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Problem:

LLMs often produce broken code, sometimes due to lack of appropriate context.
How can we best proactively provide context to inform code completions?

Our Approach:

A conversation between programmer, language server, and language model,
using typed holes to bridge cursor-local and repository-wide semantic information

Our Evaluation:

We implemented and evaluated our method in Hazel, our lab’s typed
functional programming language and live program sketching environment

We (partially) reproduced our method and results in TypeScript
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Complete this program sketch

update: (Model, Action) -> Model




Prompting an LLM is like
lightning onboarding

update: (Model, Action) -> Model
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xs, acc
xs
] ace
hd::tl fihd, List.fold_right(f, tl, acc
¥, 17 > 1

List.fold_right List.cons, xs, ys

concat ? > 1y

List.fold_right(List.append, xss, [

hd::tl fiddx, hd :igoridx ¢ 1, tl

String, Bool

Model = (String, (Todo

AddTodo

gleTodo
ateBuffer (String

Update Model, Action > Model

> Bool

sy Model > Bool

.equaliTodo.eq, tsl, ts2
Model.init: Model » 0
vent = +Inject String, Model,Action ->Model, Action

OnClick () -» Event

OnMouseDown (() -> Event
OnInput Strin
Creste String,
Style: iStyleAttr

> Event

String

N e

DiviiAttri, (Node

Text String

Button (Attr:, Node
Checkbox ( [Attr , (Node
ColorInput( (Attr 1, Node
DateInput:(Attri, (Node
NumberInput ( (Attr), Node
Radio (Attri, Node
Range: (Attr1, Node
TextInput((Attri, Node

TimeInput:(Attri, Node

Model -> Node

hd::tl fihd, List.fo

rightf, tl, acc
List.append ¥, 17 > 1?
ys <> List.fold_right List.cons, xs, ys

concat ? > 1y

List.fold_right(List.append, xss, [

elevant Types:

SN
N

Mode L

Grid, Emoj1,

Fillable by any expression of type

(Model, |JAction

[Emoj1]

-> Model
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todo_card : (Action -> Event, Int, Tode > Node

go,idx, (descr: String, status: Bool
Div
Style
Row Int
Col Int
onClick ( go (ToggleTodo (idx
Cheekbox ( 10nClick () ~> goRemoveTodo  idx
Divi[], (Text deser
Text status om et .
Grid Emoj i Event, (Tedo! | -> Nede

.is_empty todos

Emoji String

Create ass¥, "tod

Text ("t

@ List.mapi 1 todo_card go,i,t), todos

add_butten: (Action -> Event) -> Node
go -> Div

style
Display x

JustifyContent ("cent
BackgroundColor 4
BorderRadius
Cursor ("pointe ,

onClick O goAddTodo

Text

buffer: (Action -> Event) -> Node
go Div
(1,
TextInput: (OnInput s go (UpdateBuffer s ’

bool_eq: (Bool,
a, b adkb
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>, 1, V> ?
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hd: :tl fihd, List.fold_right(f, tl, ace
List.append: ¥, 07 > 1y
XS, ys List.fold_right List.cons, xs, ys
ncat y pRIRCEI )

List.fold_right(List.append, xss, [

Int, » => ¥, 7 > 1Y
go: ¥ > ¥ dx, xs
xs
hd::tl => fiidx, hdi ::goridx + 1, tl
g00, xs

String, Bool

Model = (String, (Todo
AddTodo
RemoveTado

ToggleTado
UpdateBuffer (String

Update Model, Action > Model

> Bool

dl § d2 && bool_eqisl, s2

Model, Model > Bool
bl, tsl b2, ts2

b2 4k List.equaliTodo.eq, tsl, ts2

t: Model » 0
vent = +Inject String, Model,Action ->Model, Action

OnClick () => Event

OnMouseDown () -> Event
OnInput Strin
Create String,
Style: (StyleAttr

> Event

String

Node
DiviiAttri, iNode
Text String
Button ((Attri, Node
Checkbox ( [Attr , (Node
ColorInput: (Attr1, Node
DateInput:(Attri, (Node
NumberInput ( (Attr), Node
Radio (Attri, Node
Range: (Attr1, Node
TextInput((Attri, Node

imeInput(Attrl, Node

Model -> Node

concat ? > 1y

List.fold_right List.append, xss, [

Relevant Types:

Action

SelectEmoji (Emoj1) Fillable by any expression of type

StampEmoji (Row, Col) (Model, |Action) -> Model
ClearCell(Row, Col)»

ClearGrid
FillLRow (Row)

+ o+ o+ o+ o+

Model Grid, Emoji, [Emoji:

SN
N

38



todo_card : (Action -> Event, Int, Tode > Node

go,idx, (descr: String, status: Bool
Div
Style
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onClick ( go (ToggleTodo (idx
Cheekbox ( 10nClick () ~> goRemoveTodo  idx
Divi[], (Text deser
Text status om et .
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.is_empty todos
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@ List.mapi 1 todo_card go,i,t), todos

add_butten: (Action -> Event) -> Node
go -> Div

style
Display x

JustifyContent ("cent
BackgroundColor 4
BorderRadius
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onClick O goAddTodo

Text

buffer: (Action -> Event) -> Node
go Div
(1,
TextInput: (OnInput s go (UpdateBuffer s ’

bool_eq: (Bool,
a, b adkb
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>, 1, V> ?
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hd: :tl fihd, List.fold_right(f, tl, ace
List.append: ¥, 07 > 1y
XS, ys List.fold_right List.cons, xs, ys
ncat y pRIRCEI )

List.fold_right(List.append, xss, [

Int, » => ¥, 7 > 1Y
go: ¥ > ¥ dx, xs
xs
hd::tl => fiidx, hdi ::goridx + 1, tl
g00, xs

String, Bool

Model = (String, (Todo
AddTodo
RemoveTado

ToggleTado
UpdateBuffer (String

Update Model, Action > Model

> Bool

dl § d2 && bool_eqisl, s2

Model, Model > Bool
bl, tsl b2, ts2

b2 4k List.equaliTodo.eq, tsl, ts2

t: Model » 0
vent = +Inject String, Model,Action ->Model, Action

OnClick () => Event

OnMouseDown () -> Event
OnInput Strin
Create String,
Style: (StyleAttr

> Event

String

Node
DiviiAttri, iNode
Text String
Button ((Attri, Node
Checkbox ( [Attr , (Node
ColorInput: (Attr1, Node
DateInput:(Attri, (Node
NumberInput ( (Attr), Node
Radio (Attri, Node
Range: (Attr1, Node
TextInput((Attri, Node

imeInput(Attrl, Node

Model -> Node

concat ? > 1y

List.fold_right List.append, xss, [

Relevant Types:

Action

SelectEmoji (Emoj1) Fillable by any expression of type

StampEmoji (Row, Col) (Model, Action) -> Model
ClearCell(Row, Col)»

ClearGrid
FillLRow (Row)

+ o+ o+ o+ o+

Model Gri Emoji, [Emoji:
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todo_card : (Action -> Event, Int, Todo > Node

go,idx, idescr: String, status: Bool
Div
Style
Row Int ’
Col Int
OnClick [ go (ToggleTodo idx 5 [ |
Checkbox ( 10nClick () => goiRemoveTodo idx , 0
Div([], (Text descriii, [ |
Text status omplet =

Action -> Event, (Todo > Node

Emoji String

Create "class', Ttod ’
Text ("todos
@ List.mapi 1 todo_card go,i,t , todos

add_button: (Action -> Event > Node
go => Div

Style
Display "flex
JustifyContent ("cent
BackgroundColor iy
BorderRadius en
Cursor ("pointer™ 1,

onClick O goAddTodo
Text

buffer: (Action -> Event > Node
go => Div
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TextInput( (OnInput s <> go(UpdateBuffer s

bool_eq: (Bool,
a, b adkb
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List.equal: (% -> Bool, (31, I3
xs, ys
(1, true

pix, y &k List.equalip, xs, ys
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is_empty: (? > Bool A O
xs
0 true
false

SelectEmoji (Emoji)

hd::tl fihd, List.fold_right(f, tl, acc

Fillable by any expression of type

StampEmoji (Row, Col) (Model, Action) -> Model
ClearCell(Row, Col)»

ClearGrid
FilLlRow(Row)

List.append: ¥, () => 1P

ys <> List.fold_right List.cons, xs, ys

concat ? > 1?2

List.fold_right(List.append, xss, [

fiidx, hdi::goiddx + 1, tl

List.concat (List.mapi

i, x fii, x x (], xs

String, Bool

+ o+ o+ o+ o+

Model = (String, (Todo

+ AddTodo
+ Re
+ ToggleTodo Int

+ UpdateBuffer String

eTodo(Int

Model, Action > Model

AT Model (}Gr1 Emoji, [Emojil )

Model > Bool

equaliTodo.eq, tsl, ts2

t: Model » 0
vent = +Inject String, Model,Action ->Model, Action

¢ OnClick () -> Event

+ OnMouseDown () -> Event

+ OnInput String -> Event
+ Create String, String

+ Style: (StyleAttr

Node
+ DiviiAttri, (Node
+ TextiString
+ Button (Attri, Node
+ Checkbox ((Attri, Node
+ ColorInput( (Attri, Node
+ DateInput:(Attri, Node
+ NumberInput (Attri, Node
+ Radiol (Attri, Node
+ Range: (Attri, Node
+ TextInput:(Attri, Node
+ TimeInput:(Attri, Node

Model -> Node

String, Model

.

