@ PLW 2018"

letf x=x++"2019"In
fUBX" ++ "@" ++ f "PLW"

"Bx 2019
@ PLW 2019"

36



letfx=x++"2018"In
f IIBII ++ il @ i ++ f IIPLWII

"B 2018
@ PLW 2018"

3

letfx=x++"2019"In
fUBX" ++ " @" 4+ f "PLW"

"Bx 2019
@ PLW 2018"

letf x=x++"2019"In
f"Bx" ++"@" ++ f "PLW"

"Bx 2019
@ PLW 2019"

37



Unrestricted function

letfx=x++"2018"In
f IIBII ++ il @ i ++ f IIPLWII

"B 2018
@ PLW 2018"

3

letfx=x++"2019"In
fUBX" ++ " @" ++ f "PLW"

"Bx 2019
@ PLW 2018"

letf x=x++"2019"In
f"Bx" ++"@" ++ f "PLW"

"Bx 2019
@ PLW 2019"

38



Unrestricted function

letfx=x++"2018"In
f IIBII ++ il @ i ++ f IIPLWII

"B 2018
@ PLW 2018"

Repair "code" + "data"

3

letfx=x++"2019"in
fUBX" ++ " @" ++ f "PLW"

"Bx 2019
@ PLW 2018"

letf x=x++"2019"In
f"Bx" ++"@" ++ f "PLW"

"Bx 2019
@ PLW 2019"

39



Unrestricted function

letfx=x++"2018"In
f IIBII ++ il @ i ++ f IIPLWII

"B 2018
@ PLW 2018"

Repair "code" + "data"

3

letfx=x++"2019"in
fUBX" ++ " @" ++ f "PLW"

"Bx 2019
@ PLW 2018"

Extra repairs

letf x=x++"2019"In
f"Bx" ++"@" ++ f "PLW"

"Bx 2019
@ PLW 2019"

40



Unrestricted function

f x =y

Repair "code" + "data" é

fl " — y|

Extra repairs

fl xI — yll




Unrestricted function

Repair "code" + "data"

Extra repairs

42



@stricted function

L x

Repair "code" + "data"

L.get

Extra repairs

43



@stricted function
L.get
L x =y

Repair “@' + "data’ é

L.put

L X' < Yy

Extra repairs




@stricted function
L x

Repair “@' + "data"
]
L x

L X’

L.get

L.put

L.get

y

3

y

@ repairs
J
y




Bidirectional Evaluation

A‘ Sketch-n-Sketch .
Elm-like PL

Current file: Untitled (1b: Table of States) *
O Undo
18 headerRow
19 styles [padding]
20 Html.tr [J [J] (List.map (Html.th styles eaders ,
21
22 stateRows
23 colors ["yel ", "white"]
24 drawRow i row Output Editor
25 color List.nth colors (mod 1i Update Program » [23 Inserted
26 columns ‘
27 List.map Revert to Origi
28

(Html.td [padding, ["background-color", I>1<\r"]J C17

State
Alabama

Alaska

rkansas
California
Colorado
Connecticut

e], L23 Repla

nal Program

+ HTML GUI

Capital
Montgomerv AL

Juneai

AK

Phpenix, Az
[tle Rock, AR
acramento, CA
Denver, CC
artford

ightgray] by trow

Ylig ye

>
GUI

46



Bidirectional Evaluation

e =V
uneval é
e i &V i

>>> Skip to Punchline >>>




Bidirectional Evaluation

eval

(E—He)>v

(E'—e') <V

Environment-style
simpler than
substitution-style



Ax.e | x | (e;,e) | e e
[E] Ax.e | (vq, V,)

(E, x—V)

m < ©
W
|l & 6

eval

(E—He)>v

(E'—e') <V



Ax.e | x | (e;,e) | e e
[E] Ax.e | (vq, V,)

(E, x—V)

((E - e) 3v\

k(EI - e') < v

50



Ax.e | x | (e;,e) | e e
[E] Ax.e | (vq, V,)

(E, x—V)

((E - e) 3v\

k(EI - e') < v

51



Ax.e | x | (e;,e) | e e
[E] Ax.e | (vq, V,)

(E, x—V)

((E - e) 3v\

-+ 2018) = 2018

3
2019

k(EI - e') < v

52



m < @

-

Ax.e | x | (e;,e) | e e
[E] Ax.e | (vq, V,)

((E - e) 3v\

(E, x—V)

-+ 2018) = 2018

3
(-~ 2019) < 2019

k(EI - e') < v




Ax.e || (e, e) | e e
[E] Ax.e | (vq, V,)

(E, x—V)

((E - e) 3v\

k(EI - e') < v

54



Ax.e || (e, e) | e e
[E] Ax.e | (vq, Vy)

(E, x—V)

i
A 6

\(E' - e') <« v!

((E —e) 3v\

(- letx=2018Inx) = 2018

3
2019

55



Ax.e || (e, e) | e e
[E] Ax.e | (vq, V,)

(E, x—V)

k(EI - e') < v

((E - e) 3v\

((x—2018) ~ x) = 2018

3
2019

56



®

m <

A 6

Ax.e || (e, e) | e e
[E] Ax.e | (vq, V,)

(E, x—V)

((E - e) 3v\

k(EI - e') < v

((x—2018) ~ x) = 2018

3

(x—2019) +~ x) < 2019



®

m <

c | Ax.e || (e, e,) | e e,
[E] Ax.e | (vq, V,)

- (Er X'_’V)

| I | B |
(@

((E —e) :v\

\(E' - e') <« v!

(- letx=2018Inx) = 2018

3

(- letx =2019 in x) < 2019

58



Ax.e | x || e, e,

[E] Ax.e | (vq, V,)

(E, x—V)

((E - e) 3v\

k(EI - e') < v

59



I
(@]

Me | x ([ ee | (Ere)sv

[E] Ax.e | (vq, V,) 3
. (E'— e') < V!

Il
(@

(E, x—V)

(—+letx=181n (x, x)) = (18, 18)

:
(19, 18)



®

m <

Ax.e | x || e, e,

[E] Ax.e | (vq, V,)

(E, x—V)

\(EI - e!') < V!

((E - e) 3v\

(x—18) - (x, x)) = (18, 18)

3
(19, 18)

61



m < @

I & o

Ax.e | x || e, e,

[E] Ax.e | (vq, V,)
(E, x—v)

\(EI - e!') < V!

((E - e) 3v\

(x—18) - (x, x)) = (18, 18)

3

(X~ 19y - (x, X)) < (19, 18)

19?



m < @

I & o

Ax.e | x || e, e,

[E] Ax.e | (vq, V,)
(E, x—v)

\(EI - e!') < V!

((E - e) 3v\

(x—18) - (x, x)) = (18, 18)

3

(X~ 19y - (x, X)) < (19, 20)

19?
202



A 6

Ax.e | x | (e;,e) | e e
[E] Ax.e | (vq, V,)

(E, x—V)

((E - e) 3v\

3

k(EI - e') < v

J

MEFgE: E1 EB(:onservative E2
(x—19) ©_ corvative (X—20) undefined

Enables a PutGet theorem

64



I
(@]

Il
(@

[E] Ax.e | (vq, V,)

(E, x—V)

Ax.e | x | (e, e) | eje, | ... ((E - e) :>v\

3

k(EI - e') < v

J

MEFgE: E1 EB(:onservative E2
(x—19) & (x—20) undefined

Enables a PutGet theorem

conservative

Merge: E1 GBoptimistic E2
(x—19) & (x—20) = 19 or 20 (or 18)

Enables many desirable interactions

optimistic

65



m < @

I & o

Ax.e | x || e, e,

[E] Ax.e | (vq, V,)
(E, x—v)

\(EI - e!') < V!

