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What are “Dynamic Languages”?

4 N\
L tag tests ) affect control flow
4 N\

L dictionary objects ) indexed by arbitrary string keys

4 N\
first-class functions ) can appear inside objects

-

onto callbacksbj

f = null
new List(obj, callbacks

tagof feiSkg® f
new ListCfun cal lbacks




tag tests

dictionary objects
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first-class functions )

affect control flow
indexed by arbitrary string keys

can appear inside objects

Problem: Lack of static types

... makes rapid prototyping / multi-language applications easy

... makes reliability / performance / maintenance hard

This Talk: System D

... a type system for these features



Usability

tag tests ) affect control flow

dictionary objects ) indexed by arbitrary string keys

first-class functions | can appear inside objects

A

occurrence
types

_ 1. increase expressiveness
refinement nested
types refinements § > atjin level of automation

syntactic approaches dependent approaches Coq

> Expressiveness



tag tests

dictionary objects )

-

~

first-class functions )

affect control flow
indexed by arbitrary string keys

can appear inside objects

[\/ tag(v

“Int” v tag(v) = “Bool” ]

-

d :: v | tag(v) = “Dict”

tag
tag

Se-l. . “n” “Int”
sel(v.m “Int”

Challenge: Functions inside dictionaries



Key Idea: Nested Refinements

1 + d[f](0)
4 N
d :: v | tag(v) = “Dict”
sel(v,f [ v | tag(v)=“Int” ]
%[ v | tag(v)=“Int” ]
- / ) "
uninterpreted predicate [ syntactic arrow type... j

“X :: U” says
“X has-type U”




Key Idea: Nested Refinements

1 + d[f](0)
4 I
d : v | tag(v) = “Dict”
sel(v,f [ v | tag(v)=“Int” ]
—>[ v | tag(v)=“Int” ]
N - ),

/

uninterpreted predicate
“X :: U” says
“X has-type U”

syntactic arrow type... j

constant in the logic

[ ... but uninterpreted

]




Key Idea: Nested Refinements

e All values described by refinement formulas
T ::=[ vIip ]

e “Has-type” predicate for arrows in formulas
p ::= . | X [y:e]

e Can express idioms of dynamic languages

e Automatic type checking
— Decidable refinement logic

— Subtyping = SMT Validity + Syntactic Subtyping



Examples



x:1v | tag(v) =“Int” v tag(v) = “Bool”

— 1 v | tag(v) = tag(x

X:IntOrBool — { v | tag(v) = tag(x

hegate X

tagof |x = “Int” 0 - x

tagof :: [y:Tope v | v=tag(y J

y:1v | true

not X
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X:IntOrBool — { v | tag(v) = tag(x

negate X
tagof x = “Int” 0 — x not X

type environment

[F X o [IntOr'Bool ] [tag X) =“Int” ]}
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X:IntOrBool — { v | tag(v) = tag(x

negate X

tagof x = “Int” 0 — x

type environment

[F X o [IntOr'BoolJ [not tag(x) = “Int” ]}

x::[v Bool(v J

v
notx::[ v | Bool(v J/




X:IntOrBool — { v | tag(v) = tag(x

Nesting structure hidden with syntactic sugar

[ v v [x:[lntOrBool]e[ v | tag(v) - tag(x ]] ]
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Dictionary Operations

Types in terms of McCarthy operators

mem :: [d:Dictek:Stre viv true
get :: [d:Dict —k:{v [hastd ] = [+
set :: [d:Dictek:Strex:Tope v | v=upd(d,k,x




d:Dict — c:Str— Int

getCount d cC get d c

toInt

safe dlctlonary
key Iookup

[ v | v=true < has(d.c
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d:Dict — c:Str— Int

getCount d c
mem d c toInt (d|c 0

tag(sel(v,c “Int”

d:Dict - c:Str—{v | EgMod(v,d,c .

incCount d c
1 = getCount d c d c=1+1

set d ¢ (1+1)
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Adding Type Constructors