5
~J

fihd, List.fold_right(f,

List.append: ¥, () => 0P

ys <> List.fold_right List.cons, xs, ys

concat ) | > 1y
List.fold_right(List.append, xss, [



todo_card : (Action -> Event, Int, Todo > Node

go,idx, idescr: String, status: Bool
Div
Style
Row Int ’
Col Int
OnClick [ go (ToggleTodo idx 5 [ |
Checkbox ( 10nClick () => goiRemoveTodo idx , 0
Div([], (Text descriii, [ |
Text status omplet =

Action -> Event, (Todo > Node
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Create "class', Ttod ’
Text ("todos
@ List.mapi 1 todo_card go,i,t , todos

add_button: (Action -> Event > Node
go => Div

Style
Display "flex
JustifyContent ("cent
BackgroundColor iy
BorderRadius en
Cursor ("pointer™ 1,

onClick O goAddTodo
Text

buffer: (Action -> Event > Node
go => Div
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TextInput( (OnInput s <> go(UpdateBuffer s

bool_eq: (Bool,
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hd::tl fihd, List.fold_right(f, tl, acc

Fillable by any expression of type

StampEmoji (Row, Col) (Model, Action) -> Model
ClearCell(Row, Col)»

ClearGrid
FilLlRow(Row)

List.append: ¥, () => 1P

ys <> List.fold_right List.cons, xs, ys

concat ? > 1?2

List.fold_right(List.append, xss, [

fiidx, hdi::goiddx + 1, tl

List.concat (List.mapi

i, x fii, x x (], xs

String, Bool

+ o+ o+ o+ o+
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+ AddTodo
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+ ToggleTodo Int

+ UpdateBuffer String

eTodo(Int

Model, Action > Model

AT Model ( Grid, JEmoji} [Emojil »

Model > Bool

equaliTodo.eq, tsl, ts2

t: Model » 0
vent = +Inject String, Model,Action ->Model, Action

¢ OnClick () -> Event

+ OnMouseDown () -> Event

+ OnInput String -> Event
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+ Style: (StyleAttr

Node
+ DiviiAttri, (Node
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+ Button (Attri, Node
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+ ColorInput( (Attri, Node
+ DateInput:(Attri, Node
+ NumberInput (Attri, Node
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+ Range: (Attri, Node
+ TextInput:(Attri, Node
+ TimeInput:(Attri, Node

Model -> Node

String, Model
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5
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fihd, List.fold_right(f,

List.append: ¥, () => 0P

ys <> List.fold_right List.cons, xs, ys

concat ) | > 1y
List.fold_right(List.append, xss, [



todo_card : (Action -> Event, Int, Todo > Node

go,idx, idescr: String, status: Bool
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Style
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OnClick [ go (ToggleTodo idx 5 [ |
Checkbox ( 10nClick () => goiRemoveTodo idx , 0
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Text status omplet =

Action -> Event, (Todo > Node

List.is_empty todos
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@ List.mapi 1 todo_card go,i,t), todos

add_button: (Action -> Event > Node
go => Div

Style
Display "flex
JustifyContent ("cent
BackgroundColor iy
BorderRadius en
Cursor ("pointer™ 1,

onClick O goAddTodo

® e L]
- E m O | S t | I I I
buffer: (Action -> Event > Node

go -> Div
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TextInput( (OnInput s <> go(UpdateBuffer s
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List.equal: (% -> Bool, (31, I3
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0 true
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hd::tl fihd, List.fold_right(f, tl, acc

Fillable by any expression of type

StampEmoji (Row, Col) (Model, Action) -> Model
ClearCell(Row, Col)»

ClearGrid
FilLlRow(Row)

List.append: ¥, () => 1P

ys <> List.fold_right List.cons, xs, ys

concat ? > 1?2

List.fold_right(List.append, xss, [

fiidx, hdi::goiddx + 1, tl

List.concat (List.mapi

i, x fii, x x (], xs

String, Bool

+ o+ o+ o+ o+
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+ AddTodo
+ Re
+ ToggleTodo Int

+ UpdateBuffer String

eTodo(Int

Model, Action > Model

AT Model ( Grid, JEmoji} [Emojil »

Model > Bool

equaliTodo.eq, tsl, ts2

t: Model » 0
vent = +Inject String, Model,Action ->Model, Action

¢ OnClick () -> Event

+ OnMouseDown () -> Event

+ OnInput String -> Event
+ Create String, String

+ Style: (StyleAttr

Node
+ DiviiAttri, (Node
+ TextiString
+ Button (Attri, Node
+ Checkbox ((Attri, Node
+ ColorInput( (Attri, Node
+ DateInput:(Attri, Node
+ NumberInput (Attri, Node
+ Radiol (Attri, Node
+ Range: (Attri, Node
+ TextInput:(Attri, Node
+ TimeInput:(Attri, Node

Model -> Node

String, Model
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5
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fihd, List.fold_right(f,

List.append: ¥, () => 0P

ys <> List.fold_right List.cons, xs, ys

concat ) | > 1y
List.fold_right(List.append, xss, [



todo_card : (Action -> Event, Int, Todo > Node

go,idx, idescr: String, status: Bool

Div
Style
Row Int
Col Int
OnClick [ go (ToggleTodo idx
Checkbox ( 10nClick () => goiRemoveTodo idx
Divi[], (Text descr

Text status Complet

k: (Action -> Event, (Todo > Node

List.is_empty todos
Text (™Y e cal
Div

Create("class™, "tod »

Text ("todos

@ List.mapi 1 todo_card go,i,t), todos

add_butten: (Action -> Event) -> Node
go => Div

Style
Display ("flex" ),
JustifyContent ("cent
BackgroundColor iy
BorderRadius en
Cursor ("pointe .

onClick O goAddTodo

Text

buffer: (Action -> Event > Node
go => Div

0,

TextInput( (OnInput s <> go(UpdateBuffer sii1,

bool_eq: (Bool, Bool > Bool
, b a&kb\/ 'a&i!b

List.equal: (% -> Bool, 131, 1?11 -> Bool

[, true

pix, y &k List.equalip, xs, ys

> 1y
? > Bool
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0 true
false
ight: ¥ B> T, [, P>}
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8] ace
hd::tl fihd, List.fold_right(f, tl, acc
List.append: ¥, (¥ > 1p
Xs, ys List.fold_right (List.cons, xs, ys
.concat ) | > 1y
List.fold_right(List.append, xss, [
t.map Int, ¥ => ¥, (¥ > 1y
go: ¥ > ¥ x5
xs
|
hd::tl fidx, hd ::igoridx + 1, t1
go®, xs
List.filteri: t, ¥ > Bool, 1? > 1}
List.concat (List.mapi
i, x fii, x x (], xs
T String, Bool
Nodel String, (Tode
Action
+ AddTodo
+ RemoveTodo Int
+ ToggleTedo Int
+ UpdateBuffer (String
e Model, Action > Model
odo.eq: (Todo, Todo -> Bool
dl $== d2 &k bool_eqisl, s2
Model, Model: -> Bool
bl, 1, b2, ts2
bl $== b2 &k List.equal Todo.eq, tsl, ts2
t: Model " 0

vent = +Inject String, Model,Action ->Model, Action

OnClick () -> Event

own (() -> Event

OnMouse

OnInput String -> Event

Create String, String
+ Style: iStyleAttr

o

Attri, Node

Text String

Button (Attri,Node
Checkbox ( [Attr , (Node
ColorInput: (Attr1, Node
DateInput:(Attri, (Node
NumberInput ( (Attr), Node
Radiol Attr i, Node
Range: (Attr1, Node
TextInput((Attri, Node
TimeInput:(Attri, Node