((E - e) 3v\

(x—18) - (x, x)) = (18, 18)

3

(X~ 19y - (x, X)) < (19, 20)

19?
202



I
(@]

[E] Ax.e | (vq, V,) 3
. (E'— e') < V!

Il
(@

(E, x—V)

Me | x ([ ee | (Ere)sv

(—+letx=181n (x, x)) = (18, 18)
8. i 3

= let x =% in (x, X)) < (19, 20)

192
20°
Ask user to choose

67



Ax.e | x | (e, ey ||

[E] Ax.e | (vq, V,)

(E, x—V)

((E - e) 3v\

k(EI - e') < v

68



i
A 6

Ax.e | x | (e, ey ||

[E] Ax.e | (vq, V,)

(E, x—V)

let f = Ax. x ++ "18"
in fIIB i1

((E - e) 3v\

k(EI - e') < v

) = "B 18"
;

"Bx 19"

69



I
(@]

[E] Ax.e | (vq, V,)

(E, x—V)

Il
(@

((f — Ax. x ++ "18")

Me | x| e IR - (Ere sv)

3

k(EI —e') < V!

J

fIIB II) = IIB 18"
%
"Bx 19"

70



Me | x| e IR - (Ere sv)

[E] Ax.e | (vq, V,)

(E, x—V)

((x — IIB II)

k(EI —e') < V!

X ++ II1 8II) = IIB 18"
3

"Bx 19"

71



[E] Ax.e | (vq, V,)

(E, x—V)

((x — IIB II)

Ae | x | e R -

X ++ "18")

((E - e) :>v\

\(EI - e!') < V!

= "B 18"
;

((x — 1l : II) |_ X ++ II1@I) — IIBx 19"

"data"

"code"

72



®

[E] Ax.e | (vq, V,)

- (Er X'_’V)

m <
Wi
(@

((f— Ax. x ++ "18")

3

\(EI - e!') < V!

c|Me | x| e R - (Ere >v)

J

fIIB II) = IIB 18"
3

((f — AX. X ++ "1@') — f"") < "Bx 19"

"code"

"data"



c|Me | x| e R - (Ere >v)

I |
(@

[E] Ax.e | (vq, V,) | | $|
— | (E x—v) \(E |—e)<:vj
(_ let f = Ax. x ++ "18" ) = "B 18"

INnf"B"
%

- | I
(- !Et f" AI)I(. X ++ 1@ ) < "Bx 19"
in "code’

"data"

74



e o

c | A x.e | x | (e, e) | e e,

((E - e) 3v\

k(EI - e') < v
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e x=c | Axe | x | (e, e,) | e e, ((E - e) :>v\

k(EI ~e') < v!

(_ I_ IIB il ++ II1 8II) — IIB 18"
"Bf19"
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e x=c | Axe | x | (e, e,) | e e, ((E - e) :>v\

k(EI ~e') < v!

(_ I_ IIB ] + 4 II1 8II) = IIB 18"
%
(_ |_ "BX 1 + 4 II1 9II) — "BX 19"

Primitive lens: (++4)ge; , (1)1



e

= C | Ax.e | x | (e, e) | e e ((E - e) 3v\

M applens (e, e ., €, $
i — e < v

Libraries and users can
define custom lenses

(_ I_ IIB ] + 4 II1 8II) = IIB 18"
3
(_ I_ "BX 1 + 4 II1 9II) — "BX 19"

Primitive lens: ((++) ++)

get / ( put)
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e x=c | Axe | x | (e, e,) | e e,

| applens (€get, €put) €

3

k(EI - e') < v

. ((E I—e)év\

J

Bidirectional Programs

are Lenses



e x=c | Axe | x | (e, e,) | e e,

| applens (€get, €put) €

3

k(EI - e') < v

. ((E I—e):v\

J

Bidirectional Programs

with a+e-Lenses



Example LOC Eval #Upd | #Sol | Average Upd
States Table A* 37 304+20 11 1.18 85+20 200X
States Table B* 126 774+70 7 1 331+80 700X
Recipe® 193 | 145580 17 1.05 | 1328+500 16X
Budgetting 37 328+11 7 2 9+2 80X
MVC 71 720£50 10 1 289+80 40X
Linked-Text 91 855+40 5 1.2 2025£200 5X
Markdown 128 | 1179£110 6 1 1607200 13X
Dixit 130 70540 15 1 417+£1500 120X
Translation 122 357+20 8 2 415200 50X
EIEX in HTML 534 | 1648+200 6 1 943+1000 150X
Total /| Average | 1469 | 833+400 92 1.18 | (723+900) (70x)
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LOC | Eval | #Upd | #Sol | Average Upd

States Table A*
States Table B*
Recipe”
Budgetting
MVC
Linked-Text

Markdown

Dixit
Translation

Variety of "bidirectional docs"

ITEX in HTML

1469 | 833+400 |

92 | 1.18 | (723+900) (70x)

82



Example LOC | Eval | #Upd | #Sol ‘ Average Upd
States Table A*

States Table B* Variety of "bidirectional docs"
Recipe”

Budgetting Variety of updates with

VIV relatively little ambiguity
Linked-Text

Markdown

Dixit

Translation

KTEX in HTML

Total / Average | 1469 | 833400 | (723+900) (70x)
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Example LOC | Eval | #Upd | #Sol | Average Upd

States Table A*

States Table B* Variety of "bidirectional docs'
Recipe”

Budgetting Variety of updates with
MVE relatively little ambiguity

Linked-Text

Markdown ) .
Dixit Uneval time =< Eval time
Translation (with optimizations)
ATEX in HTML

Total / Average | 1469 |4oo 92 | 1.18 [[(7234900) (70x)

>>> Skip Related Work >>>



Bidirectional Evaluation
Related Work: Lenses

Lenses [Foster et al. 2007, et al.]

BX DSLs for relational data, trees, strings, graphs

Point-free programming style

Applicative and Monadic Lenses

[Matsuda and Wang, ICFP 2015]
[Xia, Orchard, and Wang, ESOP 2019]

85



Bidirectional Evaluation
Related Work: Unevaluation

Func. Program Slicing [Perera et al., [CFP 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 A-calculus eliminates function calls (e, e,)
Bidirectional evaluation for "residual" first-order programs

More direct support for "branch switching" than our approach

86



Bidirectional Evaluation
Related Work: Expression Provenance

Transparent ML [Acar et al., JCS 2013]

Tracing evaluator records expression provenance

Control-flow choices not recorded

Sketch-n-Sketch [PLDI 2016]

Tracing evaluator records exp. provenance for numeric values

Constraint solving to update numeric values
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Bidirectional Evaluation
Work-in-progress: Bidirectional JavaScript

JavaScript ~= A-calculus + references + label/break + exceptions
[Guha et al., ECOOP 2010]

Unevaluation

Backward rules for each language form

Expression Provenance

Source-to-source rewrite, rather than tracing- or un- evaluator

Domain-Specific Lenses
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Bidirectional
Evaluation

[PLDI 2016, OOPSLA 2018]

Live Programming
by Example

[POPL 2019, ICFP 2020]

PL+UI

Hybrid Text-GUI
Code Editors

[ICSE 2018, VL/HCC 2020]

Output-Directed
Programming

[UIST 2016, UIST 2019]



Bidirectional
Evaluation

[PLDI 2016, OOPSLA 2018]

PL+UI

Hybrid Text-GUI
Code Editors

[ICSE 2018, VL/HCC 2020]

Output-Directed
Programming

[UIST 2016, UIST 2019]



Live Programming
by Example

[POPL 2019, ICFP 2020]

Type

Examples Program

Sketch



Trace-Complete Examples

No Sketch

Live Programming

by Example

[POPL 2019, ICFP 2020]

Type

Program

Myth

[Osera et al. PLDI 2015, POPL 2016]



Type
Trace-Complete Examples

Neo Sketch

Smyth

Live Programming
by Example

[POPL 2019, ICFP 2020]

Program



Bidirectional
Evaluation

[PLDI 2016, OOPSLA 2018]

Live Programming
by Example

[POPL 2019, ICFP 2020]

PL+UI

Hybrid Text-GUI
Code Editors

[ICSE 2018, VL/HCC 2020]

Output-Directed
Programming

[UIST 2016, UIST 2019]



Bidirectional Live Programming
Evaluation by Example

[PLDI 2016, OOPSLA 2018] [POPL 2019, ICFP 2020]

PL+UI

Hybrid Text-GUI
Code Editors

[ICSE 2018, VL/HCC 2020]




Output-Directed Programming

Output Tools

x Sketch-n-Sketch

y = 141

num = 142

w = 209

color = 384

WooNOIWVHWN -

10 strokeWidth = 5

12 -- *** Focused Definition ***

13 logoFunc x y w color strokeWidth =

14 et topLeft = [x, y] in

15 let squarel = square "gold" topLeft w in

16 let y2 =y + w in

17 let linel = line color strokeWidth topLeft [ x+ w, y2] in

18 let line2 = line color strokeWidth [x, y2] [ (2! * x + w)/ 2!, (
19 [squarel, linel, line2]

20

21 squarelineline = -- *** Example Call ***
22 logoFunc num y w color strokeWidth

23

24 svg (concat [
25 squareLineline
26 1

Context: Program > logoFunc

logoFunc
X X 4py X <> w X <pcolor X «»  strokeWidth X «»

Move arg y loftwards

‘Al AwO00O0

o
o

Y %o

Built-In Tools
Cursor
Point or Offset
Polygon
User-Defined Tools

logoFunc
Standard Library Tools

R vec2DPlus

vec2DLength
circle

ring

ellipse

rect

square

line
rectByCenter
squareByCenter
nPointsOnCircle

nPointsOnSegment

© nPointsSepBy
°

nHorizontalPointsSepBy

nVerticalPointsSepBy

o pointsBetweenSepBy

midpoint
onLine

onPerpendicularLine
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Output-Directed Programming

>A Sketch-n-Sketch

Elm-like PL + SVG GUI
-€o Oy,
e; < V,
e = Vi
e, < Vi
e, = V,



#-H»Q-I'I

(i) Koch Snowflake * (ii) Tree Branch * (iii) Target * (iv) Precision Floor Plan (v) Mondrian Arch A
31 LOC 31 LOC 8 LOC 9 LOC, 3 MO 15 LOC, 4 MO
(vs. 25 LOC, 27 MO) (vs. 23 LOC. 9 MO)
(vi) Balance Scale »  (vii) Box Yg_h_n_nq * (vu1) Xs /1* (ix) Battery A (x) Ladder » (xi) Logo (v1a Three Tris) Ax
34 LOC, 21 MO 81 LOC 44 LOC 13 LOC, 5 MO 18LOC 40 LOC
(vs. 53 LOC, 40 MO) (vs. 21 LOC, 2 MO)

(xii) N Boxes * (xiii) Ferris Wheel * (xiv) Pencil Tip Ax (xv) Arrows Ax (xvi) Rails x

7L0C 25 LOC 28 LOC 20 LOC 23 LOC
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*x-QE]

(i) Koch Snowflake * (ii) Tree Branch x (iii) Target * (iv) Precision Floor Plan =  (v) Mondrian Arch A
31 LOC 31 LOC 8 LOC 9 LOC, 3 MO 15 LOC, 4 MO
(vs. 25 LOC, 27 MO) (vs. 23 LOC. 9 MO)

oy  ss
Readable, reusable programs
«mad  created solely through )

output manipulation

i

(xii) N Boxes x (xiii) Ferris Wheel % (xiv) Pencil Tip Ax (xv) Arrows Ax (xvi) Rails x
7LOC 25 LOC 28 LOC 20 LOC 23 LOC
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‘Recursive function by demonstration

(i) Koch Snowflake » (ii) Tree Branch » (iii) Target (iv) Precision Floor Plan +  (v) Mondrian Arch A
31 LOC 31 LOC 8 LOC 9 LOC, 3 MO 15 LOC, 4 MO
(vs. 25 LOC, 27 MO) (vs. 23 LOC. 9 MO)

" . ]
Readable, reusable programs
omad — created solely through e T
output manipulation

e 7 = ol

(xii) N Boxes % (xiii) Ferris Wheel » (xiv) Pencil Tip Ax (xv) Arrows Ax (xvi) Rails »
7LOC 25 LOC 28 LOC 20 LOC 23 LOC
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Bidirectional
Evaluation

[PLDI 2016, OOPSLA 2018]

Live Programming
by Example

[POPL 2019, ICFP 2020]

PL+UI

Hybrid Text-GUI
Code Editors

[ICSE 2018, VL/HCC 2020]

Output-Directed
Programming

[UIST 2016, UIST 2019]



Bidirectional Live Programming
Evaluation by Example

[PLDI 2016, OOPSLA 2018] [POPL 2019, ICFP 2020]

PL+UI

Output-Directed
Programming

[UIST 2016, UIST 2019]
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Show AST

Code Editors °

[ICSE 2018, VL/HCC 2020]

0O




Show AST
on Text

Hybrid Text-GUI
Code Editors °

[ICSE 2018, VL/HCC 2020]

0O

>>> Skip User Study >>>




Text Select

(def imagel
(let [WidEH height]
(let [x v] [100 100]
(image "lightgrey"

Right-Click Menu

(Ui height] [324 200]

[x ]

age "1
in
(con

Code Tools
Create Function from Definition...
Create Function from Arguments...
Rename width...
Swap Variable Names and Usages...
Swap Variable Usages...
Move Definition...
Swap Definitions...
Inline Definition...

Reorder Expressions...

Refactoring Ul

Select Arguments

Defaults

"img/icse-2018-largé

(def imagel

Clet (g Feight)
(let [x {1 [100 100

(image "lightgrey

Move Definition
Requirements

« Select one or more variable
definitions and one target position
(i.e. whitespace)

Move Definition
Requirements

» Select one or more variable
definitions and one target position
(i.e. whitespace) (Satisfied)

Code Updates

Move width afid height
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Text Select

Right-Click Menu

(def imagel
(let [WidEH height]
(let [x v] [100 100]
(image "lightgrey"

(Ui height] [324 200]

[x ]

age "1
in
(con

Code Tools
Create Function from Definition...
Create Function from Arguments...
Rename width...
Swap Variable Names and Usages...
Swap Variable Usages...
Move Definition...
Swap Definitions...
Inline Definition...