View Model -> Node

fihd, List.fold_right(f, tl, acc

List.append: ¥, () => 0P

xs, ys -> List.fold_right List.cons, xs, ys

t.concat ? > 1?2

List.fold_right(List.append, xss, [

+ + + + +

String

Emoji

SelectEmoji (Emoji
StampEmoji (Row, Col
ClearCell(Row, Col
ClearGrid

FillRow (Row

Grid, Emoji,

Emojii

Fillable by any expression of type
(Model, Action) -> Model

Emoji —-> Ac
Modell

(Grid, Row,
clearGrid : Grid -> Gri
fillRowInGrid : (Grid, Rov

. EXP Empty expression hole

SelectEmoji
model_1init
updateGrid
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todo_card : (Action -> Event, Int, Todo) -> Node
go,idx, idescr: String, status: Bool
Div
Style
Row Int
Col Int
OnClick () -> go ToggleTodo idx
Checkbox ( 10nClick go(RemoveTado (idx) 111, []
Divi[], (Text descr
Text(if status Complet ending"
Action -> Event, [Todol ' -> Node
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Div
Create , "tod .
Text ("tod
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is_empty todos
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add_butt Action -> Event > Node

style
Display (" flex

JustifyContent "cer
BackgroundColor ("4
BorderRadius en
Cursor ("pointer”

onClick

Text

goAddTodo

buffer: (Action -> Event) -> Node

Div

0,

TextInput( (OnInput go (UpdateBuffer (s

+ + + + +
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adkb
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v/

> Bool
la && !b

¥ -> Bool, 1?1, 1? >

pix, y && List.equalip, xs, ys
> 1y
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0 true
false
Y B> R, 0N, DY
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8] ace
hd::tl fchd, List.fold_right(f, tl, acc
.append: ¥, (¥ > 1p
List.fold_right List.cons, xs
.concat ) | > 1y
List.fold_right(List.append, xss, [
Int, ¥ >, 1Y > 1y
f, xs
go: ¥ > ¥ idx, xs
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]
’ fidx, hd ::igoridx + 1, t1
go®, xs
> Bool, 17 [ 4
i, x firdex x [1, xs
Todo String, Bool
No String, (Tode
Action
+ AddTodo
+ RemoveTodo Int
+ ToggleTedo Int
+ UpdateBuffer (String
Model
> Bool
-eqisl, s2
> Bool
b2 &4 List.equaliTodo.eq, tsi, ts2
Model.init: Model » 0
t = +Inject String, Model,Action ->Model, Action
+ OnClick(() -> Event
+ OnMouseDown () -> Event

OnInput String -> Event

Create String, String
Style (StyleAttr

Node

o

Attr
Text String
Button (Attri,Node
Checkbox ( [Attr , (Node
ColorInput: (Attr1, Node
DateInputiiAttri, Node
NumberInput ((Attr!, Node
Radiol Attr i, Node

Range! (Attri, Node
Attri, (Node
Attri, (Node

Node

TextInput

TimeInput

Model -> Node

Re

Render (String, Mode

S
=

fihd, List.fold_right(f, t1,

st.append: ¥, () => 0P

List.fold_right List.cons, xs, ys

.concat

? > 12

List.fold_right List.append, x

pe of hole = (Model, Action) -> Model

String

Emoji

SelectEmoji (Emoji
StampEmoji (Row, Col
ClearCell(Row, Col
ClearGrid
FillRow (Row
Grid,

Emoji, [Emoji

elevant Headers:

Fillable by any expression of type
(Model, Action) -> Model

Emoji —-> Acf
Model
(Grid, Row,
Grid -> Gri«
rid : (Grid, Rov

Empty expression hole

SelectEmoji
model_init
updateGrid
clearGrid

fillRowInG

II.IEKP
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todo_card : (Action -> Event, Int, Todo) -> Node
go,idx, idescr: String, status: Bool

Div
Style

Row Int

Col Int

OnClick [3) go (ToggleTodo idx
Checkbox ( 10nClick () => goiRemoveTodo  idx - {u)

Divi[], IText descr

Text status Complet ending"

Action <> Event, (Todol ! -> Nede

String

Text

@ List.mapi 1 todo_card go,i,t , todos EmOj 1

add_button: (Action -> Event > Node
Div

Style
Display (" flex
JustifyContent ("cent

Bordernadton ra.sea" + SelectEmoji (Emoji
e 0 i + StampEmoji (Row, Col
Pt + ClearCell(Row, Col
TextTmput OnTmput fun s > g0 Updateutter:s T

+ FillRow (Row

bool_eq: (Bool, Bool: -> Bool
s, b->adkb\/ !akk!b

¥ => Bool, 1?1,

W taet Grid, Emoji, [Emoji

pix, y &k List.equalip, xs, ys

P Relevant Headers: Fillable by any expression of type

hd::tl fihd, List.fold_right(f, tl, acc

Type of hole = (Model, Action) -> Model (Model, Action) -> Model

List.fold_right List.append,

Target types = .. ..
= i getyp SelectEmoji : Emoji -> Act

i, x fii, x x [, xs

= model_1nit : Model

Model = (String, (Todo

on

Eéiﬁgfzzzi:: u pdateG r-i d (G r_i d 5 ROW y

UpdateBuffer (String
Update = (Model, Action) -> Model

Tode, Todo > Bool

o clearGrid Grid -> Gri«

Model.eq: (Model, Model > Bool

dl $== d2 && bool

sy, b ts2

bl § b2 &k List.equal Todo.eq, tsl, ts2

e s fillRowInGrid (Grid, Rov
. EXP Empty expression hole

OnMouseDown ( ()} -> Event

OnInput String -> Event

Create String, String
Style (StyleAttr

Node

o

Attri, Node

Text String

Button (Attri,Node
Checkbox ( [Attr , (Node
ColorInput: (Attr1, Node
DateInput:(Attri, (Node
NumberInput ((Attr!, Node
Radio (Attri, Node

Range! (Attri, Node
TextInput((Attri, Node

TimeInput:(Attri, Node

Model -> Node

S
=

fihd, List.fold_right(f, t1,

y L ! ; i 45
List.fold_right List.cons, xs, ys

.concat ? > 1?2

List.fold_right List.append,




todo_card : (Action -> Event, Int, Todo) -> Node

go,idx, idescr: String, status: Bool
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Style
Row Int
Col Int
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Checkbox ( 10nClick () => goiRemoveTodo idx - {u)
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ck: (Action -> Event, (Todo > Node

List.is_empty todos
Text 3
Div
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Text ("t

@ List.mapi 1 todo_card go,i,t), todos

add_button: (Actien -> Event) -> Node
go => Div

Style

Display :

JustifyContent ("cer

BackgroundColor ("4

BorderRadius

Cursor ("pointer”

onClick O go'AddTodo
Text
buffer: (Action -> Event > Node
go => Div
0,
TextInput( (OnInput s <> go(UpdateBuffer s

bool_eq: (Bool, Bool: -> Bool
s, b->adkb\/ !akk!b

X, y) &k List.equalip, xs, ys
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8] ace
hd::tl fihd, List.fold_right(f, tl, acc
List.append: ¥, (¥ > 1y
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]
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String, Bool

Model = (String, (Todo

etion
AddTodo
RemoveTado Int
ToggleTado Int
UpdateBuffer (String

Update Model, Action > Model

Todo.eq: (Todo, Todor -> Bool

dl $== d2 && bool_eqisl, s2

Model.eq: (Model, Model > Bool
bl, tsl b2, ts2

bl $== b2 &k List.equaliTodo.eq, tsl, ts2
Nodel.init: Model " 0
vent = +Inject String, Model,Action ->Model, Action

onClick () -> Event
OnMouseDown ({) -> Event
OnInput String -> Event
Create String, String
Style (StyleAttr

Node

DiviiAttri, iNode
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DateInput:(Attri, (Node
NumberInput ((Attr!, Node
Radiol Attr i, Node
Range: (Attr1, Node
TextInput((Attri, Node
TimeInput:(Attri, Node

Model -> Node

, List.fold_right(f, t1,

List.append: ¥, () => 0P

ys <> List.fold_right List.cons, xs, ys

List.concat ¥ >

Xss List.fold_right(List.append, xss, ()

String

Emoji

SelectEmoji (Emoji
StampEmoji (Row, Col
ClearCell(Row, Col
ClearGrid

FillRow (Row

+ + + + +

Grid, Emoji, [Emoji

Relevant Headers:

Type of hole = (Model, Action) -> Model

Target types =f(Model, Action) -> Model

Fillable by any expression of type
(Model, Action) -> Model

SelectEmoji : Emoji -> Acf
model_1init : Model
updateGrid : (Grid, Row, ¢
clearGrid : Grid -> Gri
fillRowInGrid : (Grid, Rov

EXP Empty expression hole
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todo_card : (Action -> Event, Int, Todo) -> Node
go,idx, idescr: String, status: Bool

Div
Style

Row Int

Col Int

OnClick [3) go (ToggleTodo idx
Checkbox ( 10nClick () => goiRemoveTodo  idx - {u)

Divi[], IText descr

Text status Complet ending"

ck: (Action -> Event, (Todo! ) -> Node

List.is_empty todos
Text 3
Div

Create("class”, "tod »