Reorder Expressions...

Refactoring Ul

Select Arguments

Defaults

"img/icse-2018-largé

(def imagel

(let Im
(let [x {1 [100 100]

(image "lightgrey

Move Definition
Requirements

« Select one or more variable
definitions and one target position
(i.e. whitespace)

Move Definition
Requirements

» Select one or more variable
definitions and one target position
(i.e. whitespace) (Satisfied)

Code Updates

Move width afid height
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Text Select

Right-Click Menu

(def imagel
(let [WidEH height]
(let [x v] [100 100]
(image "lightgrey"

(Ui height] [324 200]

[x ]

age "1
in
(con

Code Tools
Create Function from Definition...
Create Function from Arguments...
Rename width...
Swap Variable Names and Usages...
Swap Variable Usages...
Move Definition...
Swap Definitions...
Inline Definition...

Reorder Expressions...

Refactoring Ul

Select Arguments

Defaults

"img/icse-2018-largé

(def imagel

Clet (g Feight)
(let [x {1 [100 100

(image "lightgrey

Move Definition
Requirements

« Select one or more variable
definitions and one target position
(i.e. whitespace)

Move Definition
Requirements

» Select one or more variable
definitions and one target position
(i.e. whitespace) (Satisfied)

Code Updates

Move width afid height

107



Refactoring Ul

Text Select Right-Click Menu Select Arguments Defaults
i 1 [324 200] Move Definition
L % : : Code Tools |
199€ "1 Create Function from Definition i core Requirements
(d e { l Create Function from Arguments ”img/i Cseizglgilar‘g{ Move Definition q
-L t ) | (cond Rename width R i t
( e l: ' :l Swap Variable Names and Usages (dgot L 1 e-quSI:er:teZnSe or more variable
Cl et l: :l [1@@ 1@@] Swap Variable Usages (let [ U [100 100 definitions and onétarget position

Move Definition

(image "lightgrey' (i.e. whitespace) ] Code Updates

(image "lightgrey"

Move width arid height

Deuce Refactoring Ul

Structure Select Short Menu Defaults
(def imqgel Code Tools
(let [widt elghiil "
(let [x 100 100] Move Definition  » Move width and height
(image "lightgrey" Duplicate Definition »

Structural Multi-Select
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Refactoring Ul

Text Select Right-Click Menu Select Arguments Defaults
E ] ]_[0302‘;16:233 Move Definition
(def ] o me? f'rom oetin-_ | - "img/icse-2018-large Move Definition Requirements
(let [ ) ] o
(let [x v] [100 100] ot D o o] Gefmitons and one target positon
(image "1ightgr‘ey" (image "lightgrey] (i whitespace) ] Code Updates

Move width arid height

Deuce Refactoring Ul

Structure Select Short Menu Defaults
(def 1”’ Code Tools
(1et dt elghiil »
(let [x 100 100] Move Definition  » Move width and height
(image "lightgrey" Duplicate Definition »

Structural Multi-Select + Context-Sensitive Transforms
109



21 users

versus

-

Traditional
Ul

~
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Deuce Ul versus

may be better for discovery
Deuce may be faster once learned

Deuce strongly preferred



Bidirectional
Evaluation

[PLDI 2016, OOPSLA 2018]

Live Programming
by Example

[POPL 2019, ICFP 2020]

PL+UI

Hybrid Text-GUI
Code Editors

[ICSE 2018, VL/HCC 2020]

Output-Directed
Programming

[UIST 2016, UIST 2019]



- Sketch-n-Sketch  File CodeTools View  Options Output Tools

Current file: Untitled * o Context: Program > logoFunc
-~ “Code  cem GUIs o
oo . Point or Offset

2D Graphics

Documents

L?\Qliﬂe
Presentations =”°'.l°°"m

oo o nPointsOnSegment

° ° . nPointsSepBy
Spreadsheets = _ .
: E nVerticalPointsSepBy
"2, pointsBetwoenSepBy

"0 midpoint
"o, onLine

o
onPerpendicularLine

113




Dy

[ATRX

Scholarly

[ATREX
y

SQL

GUIs y

a1
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Creative Coding

PS.JS

ﬂ Filew Editw Sketchw Helpw Login or Signup
° . Auto-refresh maquina by mecobi #
>

sketch.js Preview

1 // color palette
2
3 var colors =
["#ff0o000", "#feb30f", "#0aadaf7", "#000000", "#ffffff"];
4
5 // set weights for each color
6
7 var weights = [1,1,1,1,2,5];
8
9 // scale of the vector field
10 // smaller values => bigger structures
11 // bigger values ==> smaller structures
12
13 var myScale =2;
14
15 // number of drawing agents
16
17 var nAgents = 2000;
18
19 let agent = [];
hels}
Console Clear VvV
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Creative Coding
PS.JS

Text-Edit Code

Directly
Manipulate
Output

Directly
Manipulate
Code
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’ Sketch-n-Sketch  File CodeTools View  Options Output Tools

Current file: Untitled * o Context: Program > logoFunc Built-In Tools
© Undo Clean Up > XD K Cursor
; oo . Point or Offset
3 * Polygon
; N User-Defined Tools
g ¢ N o D\ logoFunc
; g o4 2D Graphics Al e
10 i °
1 vec2DLength
12

. DIX
. scholarly Documents
18 MARKDOWN

19

© cice
O s
© o=
B et
W, sauere

)
 PAGE

=/

e
Y o
\ "

Presentations

W
P
Spreadsheets x

°
o " o NPointsOnCircle

c>o o nPointsOnSegment
°
o nPointsSepBy
°°° nHorizontalPointsSepBy

°
© © nVerticalPointsSepBy
°

o,
°°°e pointsBetweenSepBy
O midpoint

O onLine

Web Apps

o
onPerpendicularLine
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"Everyday Coding"

Documents

Presentations

Spreadsheets
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"Everyday Coding"
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"Everyday Coding"

Spreadsheet Cells i...

—X MikaelMayer

=3 Docs Add-on

* ko vy

Existing
GUI
ot

I-n’ |
Formulas

line

Sketch-n-Script

Using Sketch-n-Script, you can deline and reuse vanables accross the document, and
even embed images (e.g. LaTeX equations)

N-1
X(u) = Z a{n)e~12ren/N
ne0

And you can even change the variables you define on the fly, for example change the

ntom:

N-1 .
x(“) - 2 .l(m)t_',"-IN
-

Sketch-n-Seript makes it possible i link 1o pages (lembed other inline images using

this syntax:
=["img", {src: "hups://imgs.xked com/comics/archimedes.png™}, [1]

After clicking on “Display values™ the upper is rendered as:

Inl*!\.t Lannne Ilf\u-un-a IA--II AT Ll Vs I

Reversible Formulas -

-

btie = Sketch-n-Script

home = hittp Maechuah aithub in'sketch-n

sketchy/
v=n

$8=(
funchon(lormuia) (
return ["mng’, (s1g
“hitp Sy lexsendr com'eg:
brmathtex cgi?” +

encodeURIComponenttiormula)), (D)

B name setecton
wtle Sketchn-Saipt
nome  hitp iravichugh ginud io'sh

\ n

v Highight values
Highlight formulss.
v Refresh images

8 ("X(u) sum
U va"/N}

htp

IN THE WORDS r{
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"Everyday Coding"

. 57
w3
[

$
m
=

&t
R J
R

Presentations
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Data an d Vi sua I iZ ati on

JS
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Data and Visualization

Computationa

Z Jupyter Sli

" Jupyter Jupyter Slides Last Checkpoint: 16 minutes ago (unsaved changes)
File Edit View Insert Cell Kernel Widgets Help

+ % A B 4+ ¢ M B C | Makdown 4 B Celloolbar

<« c oo Jupyter%20Slides.ipynb# Q * Bawe

A Logout

| Python2 O

Jupyter Notebook Slides Demonstration

by Matt Speck

Overview:

Notes for presentation

_ (©) ATaste of Observable / Observ: X [JEE

>>> Skip Ivy to Spreadsheets >>>

| Notebooks

Y
]

C ® © @& nhttps:/observablehq.co  80% - @ W

© Observable Explore .0 Demo

New York City weather forecast

Day Forecast

. . Mostly cloudy, with a high near 34. Northeast wind around
This . 15 mph.
Afternoon

Mostly cloudy, with a low around 31. Northeast wind 5 to
Tonight 15 mph.

Partly sunny, near 40. East wind 5 to 10 mph.

A slight chance snow after 1am. Mostly cloudy,
Wednesday . East wind 5 to 10 mph. Chance of
Night

pstly cloudy, with a high near 41. East

Thursday y hance of precipitation is 30%.

pstly cloudy, with a low around 37,

ith a high near 49. Chance of

nycForecastPeriods.slice(0,

ast, shortForecast }) => ({
Day: md #+$ +x${temperature}&nbsp; “Fex",
Icon: html <img "s{icon}" />', Forecast: detailedForecast
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Data and Visualization

Ivy: Multi-Modal Vis. Editor
[CHI 2021]

Andrew
McNutt

Ease of Use  Explorability Flexibility = Ease of Reuse

Chart choosers @
Shelf builders
Text (declarative) @

Text (procedural)
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Data and Visualization

Ivy: Multi-Modal Vis. Editor
[CHI 2021]

Andrew
McNutt

Related Templates

Data Template: isotype Wafle ) ) )

:M - json N m-;@ ﬁ%ﬂﬂéﬂ;:gkm : of things using an colored isotype plot! Race

@ County v+ - Asian Black Latino Native American Other White

= = Edit View i i *

—= = | o

Juvenile r+ = ” ®l

= - | o | v

= : i

O sex ¥ Number of Rows

0o I o ° 7 9944

za:::1 vm 757+ m— - © ’ :::::i

Time(1) yo | E=——tT © HHH

o ” = pHiee

- 2 tiide

- E g fiie

i — . i

Body Params * Settings * Output * fiiii
e
e
tieé
tié
tité
tité
tité
e

1 ( These templates accept the same set of data fields as your current selection and are renderable with that
2 ": "https://vega.github.io/schema/vega-lite/v4. st i
3 {"view": {"stroke": ""}}, Polestar = AtomExplore
" " idth]", Attt bt EEE Srias ol i
aciitates a wide variety o Visualizations, such as waffle
5 i Height]", charting and exploration tasks. plots and the lie. Based on the
6 “: {"name": "myData"} USE  |No Fields Required “lﬁ§ work of Park et ol i
: : ’ Requires @1 i
7 "transform": [
8 {"window": [{"op": “row_number", "as": "id"}], "sort" T |DataTable - | Scatterplot i
A good old fashioned data table, " Asimple scatterplot that can
9 {"calculate": "ceil (datum.id / [columnSize])", "as": show any type of dataina 7 map color and postion, supports i
10 {"calculate": "datum.id - datum.col * [columnSize]", ! e e g o i i
1] USE | o Feids Recuired T il i
, i ui
", ",
12 | vmark®: { CirclePack Column Chart 43444
13 "type": "point", Compare the relative sizes of E ‘Show one or more categories, o iiiii
v b e e, il |
: true, foprierrpde B s FETTT)
15 “tooltip": true, e Onmiionn 14 Also supports bar charts.
16 "stroke": {"$if": "parameters.outline.includes(true)", “"true": "black"}, Related Tomplates  Toggleshow ¢ ¢ e D Oveview & D Over Time &
17 "strokeWidth": 1 10 options88 data .
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Data and Visualization

Ivy: Multi-Modal Vis. Editor
[CHI 2021]

Andrew
McNutt

Omput"
1
2 "$schema": "https://vega.github.io/schema/vega-lite/v4.
3 {"view": {"stroke": ""}},
4
5 " [Height]"
6 "data": {"name": "myData"},
7 "transform": [
8 {"window": [{"op": "row_number", "as": "id"}], "sort"
9 {"calculate" ceil (datum.id / [columnSize])", "as":
10 {"calculate": "datum.id - datum.col * [columnSize]", '
11 1,
12 "mark": {
13 | "type": "point",
14 "filled": true,
15 “tooltip": true,
16 “stroke": {"$if": "parameters.outline.includes(true)",
17 "strokeWidth": 1

Template = abstracted Vega/Vega-Lite definition 126



Data and Visualization

Ivy: Multi-Modal Vis. Editor
[CHI 2021]

) Andrew
Shelf-builder Ul for template arguments McNutt

] v+
=] v+
dovenie +
- v | = )
@ Metnod S 25
Scheme
© Namo Y+ Man Sze
© Race v+ 55  : ool
5 100
& s ¥ | numberot Ro ws
25 2
© sue v z_. 50
Ouzo L 757 ¢ cnm—
T S A -
940 ¢ eom—)
Time (1) hide 100 1200
@ oue v e

Filt

Template = abstracted Vega/Vega-Lite definition 127



Editor

128

IS.
1
1
1
1
1
1

= ofis o ofn ol b —

[CHI 2021]

vy

=
=)
—
<
N
.WV
N 3
> 2
=0
i
aM
e
<
-

Shelf-builder Ul for template arguments

Template = abstracted Vega/Vega-Lite definition



Data and Visualization

Ivy: Multi-Modal Vis. Editor
[CHI 2021]

) Andrew
Shelf-builder Ul for template arguments McNutt

Gallery for browsing and

Templ:
fiekds as your that
set.
Polestar | AtomExploi re
nevensao satboidor [ [ Bl | Aoy or o nt
faciltates a wide varity of Visualizations, such as waffle
mmmmmmmmmmmmmmmmmmmmm Py plots and the like. Based on the
a B |
USE  |No Fields Required use ork of Park et .
T e m a e S
s | Data Table ~ | Scatterplot
good 3 " A that can
show any type of dataina t map color and position, supports
ular format. A great way ordinal and quantative data.
double check your data. USE | Requires
lelds Required ¥
CCCCCCCCC Column Chart
Compare the relative sizes of ; Show ane egori
BE | erarchical defined data, ke & aroups, of data, especial
[ ) pie chart but in space. catogories have subcategories.
nee o e - Also supports bar chs arts.