Text ("t

@ List.mapi 1 todo_card go,i,t , todos

add_button: (Actien -> Event) -> Node
go => Div
Style
Display :
JustifyContent ("cent
BackgroundColor ("4
BorderRadius
Cursor ("pointer”
onClick O go'AddTodo
Text Tedo

buffer: (Action -> Event > Node
go => Div

0,

TextInput( (OnInput s <> go(UpdateBuffer s

bool_eq: (Bool, Bool: -> Bool
s, b->adkb\/ !akk!b

X, y) &k List.equalip, xs, ys

List.cons: (¥, 1} >y
X, X x:ixs
List.is_empty: 1} > Bool
xs
0 true
false

t ¥ > %, (31, D=> 1}
xs
8] ace
hd::tl fihd, List.fold_right(f, tl, acc
List.append: ? ? > 1y

List.fold_right List.cons, xs, ys

List.concat ? > 1y
Xss List.fold_rightList.append, xss, [)
: Int ¥ > 3 > b
¥ > ¥ idx XS
]
hd::tl fidx, hd ::igoridx + 1, t1
go®, xs
List.filteri: Int, ? > Bool, 1? >

List.concat (List.mapi

i, x fii, x x [, xs

String, Bool

Model = (String, (Todo

etion
AddTodo
RemoveTado Int
ToggleTado Int
UpdateBuffer (String

Update Model, Action > Model

Tode, Todo > Bool

dl $== d2 && bool_eqisl, s2

MNod

el.eq: (Model, Model > Bool
bl, tsl b2, ts2

bl $== b2 &k List.equaliTodo.eq, tsl, ts2
Nodel.init: Model " 0
Event = +Inject String, Model,Action ->Model, Action

OnClick () -> Event
OnMouseDown ({) -> Event

'
'
+ OnInput String -> Event
+ Create String, String
'

Style: (StyleAttr

Node

+ DiviiAttri, (Node

+ TextiString

+ Button (Attri, Node

+ Checkbox ((Attri, Node
+ ColorInput: (Attr1, Node
+ DateInput:(Attri, Node
+ NumberInput ((Attri, Node
+ Radiol (Attri, Node

+ Range! (Attri, Node

+ TextInput:(Attri, Node

+ TimeInput:(Attri, Node

Model -> Node

fihd, List.fold_right(f, t1,

List.append: ¥, () => 0P
ys <> List.fold_right List.cons, xs, ys

List.concat ¥ >

Xss List.fold_right(List.append, xss, ()

String

Emoji

SelectEmoji (Emoji
StampEmoji (Row, Col
ClearCell(Row, Col
ClearGrid

FillRow (Row

+ + + + +

Grid, Emoji, [Emoji

Relevant Headers:

Type of hole = (Model, Action) -> Model

Target types = (Model, Action) -> Model |Model

Fillable by any expression of type
(Model, Action) -> Model

SelectEmoji : Emoji -> Act
model _1nit : Model
updateGrid : (Grid, Row, (
clearGrid : Grid -> Gri«
fillRowInGrid : (Grid, Rov

EXP Empty expression hole
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todo_card : (Action -> Event, Int, Todo) -> Node
go,idx, idescr: String, status: Bool

Div
Style

Row Int

Col Int

OnClick [3) go (ToggleTodo idx
Checkbox ( 10nClick () => goiRemoveTodo  idx - {u)

Divi[], IText descr

Text status Complet ending"

Action <> Event, (Todol ! -> Nede

is
Text
Div

Create("class”, "tod R

Text ("t

@ List.mapi 1 todo_card go,i,t , todos

is_empty (todos

Action -> Event > Node

BackgroundColor ("4
BorderRadius

Cursor ("pointer”

onClick O goAddTado
Text Todo

buffer: (Action -> Event > Node
g Div

0,

TextInput( (OnInput s <> go(UpdateBuffer s

bool_eq: (Bool, Bool: -> Bool
s, b->adkb\/ !akk!b

X, y) &k List.equalip, xs, ys

> 1y
> Bool
xs
(] true
false
t: ooy > ¥, 1, V- ?

xs

(] => ace

hd::tl => f(hd, List.fold_right(f, tl, acc
st.append: ((131, (311 => 0}

List.fold_right List.cons, xs, ys

.concat ? > 1}
List.fold_rightList.append, xss, [)

Int, ¥ -> ? ¥ > 1y
>y idx, xs
]
hd::tl foidx, hd ::goridx + 1, tl
go®, xs
st.filteri: Int, ¥ => Bool, I? >

List.concat (List.mapi

i, x fii, x x [, xs

String, Bool

Model = (String, (Todo

etion
AddTodo
RemoveTado Int
ToggleTado Int
UpdateBuffer (String

Update Model, Action > Model

Tode, Todo > Bool

dl $== d2 && bool_eqisl, s2

Model.eq: (Model

Model > Bool

b1, tsi b2, ts2

bl $== b2 &k List.equaliTodo.eq, tsl, ts2
Nodel.init: Model " 0
Event = +Inject String, Model,Action ->Model, Action

onClick () -> Event
OnMouseDown ({) -> Event
OnInput String -> Event
Create String, String
Style (StyleAttr

Node

DiviiAttri, iNode

Text String

Button (Attri,Node
Checkbox ( [Attr , (Node
ColorInput: (Attr1, Node
DateInput:(Attri, (Node
NumberInput ((Attr!, Node
Radio (Attri, Node
Range! (Attri, Node
TextInput((Attri, Node

TimeInput:(Attri, Node

" Model -> Node

Render (String, Mode

fihd, List.fold_right(f, t1,

¥, () => 0}

List.fold_right List.cons, xs, ys

.concat ? > 1y
List.fold_right(List.append, xss, ()

String

Emoji

SelectEmoji (Emoji
StampEmoji (Row, Col
ClearCell(Row, Col
ClearGrid

FillRow (Row

+ + + + +

Grid, Emoji, [Emoji

Relevant Headers:

Type of hole = {Model| Action) ->fModel

Target types = (Model, Action) -> Model 6 Model

Fillable by any expression of type
(Model, Action) -> Model

SelectEmoji : Emoji -> Act
model _1nit : Model
updateGrid : (Grid, Row, (
clearGrid : Grid -> Gri«
fillRowInGrid : (Grid, Rov

. EXP Empty expression hole
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todo_card : (Action -> Event, Int, Todo) -> Node
go,idx, idescr: String, status: Bool

Div
Style

Row Int

Col Int

OnClick [ go (ToggleTodo idx

Checkbox (10nClick
Divi[], IText descr

Text status

todos_deck: (Action -> Event, ITodo > Node
go, todos
List.is_empty todos
Text("Y 3
Div
Create
Text ("t
@ List.mapi 1 todo_card go,i,t), todos

add_button: (Actien -> Event) -> Node
g Div

Style

Display :

JustifyContent "cer

BackgroundColor ("4

BorderRadius

Cursor ("p

OnClick () go ' AddTodo

Text("Add

buffer: (Action -> Event) -> Node
Div

0,

TextInput( (OnInput go (UpdateBuffer (s

bool_eq: (Bool, Bool: -> Bool
s, b->adkb\/ !akk!b

ist.equal: (7 -> Bool, 1?1, 1?11 => Bool

xS, ys

(1, true
) ¥22 pix, y &k List.equalip, xs, ys
false
ist.co ¥, 1} ?
x:iixs
i npt ? Bool
xs
(] true
false
ist.fold_right: ((¥, > %, (¥, => Y
xs, ace
xs
8] ace
hd::tl fihd, List.fold_right(f, tl, acc

¥, () => 0}

List.fold_right List.cons, xs, ys

List.concat ? ¥
Xss List.fold_rightList.append, xss, [)
List.mapi: cInt, ¥ => ¥, (¥ > 1y

xs

hd::tl foidx, hd ::goridx + 1, tl
List.filteri: Int, ? > Bool, 1? > 1}

List.concat (List.mapi

i, x fii, x x (], xs

String, Bool

Model = (String, (Todo

Action
+ AddTodo
+ RemoveTodo Int

+ ToggleTodo Int
+ UpdateBuffer String

Model, Action: -> Model
Todo.eq: (Todo, Todo: -> Bool
dl $== d2 && bool_eqisl, s2
Nodel.eq: (Model, Model -> Bool
b1 , (b2, ts2
bl $== b2 &k List.equaliTodo.eq, tsl, ts2
Nodel.init: Model " 0
+Inject String, Model,Action ->Model, Action

OnClick () -> Event

+ OnMouseDown () -> Event

+ OnInput String -> Event

+ Creste String, String
+ Style: iStyleAttr

Node

+ DiviiAttri, (Node

+ Text String

¢ Button (Attr),!Node

+ Checkbox ( (Attri, (Node

ColorInput: (Attr1, Node
DateInput:(Attri, (Node
NumberInput ( (Attr), Node
Radio (Attri, Node