ack"},  Related Templates  Toggle show
es Toggles
O  Executioni

Template = abstracted Vega/Vega-Lite definition 129



Data and Visualization
Ivy: Multi-Modal Vis. Editor

Andrew
McNutt
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Data and Visualization
Spreadsheets

Quick Access Toolbar
= & =

Insert Page Layout Formulas Data Review View Help Acrobat Q Tell me what you want to do

Bookl - Excel

Em -

o =
B &% Cut Calibri M <A A | === General -
b $-% > WA
Number =
File Home Insert Page Layout Formulas  Data Review
/'i. Z AutoSum v . Logical ¥ @ v @ Define Name ~
1 Active Cell Esiit @ Recently Used v @ Text v Q N Name < Use in Formula v
2| Function Q Financial v €] Date & Time v Q v Manager ?‘009‘1!9 from Selection
3 Function Libeary Defined Names
4 4
S 4
6 New Name
7
8 | Name: MylLambda
- Row Number
Al Scope: Workbook
12 | (@ . .
5 d . d I omment: My first lambdal
Edit computed value
15
16 |
17_
,9 el =LAMBDA(x, x+1)
21 Work Sheet Tab eance]
Sheet1
Ready H m o -

(] X

£ Share

https://www.trainingconnection.com/excel/lessons/excel-interface.php

https://techcommunity.microsoft.com/t5/excel-blog/announcing-lambda-turn-excel-formulas-into-custom-functions/ba-p/1925546
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- Sketch-n-Sketch  File CodeTools View  Options Output Tools

Current file: Untitled * o Context: Program > logoFunc
-~ “Code  cem GUIs o
oo . Point or Offset

2D Graphics

Documents

Trees/Blocks
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PN  Sketch-n-Sketch File CodeTools View  Options

Current file: Untitled *

“Code

O Undo

General
Purpose
PL

-+

General
Purpose
Program
Synthesis

Domain
Specific
Ul
-+
Domain
Specific
Program
Synthesis

Text

Trees/Blocks
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Thanks!

Nick
Collins

- l 2
Andrew Grace Mitch Jacob
ENSNF McNutt Lu Spradlin Albers

Swiss NATIONAL SCIENCE FOUNDATION
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Bidirectional Live Programming
Evaluation by Example

[PLDI 2016, OOPSLA 2018] [POPL 2019, ICFP 2020]

}‘. Sketch-n-Sketch
http://ravichugh.github.io/sketch-n-sketch/

Hybrid Text-GUI | Output-Directed
Code Editors Programming

[ICSE 2018, VL/HCC 2020] [UIST 2016, UIST 2019]




EXTRA SLIDES




Live Programming

by Example



length : List a -> Int
length =
??

assert (length [2,0,1,6] == 4)
assert (length [] == 0)

Program Synthesizer

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



stutter : List a -> List a

stutter =

??
assert (stutter [1,2,3] == [1,1,2,2,3,3])
assert (stutter []1 == [] )

Program Synthesizer

stutter xs =
case xs of

[] -> []

X::Xs' -> x :: X :: stutter xs'



max : Nat -> Nat -> Nat
max n m =
case n of
Zero ->m
Succ n' -> ??

assert (max 1 1
assert (max 1 2
assert (max 2 0 == 2)
assert (max 2 1
assert (max 2 2

Program Synthesizer

max n m =
case n of
Zero ->m
Succ n' -> case m of

Zero ->n
Succ m' -> Succ (max n' m")



Type

Examples Synth esizer Program

Sketch



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

Type

Trace-Complete
Examples

SynthESizer Program



length : List a -> Int
length =
??

assert (length [2,0,1,6] 4)
assert (length [] 0)

Trace-Complete

Examples
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Trace-Complete

Examples

length :

length
??

assert
assert
assert
assert
assert

List a -> Int

(length [2,0,1,6] =

(length
(length
(length
(length

[0,1,6] =
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Myth [Osera et al. PLDI 2015, POPL 2016]

Type

Trace-Complete
Examples

SynthESizer Program



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

Guess-and-Check

Type
E - e = ex

Trace-Complete
Examples - Program
| Example Refinement
Sketch :
Branching




Example Satisfaction in Myth

E - e = ex
Eval A g Check A
FHe=v T V = ex
_J \_ y,
ex {vi, = ex,,!}

Input-output examples
for functions
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How to Eval and Check Sketches ?¢¢

(¢

-

.

Eval

EF-e = v

~\

J

_|_

— €X

r

Vv

Check
— X

~N
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= |—= ex

How to Eval and Check Sketches ?¢¢

4 . )
Live Eval

_|_

F-e=r
\_ y,

Partially evaluate
sketch to result r
(value or "paused")
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= |—= ex

How to Eval and Check Sketches ?¢¢

r : N r : 2
Live Eval Live Uneval
F-e=r T r < ex 4 X
q y 9 y
Partially evaluate Constraints X s.t.
sketch to result r r will resume

(value or "paused") and satisfy ex
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El—:r<:ex—|X

\_

Live Eval

F-e=r

~\

v,

Partially evaluate
sketch to result r

(value or "paused")

>>> Skip Examples >>>

_|_

Live Bidirectional Evaluation

r

\_

Live Uneval

r< ex - X

~N

v,

Constraints X s.t.

r will resume

and satisfy ex
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Live Eval

F-e=r
\_ y,

Partially evaluate
sketch to result r
(value or "paused")
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Eval

e=>V

-

\_

Expressions

J

2019 +1 = 2020
2019 ++ "!I" = crash
(22 2019 + 1) = crash @

Holes typically represented as
raise "Not yet implemented”
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r N\ A

Live Eval Expressions
€e=>r [ el
\ J
Partially evaluate
- J

\_

(¢, 2019+ 1) = (2¢,2020)
snd (¢2, 2019 +1) = 2020
(snd 22,2019 + 1) = (snd 22, 2020)

J




Live Eval

e=>r

J

r == ... | Ax.e | [E1?22 | sndr | r, +1r, | ...

Values Paused Expressions
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Live Eval

e =>r

) 4

J .

eX

Live Uneval

r<ex 4 X

~\

J

{ Vin — €Xout }
X, (EF 22 FE ex)

Example

constraints

required by Myth
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(- )

Live Uneval
r<ex 4 X
\ J
r == ... | Ax.e | [E122 | sndr | r, +r, | ...
ex = {vi, = eX !t
X = ... X, (EF 22 FE ex)

2020 < 2020 4 ©
[E] 22, < 2020 —H (E + ¢¢, E 2020)
4 + [E] 22, <« 2020 4 (E+ ?¢, = 2016)
ite ([E] 22,) 2016 2020 < 2020 — (E + 22, &= False)
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. )
Live Eval
e =>Fr
y,
r
ex {vi, = exX !t

X X, (E - 22, = ex)

r

G

Live Uneval

r<ex 4 X

~\

J
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El—:>r<:ex—|X

Live Bidirectional Evaluation

r : N r : N
Live Eval Live Uneval
E-e=r T r<ex 4 X
\ y . y
Partially evaluate Constraints X s.t.
sketch to result r r will resume

(value or "paused") and satisfy ex
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ass-and-Check ™
E :> r<ex 4 X

Example Refinement”

Trace Complete

Examples Program

ketch :
shete Branching™




SMYTH

Experiment

1

2a 2b

3a 3b

Sketch / Objective

None / Top-1

None / Top-1

Base Case / Top-1-R

Name

bool_band
bool_bor
bool_impl
bool_neg
bool_xor

list_append
list_compress
list_concat
list_drop
list_even_parity
list_filter
list_fold

list_hd

list_inc

list_last
list_length
list_map

list_nth
list_pairwise_swap
list_rev_append
list_rev_fold
list_rev_snoc
list_rev_tailcall
list_snoc
list_sort_sorted_insert
list_sorted_insert
list_stutter
list_sum
list_take

list_tl

nat_add
nat_iseven
nat_max
nat_pred

tree_binsert
tree_collect_leaves
tree_count_leaves
tree_count_nodes
tree_inorder
tree_map
tree_nodes_at_level
tree_postorder
tree_preorder

Expert

Time

Expert Random
(50%, 90%)

Expert Random
(50%, 90%)

Averages

61%"

46%
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SMYTH

Experiment

2a 2b

3a 3b

Sketch / Objective

Name

bool_band
bool_bor
bool_impl
bool_neg
bool_xor

list_append
list_compress
list_concat
list_drop
list_even_parity
list_filter
list_fold

list_hd

list_inc

list_last
list_length
list_map

list_nth
list_pairwise_swap
list_rev_append
list_rev_fold
list_rev_snoc
list_rev_tailcall
list_snoc
list_sort_sorted_insert
list_sorted_insert
list_stutter
list_sum
list_take

list_tl

nat_add
nat_iseven
nat_max
nat_pred

tree_binsert
tree_collect_leaves
tree_count_leaves
tree_count_nodes
tree_inorder
tree_map
tree_nodes_at_level
tree_postorder
tree_preorder

Averages

00 W O\ B WO

[y
w

7
5
5
5
8
8
7

- -
WD ww s

W O B 0

[N [\
oD Noawal

None / Top-1

Base Case / Top-1-R

Expert Random
(50%, 90%)

Expert Random
(50%, 90%)

Compared to prior
state-of-the-art:

Trace-complete examples

(without a sketch)

61%"

46%
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Experiment 1 | 2a 2b 3a 3b
Sketch / Objective None / Top-1 Top-1 Base Case / Top-1-R
Name Expert Time Expert || Random Expert Random
(50%, 90%) (50%, 90%)
bool_band 4 3(75%)
bool_bor 4 3 (75%)
bool_impl 4 3 (75%)
bool_neg 2 2(100%)
bool_xor 4 4(100%)
list_append 6 4(67%)
list_compress 13
list_concat 6 3 (50%)
list_drop 11 5 (45%)
list_even_parity 7
list_filter 9* 5(56%)
list_fold 9 3 (33%)
list_hd 3 2 (67%)
list_inc 4 2 (50%)
list_last 6 4(67%)
list_length 3 3(100%)
list_map 8 4 (50%)
list_nth 13 5 (38%)
list_pairwise_swap 7 5(71%)
list_rev_append 5 3 (60%)
list_rev_fold 5 2 (40%)
list_rev_snoc 5 3 (60%)
list_rev_tailcall 8 3 (38%)
list_snoc 8 3 (38%)
list_sort_sorted_insert 7 3 (43%)
list_sorted_insert 12 7 (58%)
list_stutter 3 2(67%)
list_sum 3 2(67%)
list_take 12 5 (42%)
list_tl 3 2 (67%)
nat_add 9 4 (44%)
nat_iseven 4 3 (75%)
nat_max 9 9(100%)
nat_pred 3 2(67%)
tree_binsert 20
tree_collect_leaves 6 3 (50%)
tree_count_leaves 7 3 (43%)
tree_count_nodes 6 3 (50%)
tree_inorder 5 4 (80%)
tree_map 7 4(57%)
tree_nodes_at_level 11
tree_postorder 20
tree_preorder 5 3 (60%)
Averages 61%" 46%

Compared to prior
state-of-the-art:

Non-trace-complete
examples reduce
specification size
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SMYTH

Experiment 1 2a 2b 3b
Sketch / Objective None / Top-1 None / Top-1 / Top-1-R
Name Expert Time Expert Random Random
(50%, 90%) (50%, 90%)

bool_band 4

bool_bor 4

bool_impl 4

bool_neg 2

bool_xor 4

list_append 6 1+1 (33%)
list_compress 13

list_concat 6 incorrect
list_drop 11 1+2 (27%)
list_even_parity 7

list_filter 9* 1+4 (56%)
list_fold 9 143 (44%)
list_hd 3

list_inc 4

list_last 6 1+2 (50%)
list_length 3 1+1 (67%)
list_map 8 1+2 (38%)
list_nth 13 1+2 (23%)
list_pairwise_swap 7 overspec
list_rev_append 5 1+2 (60%)
list_rev_fold 5

list_rev_snoc 5 1+1 (40%)
list_rev_tailcall 8 1+1 (25%)
list_snoc 8 1+1 (25%)
list_sort_sorted_insert 7 1+1 (29%)
list_sorted_insert 12 1+7 (67%)
list_stutter 3 1+1 (67%)
list_sum 3

list_take 12 1+3 (33%)
list_tl 3

nat_add 9 1+1 (22%)
nat_iseven 4 1+2 (75%)
nat_max 9 1+4 (56%)
nat_pred 3

tree_binsert 20

tree_collect_leaves 6 1+2 (50%)
tree_count_leaves 7 1+1 (29%)
tree_count_nodes 6 1+2 (50%)
tree_inorder 5 1+2 (60%)
tree_map 7 1+3 (57%)
tree_nodes_at_level 11

tree_postorder 20

tree_preorder 5 1+2 (60%)

Averages

61%"

46%

Compared to prior
state-of-the-art:

Non-trace-complete
examples reduce
specification size

Sketches reduce
specification size
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Experiment

1

Sketch / Objective

None / Top-1

Name

bool_band
bool_bor
bool_impl
bool_neg

bool_xor

list_append
list_compress
list_concat
list_drop
list_even_parity
list_filter
list_fold

list_hd

list_inc

list_last
list_length
list_map

list_nth
list_pairwise_swap
list_rev_append
list_rev_fold
list_rev_snoc
list_rev_tailcall
list_snoc
list_sort_sorted_insert
list_sorted_insert
list_stutter
list_sum
list_take

list_tl

nat_add
nat_iseven
nat_max
nat_pred

tree_binsert
tree_collect_leaves
tree_count_leaves
tree_count_nodes
tree_inorder
tree_map
tree_nodes_at_level
tree_postorder
tree_preorder

Expert

Time

timeout
( 4, J,) t=10
(3.4)

Go*=

(50%, 90%)

(1+3,1+4)

(1+5,1+5)
(1+7,))
(=)

(1+5,1+10)
(1+2,1+2)

(1+7,1+15)
timeout
(1+3,1+4)

(1+2,1+4)
(1+3,1+5)
(1+3,1+4)
(1+2,1+4)

timeout
(1+2,1+3)

(1+7,1+16)

(1+3,1+4)
(1+3,1+4)
(1+8,1+12)

(1+3,1+3)
timeout
(1+3,145)%=3
(1+3,1+4)

(1+3,1+3)

Averages

61%"

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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SMYTH