Range: (Attr1, Node
TextInput((Attri, Node
TimeInput:(Attri, Node

Model -> Node
Render

Render (String, Mode

hd::tl fihd, List.fold_right(f, tl, acc

¥, () => 0}

List.fold_right List.cons, xs, ys

Xss List.fold_right(List.append, xss, ()

go(RemoveTodo idx11 11, (11,

String

Emoji

SelectEmoji (Emoji
StampEmoji (Row, Col
ClearCell(Row, Col
ClearGrid

FillRow (Row

+ + + + +

Grid, Emoji, [Emoji

Relevant Headers:

Fillable by any expression of type
(Model, Action) -> Model

Type of hole = ((String, KGrid, Emoji, [Emojil)p, Action) -> (Grid, Emoji, [Emojil)

Target types = (Model, Action) -> Model 6 Model Emoj'i -> AcH

Modell

(Grid, Row,
clearGrid : Grid -> Gri«
fillRowInGrid : (Grid, Rov

EXP Empty expression hole

SelectEmoji
model_1init
updateGrid

S
A
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todo_card : (Action -> Event, Int, Todo) -> Node
go,idx, idescr: String, status: Bool
Div
Style
Row Int
Col Int
OnClick [3) go (ToggleTodo idx

Checkbox (10nClick goRemoveTodo idx

Divi[], (Text descr
Text status
todos_deck: (Action -> Event, (Todo > Node

go, todos
List.is_empty todos
Text("Y 3
Div

Create

Text ("t

@ List.mapi 1 todo_card go,i,t , todos

add_button: (Actien -> Event) -> Node
g Div
Style
Display :
JustifyContent "cer
BackgroundColor ("4
BorderRadius
Cursor ("pointe s
onClick O go'AddTodo
Text("Add Todo

buffer: (Action -> Event > Node
g Div
0,

TextInput( (OnInput go (UpdateBuffer (s

bool_eq: (Bool, Bool: -> Bool
s, b->adkb\/ !akk!b

ist.equal Bool, 17 ? Boo

xs, ys

(1, true

» Yitys pix, y && List.equalip, xs, ys
false
i o ¥, ¥ > 1y
xiixs

i empt ? 8ool

xs

0 true

false
ist.fold_right 3% > (M, ¥ ?
xs, ace

xs

8] ace

hd::tl fihd, List.fold_right(f, tl, acc
List.append: ¥, 1P > 1p

List.fold_right (List.cons, xs, ys
List.concat ? 1 4
Xss List.fold_rightList.append, xss, [)

List.mapi: Int, ¥ => 7, 1¥ > 1y

go: ¥ > ¥
xs
]
hd::tl => fiidx, hdi ::goridx + 1, tl

g0, xs
List.filteri: Int, ? > Bool, 1? > 1}

List.concat (List.mapi

i, x fii, x x [, xs

String, Bool

Model = (String, (Todo

Action
+ AddTodo
+ RemoveTodo Int

+ ToggleTodo Int
+ UpdateBuffer String

Model, Action: -> Model
Todo.eq: (Todo, Todo: -> Bool
d1, sli, (d2, s2
dl $== d2 && bool_eqisl, s2
Nodel.eq: (Model, Model -> Bool
, (b2, ts2

bl § b2 &k List.equal Todo.eq, tsl, ts2

Model.init: Model ", 0

+Inject String, Model,Action ->Model, Action

OnClick () -> Event

+ OnMouseDown () -> Event

+ OnInput String -> Event

+ Create String, String
+ Style: iStyleAttr

Node

+ DiviiAttri, (Node
+ Text String

¢ Button (Attr),!Node

+ Checkbox ( (Attri, (Node

ColorInput: (Attr1, Node
DateInput:(Attri, (Node
NumberInput ( (Attr), Node
Radio (Attri, Node

Range: (Attr1, Node
TextInput((Attri, Node
TimeInput:(Attri, Node

Model -> Node
Render
Render (String, Mode

, List.fold_right(f, t1,

List.append: ¥, () => 0P
List.fold_right List.cons, xs, ys

List.concat ? 1 4
Xss List.fold_right(List.append, xss, ()

String

Emoji

SelectEmoji (Emoji
StampEmoji (Row, Col
ClearCell(Row, Col
ClearGrid

FillRow (Row

+ + + + +

Grid, Emoji, [Emoji

Relevant Headers:

Type of hole = ((String, (Grid, Emoji, [Emojil)), Action) -> (Grid, Emoji, [Emojil)

Fillable by any expression of type
(Model, Action) -> Model

Target types = (Model, Action) -> Model 6 Model JGrid. Emoji

[Emoji]

Emoji —-> Acf
Modell
(Grid,
clearGrid : Grid -> Gri

fillRowInGrid : (Grid, Rov
EXP Empty expression hole

SelectEmoji
model_1init

updateGrid Row, ¢

S
=
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todo_card : (Action -> Event, Int, Todo) -> Node
go,idx, idescr: String, status: Bool

Div
Style

Row Int

Col Int

OnClick [3) go (ToggleTodo idx
Checkbox ( 10nClick () => goiRemoveTodo  idx - {u)

Divi[], IText descr

Text status Complet ending"

Action <> Event, (Todol ! -> Nede

String

List.is_empty todos
Text (™Y e cal

Div

Create("class™, "tod 7
Text ("tod:

S Emoj1

add_butt Action -> Event) -> Node
style
Display (" flex

JustifyContent "cer .. ..

BackgroundColor ("4 S -l_ t E E

BorderRadius en"), eLecC mOJ 1 mO] 1
Cursor ("pointer”

onClick O goAddTado
Text Todo

StampEmoji (Row, Col
ClearCell(Row, Col
ClearGrid

FillRow (Row

buffer: (Action -> Event) -> Node
Div

0,
TextInput( (OnInput s <> go(UpdateBuffer s

+ + + + +

Bool, Bool > Bool
adkb\/ !a&k!b

et O e Grid, Emoji, [Emoji

pix, y &k List.equalip, xs, ys

. elevant Headers: Fillable by any expression of type

hd::tl fihd, List.fold_right(f, tl, acc

L. (Model, Action) -> Model

.concat ? > 1

List.fold_rightList.append, xss, [)

arget types =f(Model, Action) -> Model

> Bool, 1? > 1}

SelectEmoji : Emoji -> Act
= model_1nit : Model

String, (Todo

on

u pdateG r-i d (G r_i d 5 ROW y

UpdateBuffer (String

e clearGrid : Grid -> Gri«

b2 &k List.equal Todo.eq, tsl, ts2

e fillRowInGrid (Grid, Rov
. EXP Empty expression hole

OnMouseDown ( ()} -> Event

OnInput String -> Event

Create String, String
Style (StyleAttr

Node

o

Attri, Node

Text String

Button (Attri,Node
Checkbox ( [Attr , (Node
ColorInput: (Attr1, Node
DateInput:(Attri, (Node
NumberInput ((Attr!, Node
Radio (Attri, Node

Range! (Attri, Node
TextInput((Attri, Node

TimeInput:(Attri, Node

View Model -> Node
Re

Render (String, Mode

S
=

fihd, List.fold_right(f, t1,

st.append: ¥, () => 0P 51

, ¥s => List.fold_right List.cons, xs, ys

.concat: [1}11 => [}
List.fold_right List.append, x




todo_card : (Action -> Event, Int, Todo) -> Node
go,idx, idescr:
Div
Style
Row Int
Col Int

OnClick 0

String, status: Bool

go (ToggleTodo idx

Checkbox (10nClick
Divi[], IText descr

go(RemoveTodo idx11 11, (11,

Text status Complet ending"

Action <> Event, (Todol ! -> Nede

String

List.is_empty todos
Text (™Y e ca

Div

Create , "tod .
il ..
o Cistimeortifes 1, Emoj1

todo_card (go,i,t/, todos

add_butt Action -> Event > Node

style
Display (" flex

JustifyContent ("cer . o o o

BackgroundColor ("4 S -l_ E E

BorderRadius en"), € eCt mo] 1 mo] 1
Cursor ("pointer"

onClick

Text

goAddTodo

StampEmoji (Row, Col
ClearCell(Row, Col
ClearGrid

FillRow (Row

buffer: (Action -> Event) -> Node

Div

0,

TextInput( (OnInput s <> go(UpdateBuffer s

+ + + + +

Bool, Bool > Bool
adkb\/ !a&k!b

et O e Grid, Emoji, [Emoji

pix, y &k List.equalip, xs, ys

xs
8] ace

hd::tl fihd, List.fold_right(f, tl, acc
.append: ? ? > 1y

List.fold_right List.cons, xs

.concat ? > 1y

List.fold_rightList.append, xss, [)

Int, ¥ -> ? ¥ > 1y
f, xs
go: ¥ > ¥ idx, xs
xs
] —
d::tl fidx, hd ::igoridx + 1, t1 —
800, xs
> Bool, 1211 => 1%
P fied, x x (1, xs

String, (Todo

Action
AddTodo
RemoveTodo Int

ToggleTado Int
UpdateBuffer (String

b2 &k List.equal Todo.eq, tsl, ts2
Model.init: Model ", 0

t = +Inject String, Model,Action ->Model, Action

OnClick () -> Event

OnMouseDown ( ()} -> Event

OnInput String -> Event

Create String, String
Style (StyleAttr

Node

o

Attri, Node

Text String

Button (Attri,Node
Checkbox ( [Attr , (Node
ColorInput: (Attr1, Node
DateInput:(Attri, (Node
NumberInput ((Attr!, Node
Radio (Attri, Node

Range! (Attri, Node
TextInput((Attri, Node

TimeInput:(Attri, Node

View Model -> Node
Re

Render (String, Mode

S
=

fihd, List.fold_right(f, t1,

st.append: ¥, ¥ => 0P
, ys -> List.fold_right List.cons, xs, ys
List.concat: [(1R11 => [}

List.fold_right List.append, x

o elevant Headers:

Fillable by any expression of type
(Model, Action) -> Model

odel Emoji -> AcH

odel

Grid, Row,
clearGrid : Grid -> Gri
fillRowInGrid : (Grid, Rov

. EXP Empty expression hole

SelectEmoji
model_1init
updateGrid
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todo_card : (Action -> Event, Int, Todo) -> Node
go,idx, idescr: String, status: Bool

Div
Style

Row Int

Col Int

OnClick [3) go (ToggleTodo idx
Checkbox ( 10nClick () => goiRemoveTodo  idx - {u)

Divi[], IText descr

Text status Complet ending"

Action <> Event, (Todol ! -> Nede

Text
@ List.mapi ,t ~>todo_card go,i,t, todos

add_button: (Action -> Event > Node
Div

Style
Display (" flex
JustifyContent ("cent
BackgroundColor ("4
BorderRadius en
Cursor ("pointer”
onClick O go'AddTodo
Text Todo

buffer: (Action -> Event > Node
go => Div
0,
TextInput( (OnInput s <> go(UpdateBuffer s

bool_eq: (Bool, Bool: -> Bool
s, b->adkb\/ !akk!b

¥ -> Bool, 1?1, 1? > Bool

pix, y &k List.equalip, xs, ys

hd::tl fihd, List.fold_right(f, tl, acc

¥, () => 0}

List.fold_right List.cons, xs, ys

.concat: [1}11 => [}
List.fold_right List.append,

fiddx, hd :igoridx ¢ 1, tl

i, x fii, x x [, xs

Model = (String, (Todo

Action
AddTodo
RemoveTodo Int

ToggleTado Int
UpdateBuffer (String

Update Model, Action > Model

Tode, Todo > Bool

dl $== d2 && bool_eqisl, s2

Model.eq: (Model, Model > Bool

sy, b ts2

bl § b2 &k List.equal Todo.eq, tsl, ts2
Model.init: Model ", 0

+Inject String, Model,Action ->Model, Action

OnClick () -> Event

OnMouseDown ( ()} -> Event

OnInput String -> Event

Create String, String
Style (StyleAttr

Node

o

Attri, Node

Text String

Button (Attri,Node
Checkbox ( [Attr , (Node
ColorInput: (Attr1, Node
DateInput:(Attri, (Node
NumberInput ((Attr!, Node
Radio (Attri, Node

Range! (Attri, Node
TextInput((Attri, Node

TimeInput:(Attri, Node

Model -> Node

fihd, List.fold_right(f, t1,

¥, () => 0}

List.fold_right List.cons, xs, ys

.concat: [1}11 => [}
List.fold_right List.append,

String

Emoji

SelectEmoji (Emoji
StampEmoji (Row, Col
ClearCell(Row, Col
ClearGrid

FillRow (Row

+ + + + +

Grid, Emoji, [Emoji

Relevant Headers:

Target types =

let model _init: Model =

S
=

in

Model

Fillable by any expression of type
(Model, Action) -> Model

SelectEmoji : Emoji -> Act
model _1nit : Model
updateGrid : (Grid, Row,
clearGrid : Grid -> Gri«
fillRowInGrid : (Grid, Rov

. EXP Empty expression hole
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todo_card : (Action -> Event, Int, Todo) -> Node
go,idx, idescr: String, status: Bool

Div
Style

Row Int

Col Int

OnClick [3) go (ToggleTodo idx
Checkbox ( 10nClick () => goiRemoveTodo  idx - {u)

Divi[], IText descr

Text status Complet ending"

Action <> Event, (Todol ! -> Nede

Text
@ List.mapi ,t ~>todo_card go,i,t, todos

add_button: (Action -> Event > Node
Div

Style
Display (" flex
JustifyContent ("cent
BackgroundColor ("4
BorderRadius en
Cursor ("pointer”
onClick O go'AddTodo
Text Todo

buffer: (Action -> Event > Node
go => Div
0,
TextInput( (OnInput s <> go(UpdateBuffer s

bool_eq: (Bool, Bool: -> Bool
s, b->adkb\/ !akk!b

¥ -> Bool, 1?1, 1? > Bool

pix, y &k List.equalip, xs, ys

hd::tl fihd, List.fold_right(f, tl, acc

¥, () => 0}

List.fold_right List.cons, xs, ys

.concat: [1}11 => [}
List.fold_right List.append,

fiddx, hd :igoridx ¢ 1, tl

i, x fii, x x [, xs

Model = (String, (Todo

Action
AddTodo
RemoveTodo Int

ToggleTado Int
UpdateBuffer (String

Update Model, Action > Model

Tode, Todo > Bool

dl $== d2 && bool_eqisl, s2

Model.eq: (Model, Model > Bool

sy, b ts2

bl § b2 &k List.equal Todo.eq, tsl, ts2
Model.init: Model ", 0

+Inject String, Model,Action ->Model, Action

OnClick () -> Event

OnMouseDown ( ()} -> Event

OnInput String -> Event

Create String, String
Style (StyleAttr

Node

o

Attri, Node

Text String

Button (Attri,Node
Checkbox ( [Attr , (Node
ColorInput: (Attr1, Node
DateInput:(Attri, (Node
NumberInput ((Attr!, Node
Radio (Attri, Node

Range! (Attri, Node
TextInput((Attri, Node

TimeInput:(Attri, Node

Model -> Node

fihd, List.fold_right(f, t1,

¥, () => 0}

List.fold_right List.cons, xs, ys

.concat: [1}11 => [}
List.fold_right List.append,

String

Emoji

SelectEmoji (Emoji
StampEmoji (Row, Col
ClearCell(Row, Col
ClearGrid

FillRow (Row

+ + + + +

Grid, Emoji, [Emoji

Relevant Headers:

Target types =

let model _init: Model =

S
=

in

Grid

Fillable by any expression of type
(Model, Action) -> Model

SelectEmoji : Emoji -> Act
model _1nit : Model
updateGrid : (Grid, Row,
clearGrid : Grid -> Gri«
fillRowInGrid : (Grid, Rov

. EXP Empty expression hole
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todo_card : (Action -> Event, Int, Todo) -> Node
go,idx, idescr: String, status: Bool

Div
Style

Row Int

Col Int

OnClick [3) go (ToggleTodo idx

Checkbox (10nClick QO goRemoveTodo idx » (D,
Divi[], IText descr
Text status

: (Action -> Event, (Todol ! -> Node

todos

String

List.is_empty todos
Text("Y 3
Div

Create

Text ("t

S Emoj1

add_butten: (Action -> Event) -> Node
g Div
Style
Display A
JustifyContent "cer .. ..
BackgroundColor ("4 S -l_ t E E
BorderRadius eLec mo] L mOJ L
Cursor ("pointe s
onClick O go'AddTodo
Text("Add Todo

StampEmoji (Row, Col
ClearCell(Row, Col
ClearGrid

FillRow (Row

buffer: (Action -> Event > Node
g Div

0,

TextInput( (OnInput s <> go(UpdateBuffer s

+ + + + +

bool_eq: (Bool, Bool: -> Bool
s, b->adkb\/ !akk!b

bt e e Grid, Emoji, [Emoji

xS, ys

1, [ true
L pix, y & List.equalip, xs, ys
false
i o ¥, ¥ >y
x:ixs
i npt ? Bool

Relevant Headers: Fillable by any expression of type

hd::tl fihd, List.fold_right(f, tl, acc

e (Model, Action) -> Model

Xss List.fold_rightList.append, xss, [)
List.mapi: Int, ¥ => 7, 1¥ > 1y

go: ¥ => %

xs

Targcet es = Grid . . . .
e get typ SelectEmoj Emoji1 -> Acf

List.concat (List.mapi

i, x fii, x x [, xs

= let model_init: Model = .. in model_init : Model

Model = (String, (Todo

let updateGrid: (Grid, Row, Col, Emoji) -> Grid = .. in updateGrid (Grid, Row,

+ ToggleTodo Int
+ UpdateBuffer String

R let clearGrid: Grid -> Grid = .. in : : :
S - - . . . : clearGrid : Grid -> Gri«
SRR let fillRowInGrid: (Grid, Row, Emoji) -> Grid = .. in

Model.init: Model "y [

e e fillRowInGrid (Grid, Rov
EXP Empty expression hole

+ OnMouseDown () -> Event
+ OnInput String -> Event
+ Create String, String

+ Style: iStyleAttr

Node
+ DiviiAttri, (Node
+ TextiString
+ Button (Attri, Node
+ Checkbox ((Attri, Node
ColorInput: (Attr1, Node
DateInput:(Attri, (Node
NumberInput ((Attr!, Node
Radio (Attri, Node
Range! (Attri, Node
TextInput((Attri, Node

TimeInput:(Attri, Node

Model -> Node
Render

Render (String, Mode

S
=

hd::tl fihd, List.fold_right(f, tl, acc
List.append: ¥, 1} > 1y 555 £Es
Xs, ys List.fold_right (List.cons, xs, ys
List.concat ?