Experiment 1 2a 2b 3a 3b

Sketch / Objective None / Top-1 None / Top-1 Base Case / Top-1-R

Name Expert Time Expert Random Expert Random
(50%, 90%) (50%, 90%)

bool_band (4,4)
bool_bor (4,9)
bool_impl (4,9)
bool_neg (2,2)
bool_xor (4,9)
list_append (34) (1+3,1+4)
list_compress
list_concat (2,4) (1+3,1+5)
list_drop (6,9) 1+7,1)
list_even_parity (=) (=)
list_filter
list_fold
list_hd (2,3)
list_inc (2,2)
list_last (5,9) (1+5,1+10)
list_length (3.4) (1+2,1+2)
list_map
list_nth (7,14) (1+7,1+15)
list_pairwise_swap timeout timeout
list_rev_append (5,8) (1+3,1+4)
list_rev_fold (2,4)
list_rev_snoc (3,6) (1+2,1+4)
list_rev_tailcall (3.4) (1+3,1+5)
list_snoc (3,4) (1+3,1+4)
list_sort_sorted_insert (3,6) (1+2,1+4)
list_sorted_insert timeout timeout
list_stutter (3,3) (1+2,1+3)
list_sum (2,2)
list_take (6,9) (147,1+16)
list_tl (2,3)
nat_add (5,6) (1+3,1+4)
nat_iseven (4,9) (1+3,1+4)
nat_max (8,12) (1+8,1+12)
nat_pred (2,3)
tree_binsert
tree_collect_leaves (3,4)"3 (1+3,1+3)
tree_count_leaves timeout timeout
tree_count_nodes (4,)F=10 (1+3,1+5) =3
tree_inorder (3,4) (1+3,1+4)
tree_map
tree_nodes_at_level
tree_postorder
tree_preorder (3,4)5=3 (1+3,1+3)

Averages

61%"

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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Hybrid Text-GUI

Code Editors



Text Select

(def imagel
(let [WidEH height]
(let [x v] [100 100]
(image "lightgrey"

Right-Click Menu

(Ui height] [324 200]

[x ]

age "1
in
(con

Code Tools
Create Function from Definition...
Create Function from Arguments...
Rename width...
Swap Variable Names and Usages...
Swap Variable Usages...
Move Definition...
Swap Definitions...
Inline Definition...

Reorder Expressions...

Refactoring Ul

Select Arguments

Defaults

"img/icse-2018-largé

(def imagel

Clet (g Feight)
(let [x {1 [100 100

(image "lightgrey

Move Definition
Requirements

« Select one or more variable
definitions and one target position
(i.e. whitespace)

Move Definition
Requirements

» Select one or more variable
definitions and one target position
(i.e. whitespace) (Satisfied)

Code Updates

Move width afid height
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Text Select

Right-Click Menu

(def imagel
(let [WidEH height]
(let [x v] [100 100]
(image "lightgrey"

(Ui height] [324 200]

[x ]

age "1
in
(con

Code Tools
Create Function from Definition...
Create Function from Arguments...
Rename width...
Swap Variable Names and Usages...
Swap Variable Usages...
Move Definition...
Swap Definitions...
Inline Definition...

Reorder Expressions...

Refactoring Ul

Select Arguments

Defaults

"img/icse-2018-largé

(def imagel

(let Im
(let [x {1 [100 100]

(image "lightgrey

Move Definition
Requirements

« Select one or more variable
definitions and one target position
(i.e. whitespace)

Move Definition
Requirements

» Select one or more variable
definitions and one target position
(i.e. whitespace) (Satisfied)

Code Updates

Move width afid height
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Text Select

Right-Click Menu

(def imagel
(let [WidEH height]
(let [x v] [100 100]
(image "lightgrey"

(Ui height] [324 200]

[x ]

age "1
in
(con

Code Tools
Create Function from Definition...
Create Function from Arguments...
Rename width...
Swap Variable Names and Usages...
Swap Variable Usages...
Move Definition...
Swap Definitions...
Inline Definition...

Reorder Expressions...

Refactoring Ul

Select Arguments

Defaults

"img/icse-2018-largé

(def imagel

Clet (g Feight)
(let [x {1 [100 100

(image "lightgrey

Move Definition
Requirements

« Select one or more variable
definitions and one target position
(i.e. whitespace)

Move Definition
Requirements

» Select one or more variable
definitions and one target position
(i.e. whitespace) (Satisfied)

Code Updates

Move width afid height
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Refactoring Ul

Text Select Right-Click Menu Select Arguments Defaults
i 1 [324 200] Move Definition
L % : : Code Tools |
199€ "1 Create Function from Definition i core Requirements
(d e { l Create Function from Arguments ”img/i Cseizglgilar‘g{ Move Definition q
-L t ) | (cond Rename width R i t
( e l: ' :l Swap Variable Names and Usages (dgot L 1 e-quSI:er:teZnSe or more variable
Cl et l: :l [1@@ 1@@] Swap Variable Usages (let [ U [100 100 definitions and onétarget position

Move Definition

(image "lightgrey' (i.e. whitespace) ] Code Updates

(image "lightgrey"

Move width arid height

Deuce Refactoring Ul

Structure Select Short Menu Defaults
(def imqgel Code Tools
(let [widt elghiil "
(let [x 100 100] Move Definition  » Move width and height
(image "lightgrey" Duplicate Definition »

Structural Multi-Select
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Refactoring Ul

Text Select Right-Click Menu Select Arguments Defaults
E ] ]_[0302‘;16:233 Move Definition
(def ] o me? f'rom oetin-_ | - "img/icse-2018-large Move Definition Requirements
(let [ ) ] o
(let [x v] [100 100] ot D o o] Gefmitons and one target positon
(image "1ightgr‘ey" (image "lightgrey] (i whitespace) ] Code Updates

Move width arid height

Deuce Refactoring Ul

Structure Select Short Menu Defaults
(def 1”’ Code Tools
(1et dt elghiil »
(let [x 100 100] Move Definition  » Move width and height
(image "lightgrey" Duplicate Definition »

Structural Multi-Select + Context-Sensitive Transforms
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21 users

versus

-

Traditional
Ul

~
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1. Tutorial

-to-Head Tasks (2x each; once per mode)
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4. Exit Survey
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Deuce more effective than

100% -

50% -

Completion Rate

0% -

=

First
Encounter

Second
Encounter

Deuce doesn't help discoverability
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Deuce more effective than

A~ o
=R
)
= -
=
< o
-+
nn
Z
)
£
=
)
a7
First Second
Encounter Encounter

Deuce may be faster once learned
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Deuce preferred to

Survey Observed
15 - 15 -
S 10 - S 10 -
) 5 - — =
% o
% | 0= |
T D T D
Modest subjective Almost everyone

preference for Deuce used Deuce more
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Mix-and-Match Tool Usage

R | —
Make Equal with Single Variable |

4 Hypothesisz\

Create Function by Merging Definitions ;
Create Function from Definition h

0% 5%

Mean Proportion of User's Refactorings

Deuce better
for multi-arg

\\transforms /

10% 15%
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Deuce Ul versus

may be better for discovery
Deuce may be faster once learned

Deuce strongly preferred



Future Work



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
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Hybrid Text-GUI Code Editors
Future Work

DSLs for defining new transformations
DSLs for defining custom, type-specific GUIs
Ul concerns for larger programs

How to encourage tree transforms?
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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
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