Xss List.fold_right(List.append, xss, ()




todo_card : (Action -> Event, Int, Todo) -> Node

go,idx, idescr: String, status: Bool

Div
Style
Row Int
Col Int
OnClick [3) go (ToggleTodo idx
Checkbox ( 10nClick () => goiRemoveTodo  idx - {u)
Divi[], (Text descr
Text status C

todos_deck: (Action -> Event, (Todo > Node
Sl St g
List.is_empty todos r— _] r]
Text( "You e
Div

o

Create
Text ("todos

8 Cistimeprcfum 12 viodscardrg k1, todos Emoj1

add_button: (Actien -> Event) -> Node
g Div

Style

Display t

JustifyContent ("cent L. ..

BackgroundColor ("4 S -l_ t E E

BorderRadius eLec mO] L mO] L
Cursor ("pointer”

onClick O goAddTado
Text("Add Todo

StampEmoji (Row, Col
ClearCell(Row, Col
ClearGrid

FillRow (Row

buffer: (Action -> Event) -> Node
g Div

0,

TextInput( (OnInput s go (UpdateBuffer (s

+ + + + +

bool_eq: (Bool, Bool: -> Bool
s, b->adkb\/ !akk!b

Grid, Emoji, [Emoji

hd::tl fihd, List.fold_right(f, tl, acc

List.concat: 14

Xss List.fold_rightList.append, xss, [)
List.mapi: Int, ¥ => 7, 1¥ > 1y
go: ¥ > ¥
xs

8]
hd::tl fiddx, hd :igoridx ¢ 1, tl

o SelectEmoji : Emoji -> Act

List.concat (List.mapi

EaE let model_init: Model = .. in model_init : Model

+ ToggleTodo Int
+ UpdateBuffer String

B let clearGrid: Grid -> Grid = .. in : : :
e - o - - - : clearGrid : Grid -> Gri«
SRR let fillRowInGrid: (Grid, Row, Emoji) -> Grid = .. in

e e fillRowInGrid (Grid, Rov
EXP | Empty expression hole

let updateGrid: (Grid, Row, Col, Emoji) -> Grid = .. in updateGrid (Grid, Row, (

+ OnMouseDown () -> Event
+ OnInput String -> Event
+ Create String, String

+ Style: iStyleAttr

Node
+ DiviiAttri, (Node
+ TextiString
+ Button:(Attr:, Node
+ Checkbox ((Attri, Node
ColorInput: (Attr1, Node
DateInput:(Attri, (Node
NumberInput ( (Attr), Node
Radio (Attri, Node
Range: (Attr1, Node
TextInput((Attri, Node
TimeInput:(Attri, Node

Model -> Node
e
Render (String, Mode

, List.fold_rightf, tl, scc

diitl
List.append: ¥, () => 0P
xs, ys -> List.fold_right List.cons, xs, ys

List.concat: ?

Xss List.fold_right(List.append, xss, ()



.. | Expected Type:

Fillable by any expression of type
(Model, Action) -> Model

"
buffer: (Action -> Event) -> Node
phidpon u
(1,
TextInput  (OnInput s => go UpdateBuffer siii1, () [ ]

bool_eq: (Bool, Bool: -> Bool
b->adkb\/ !a&kIb

Emoji String

" Grid [LEmojil!
t'i Action
;3 G + SelectEmoji (Emoji)
i + StampEmoji (Row, Col)
‘;j ) + ClearCell(Row, Col)
e + ClearGrid
: - + FillRow (Row)

i Model ( Grid, Emoji, [Emojil )

o

, 2, s2

d2 &k bool_eqisl,
Nodel.eq: (Model, Model -> Bool [ |
bl, tsli, (b2, ts2

bl $== b2 &k List.equaliTodo.eq, tsl, ts2 |
Nodel.init: Model n

Inject (Str tion on

S let model_init: Model = .. in
Tl let updateGrid: (Grid, Row, Col, Emoji) -> Grid = .. in

S let clearGrid: Grid -> Grid = .. in
e let fillRowInGrid: (Grid, Row, Emoji) -> Grid = .. in

Program Sketch:

# Update the EmojiPainter app #

update: (Model, Action) -> Model




Fillable by any expression of type
(Model, Action) -> Model

S S

S # ChatLSP: The hole [ expects a value having #
R Emoji # a type consistent with (Model, Action) -> Model. #
S # The following type definitions are likely relevant: #
- type Emoji = String in

i + SelectEmoji (Emoji type Action = SelectEmoji(Emoji) + StampEmoji(Row, Col..
: ! + StampEmoji (Row, Col type Crid = [[Em(?ji]] 1" o .

+ ClearCell(Row, Col type Mdel = (Grid,_Emoji, LEmoJil) in

00 ) # Consider these values relevant to the expected type #

= + ClearGrid let model_init: Model = .. in
— + FillRow (Row let updateGrid: (Grid, Row, Col, Emoji) -> Grid = .. in

M let clearGrid: Grid -> Grid = .. in
T Grid, Emoji, [EmoOjJ1 let fillRowInGrid: (Grid, Row, Emoji

S # Complete the following program sketch:

Sk # Update the EmojiPainter app #

s let update: (Model, Action) -> Model =
SR 29

§§§§§: let model _init: Model = . 1in
T e let updateGrid: (Grid, Row, Col, Emoji) -> Grid = .. in
S let clearGrid: Grid -> Grid = .. in
;%ﬂﬁﬂ -yl RN e EN ) S e b ECi e e L S e (S e R e
update: (Model, Action) -> Model
22]
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i et e e \
e Lt o 3> o, <11, 11 > st /1et update: (Model, Action) -> Model = 8

fun model, action > # ChatLSP: The hole expects a value having #
e CaTesa‘{t‘:E . # a type consistent with (Model, Action) -> Model. #
R T electEmojicemoji) => : S :

o . 2y : . # The following type definitions are likely relevant: #
et (_, _, emoji_palette) = model 1in ke . .

g (1 1o 4 (updateGrid (model, -1, -1, emoji), emoji, emoji_palette) type Em0]1 = Strlng 1n

| StampEmoji¢(row, col)) => type Action = SelectEmoji(Emoji) + StampEmoji(Row, Col..
2 let (grid, selected_emoji, emoji_palette) = model 1in type Gr1d - [[EmOJl]] in

L (updateGrid(grid, row, col, selected_emoji), t Model = Grid E . . [E . ] 5

o selected_emoji, emoji_palette) ype €L = ( rid, moji, moj1l ) in

| ClearCell((row, col)) => # Consider these values relevant to the expected type #
Sef st S let (grid, selected_emoji, emoji_palette) = model 1in let model init: Model = .. in
= — ‘:,‘;ﬂjfeﬁg{j;igjd T e e e let updateGrid: (Grid, Row, Col, Emoji) -> Grid = .. in
T e let clearGrid: Grid -> Grid = .. in
type Nodel = (String, rTodor: in I ClearGrid =»> . : . ‘ il o . .
T, let (_, selected_emoji, emoji_palette) = model 1in let fillRowInGrid: Gr1d, ROW, ElTIOJl -> Grid = .. in
RO (clearGrid (grid), selected_emoji, emoji_palette) # Complete the following program sketch:
{:‘HR‘_’:WW{ =; e oo - # Update the EmojiPainter app #

s et (grid, selected_emoji, emoji_palette) = model 1in ) . ~ _

B (fillRowInGrid(grid, row, selected_emoji), selected_emoji, let update. (MOdel' ACthn) > Model =
e Ingect (String, (Nodel, Action: -Hodel, Action! in emoj i_palette)

e end in

e t /
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Evaluation
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Evaluation

Problems with existing evals

o Standard evals generally consist of single-file tasks which are low-context

* Repo-level evals tend to be language exclusive (often focusing on dynamic
langs like Python), and focus on syntactic rather than semantic (unit) testing
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MVUBench

Model-View-Update Web Apps

 New suite of small-but-full applications developed from scratch
 Minimal external dependencies (easy to port across languages)

 Many domain-specific data types defined across different files

e Todo (TO): Maintains a list of tasks

¢ Room Booking (BO): Manages a room booking schedule

e Emoji Painter (EM): Paints emoji stamps on a small canvas

e Playlist Manager (PL): Manages a music playlist

e Password Strength Checker (PA): Rates a password via a dynamic set of properties
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Evaluation
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Results: Hazel + GPT-4

Retrieval Error | Average % Tests Pass
Types |Headers| Rounds |BO EM PA PL TO |ALL
no
no no
yes
es no
: yes

update:
model, action

(Model, Action) -> Model

........................................................

.............................................................................................

........................................

--------------------------------------------------------

Results for guided completion (20 trials per, temperature 0.6)

Relevant values but no types

64




Results: Hazel + GPT-4

Retrieval Error | Average % Tests Pass
Types |Headers| Rounds |BO EM PA PL TO |ALL
no no no
yes
no
yes ves
no 1C
yes M0 ves 40 53 47|34

Results for guided completion (20 trials per, temperature 0.6)

update: (Model,

model, action

(grid, selected_emoji, emoji_palette),

model, action
action

SelectEmoji(emoji)

Action) -> Model

- Yor =g ¥olal

(grid, emoji, emoji_palette)

StampEmoji ¢ (row, col))

grid = Grid

......................

.stamp (row, col, selected_emoji, grid>

(grid, selected_emoji, emoji_palette)
ClearCell((row, col))

Grid

grid

----------------------

ClearGrid

.clear(row, col, grid)

-------------------------------

R R

(Grid.empty_grid(), selected_emoji, emoji_palette)

/

Type definitions but no values
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Results: Hazel + GPT-4

Retrieval Error | Average % Tests Pass
Types |Headers| Rounds |BO EM PA PL TO
no
no no
yes
es no
y yes
no
yes no
yes
es no
y yes

Results for guided completion (20 trials per, temperature 0.6)

€ update: (Model, Action) -> Model A
model, action
(grid, current_emoji, emoji_Llist) model
action
SelectEmoji(emoji) (grid, emoji, emoji_Llist)
StampEmoji ((row, col))
(updateGrid(grid, row, col, current_emoji), current_emoji, emoji_list)
ClearCell((row, col))
(updateGrid(grid,row, col, ""), current_emoji, emoji_list)
ClearGrid (clearGrid(grid), current_emoji, emoji_list)
FillRow (row)
(fillRowInGrid(grid, row, current_emoji), current_emoji, emoji_Llist)
N\ J

Both values and types (correct implementation)
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Results: Hazel + GPT-4 vs Baselines

Retrieval Error | Average % Tests Pass
Types [Headers| Rounds |BO EM PA PL TO |ALL

Error
Rounds

Average % Tests Pass
BO EM PA PL TO

ALL

Vector
Retrieval
no 28 79 29 68 35]48
yes YSS ves |41 95 93 81 7176 yes

Results for guided completion (20 trials per, temperature 0.6)

no
yes

0O 0 O 15 33
0 3 0 20 67

10
18



Results: Hazel + GPT-4 vs Baselines

— A
1 # SNIPPET 1 #
2 , ts2) 1n
Retrieval Error | Average % Tests Pass . let Model.init: Model = ("", L1} 1n
Types |Headers| Rounds |BO EM PA PL TO JALL 4 type Action =
+ dTodo
+ gimoveTodo(Int)
+ ToggleTodo(Int)
10 + UpdateBuffer(String) in
L _J
Vector Error | Average % Tests Pass
Retrieval Rounds [ BO EM PA PL TO
no 28 79 29 68 35]48 no 1
yes yes yes 0O 0 0 15 33
yes 41 95 93 81 71}76 yes 0 3 0 20 67

Results for guided completion (20 trials per, temperature 0.6)

ALL

10
18



Results: Hazel + GPT-4 vs Baselines

Retrieval Error | Average % Tests Pass
Types [Headers| Rounds |BO EM PA PL TO |ALL

Error
Rounds

Average % Tests Pass
BO EM PA PL TO

Exhaustive
Retrieval
no 28 79 29 68 35]48
yes YSS ves |41 95 93 81 7176 yes

Results for guided completion (20 trials per, temperature 0.6)

no
yes

9 90 61 43 69
43 100 91 81 80

ALL

o4
79




Results: Typescript + GPT-4

Retrieval Error
Types |Headers| Rounds
no
no os
no y
os no
y yes
no
no ves
es
Y os no
y yes

Average % Tests Pass
BO EM PA PL TO ALL

TypeScript GPT-4

Retrieval Error
Types |Headers| Rounds
no
no no
yes
es no
d yes
no
yes no
yes
os no 28 7
: yes 41 95

Hazel GPT-4

Average % Tests Pass
BO EM PA PL TO |ALL

9 29 68

81
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Results: Typescript + GPT4

Retrieval Error |Average % Tests Pass Retrieval Error | Average % Tests Pass

Types |Headers| Rounds [ BO EM PA PL TO JALL Types [Headers| Rounds |[BO EM PA PL TO |ALL
o no O 0 O O O0}]O - o no O 0 0O O 07]O0

5 yes O 0 O O O0}]O0 yes O 0 0 O O07]O0
ves no O 0 0O O 0] O ves no 1 0 0 O 0|0

yes |0 4 0 38 01 ves |0 O O O O01]O

o no 46 26 43 85 66 ] 53 o o no 26 0 7 10 15112

s yes |69 39 46 93 66|63 y ves |31 1 40 53 47)34
ves no 47 95 83 64 7/5)73 Jes no 28 79 29 68 3510148

yes |58 99 85 86 75]80 yves |41 95 93 81 71]76

TypeScript GPT-4 Hazel GPT-4

» See paper for more results, including re-running the GPT-4 experiments

using the open source StarCoder2-15B LLM




5.1 ChatLSP API Methods

(1) aiTutorial: A constant (lexical-context-independent) method for low resource languages (like
Hazel) to specity a textual tutorial intended for LLMs having robust support for in-context
learning. For high resource languages, the default implementation will simply return a string
stating which language is in use.

(2) expectedType: Returns a string specifying the expected type at the cursor, if available

(3) retrieveRelevantTypes: Returns a string containing type definitions that may be relevant
at the cursor location

(4) retrieveRelevantHeaders: Returns a string containing headers that may be relevant at the
cursor location

(5) errorReport: Returns an error report that can be used to determine if an error round is

needed, and if so, how the feedback should be presented to the LLM.
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5.1 ChatLSP API Methods

(1) aiTutorial: A constant (lexical-context-independent) method for low resource languages (like
Hazel) to specity a textual tutorial intended for LLMs having robust support for in-context
learning. For high resource languages, the default implementation will simply return a string
stating which language is in use.

(2) expectedType: Returns a string specifying the expected type at the cursor, if available

(3) retrieveRelevantTypes: Returns a string containing type definitions that may be relevant
at the cursor location

(4) retrieveRelevantHeaders: Returns a string containing headers that may be relevant at the
cursor location

(5) errorReport: Returns an error report that can be used to determine if an error round is

needed, and if so, how the feedback should be presented to the LLM.

*— Talk to Jacob

/3



Related Work

Repository-level:

RepoCoder (Zhang et al. EMNLP23)
CoCoMIC (Ding et al. LREC-COLING 2024)
Repo-Level Prompt Gen

(Shrivastava et al. ICML23)

(with emphasis on) Semantic Context:
STALL+ (Liu et al. 2024)

RLCoder (Wang et al. 2024)

Better Context Makes Better Code Language
Models (Pei et al. AAAIZ3)

CodeTrek (Pashakhanloo et al. ICLR22)
Dehallucinator (Eghbali et al. 2024)
Copiloting the Copilots

(Wei et al, ESEC/FSE 2023)

IDECoder (Li et al. LLM4Code?24)

AutoCodeRover (Zhang et al. 2024)
Private-library-oriented code generation with LLMs
(Zan et al. 2023)

Contextualizing Proofs: Towards Neural
Synthesis for SMT-Assisted Proof-Oriented
Programming (Chakraborty et al. ICSE2024)

Program Repair / Error Correction: The Fact
Selection Problem in LLM-Based Program Repair
(Parasaram et al. 2024)

Repair is nearly generation (Joshi et al. AAAI'23)

And In industry:
Sourcegraph Cody, Cursor, Zed, Aider
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System: Language crash course
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Listening!

* (In)human factors: When considering IDE features for LLMs, we’ve found it useful to
consider how they would play out for humans. Where does this framing work/fail?

 LLMs need IDEs, too: Giving models access to a full TUI (Text User Interface)
version of Hazel; fine-tuning models on Hazel user edit actions histories

o Scaffolding and refining complex code changes using type-driven development and
semantic edit actions (leveraging explicit programming strategies ala Laloza)

Future of Programming Lab: fplab.mplse.org andrewblinn.com


https://arxiv.org/search/cs?searchtype=author&query=LaToza,+T+D