T 1= [ vip ]
poii= .| x::U
e — v - B
B
| :List]
[N |

17
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dispatch d f = d[ f|(d

a form of
“bounded quantification”

d : : A but additional constraints on A
~ VA<: {f: A—=B}.d:: A
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vA,B.

viviiA—=B}—{v|v:  List[A]J}—{v]|v:List[B]

vA,B. (A—-B) - List/A| - List|B

map f Xxs
Xs = null null
new List(f xs|“hd” ]|, map f xs|“tl”

1 1

encode recursive data as dictionaries

20



filter f xs
XS null null
not (f xs|“hd” filter f xs|“tl”
new List(xs|“hd”], filter f xs[“tl”

usual definition,
but an interesting type

VAB. (x:A—Jv vetrue—x B |—List[A] —List[B

21



Subtyping

22



type environment

T

applyInt ::

negate ::

[ Int, Int — Int) — Int ]

[x:IntOrBool—e v | tag(v) = tag(x

applyInt egate

M F

v | v=42

< Int

23



type environment

T

applyInt :: [ Int, Int - Int) — Int ]

negate :: [x:IntOrBoole v | tag(v) = tag(x

applyInt (42 ,

negate :: x:1orB—{ v | tag(v) = tag(x

v = hegate
= v :: Int — Int

[ F{vIv=negate}; < {vIiv::Int—Int



type environment
applyInt :: [ Int, Int - Int) — Int ]

negate :: [x:IntOrBoole v | tag(v) = tag(x ]
- J

applyInt (42 ,

negate [x: TorB — {v | tag(v) =tag(x) }]

v = hegate A

XV [InteInt} .dISl'InCt
uninterpreted

k constants!
[ F{vIv=negate}; < {vIiv::Int—Int
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Invalid, since these are uninterpreted constants

Y [x: TorB—{v | tag(v) =tag(x) }]

\Y, [I{’;% Int]

Want conventional syntactic subtyping

tag(v) = “Int” /
= tag(v) = “Int” / tag(v) = “Int” A tag(v) = tag(x
tag(v) = “Bool” = tag(v) =“Int”

Int <: IorB v | tag(v) = tag(x <: Int

IorB — {v | tag(v) =tag(x Int — Int
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Subtyping with Nesting

Toprovep=(:

1) Convert g to CNF clauses (g1 V e ) 7 v 2 (Qpq V oo )

2) For each clause, discharge some literal g; ; as follows:
base predicate: p

anything except X : : U

e.g. tag(v) = tag(x
tag(sel(d,k “Int”

27



Subtyping with Nesting

Toprovep=(:

1) Convert g to CNF clauses (g1 V e ) 7 v 2 (Qpq V oo )

2) For each clause, discharge some literal g; ; as follows:

base predicate: p = ¢ “has-type” predicate: p=x :: U

[ Subtyping ] [ Subtyping ]1———[Arrow Rule]
1 1 T

[Implication] [Implication} U7 <: U

P=d;; p=x::U’

SMT Solver SMT Solver

28



applyInt (42 ,

Uninterpreted g negate [x: IorB— {v | tag(v) = tag(x) }]
Reasoning v = hegate

= v [x:Ior'B — {v | tag(v) =tag(x) }]
+

[ Syntactic J r I—[x: TorB — {v | tag(v) = tag(x) }] <:[ Int — Int]

Reasoning

[ F{vIv=negate; < {viv::Int—=1Int
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Type Soundness

30



/
o If x:T,, [ F e
Substitution and =y
\Lemma then [ v/X F e v/Xx TIv/X

independent of @, and just echoes the
binding from the environment

v v ::Int—1Int F 0 ::
|—:: viv::Int—Int

F 0 ::

v | AX.x+1

Int — Int

31



a I

o If x:T,, ' F e T
Substitution and v T,
Lemma then [ v/x| F elv/x| :: T v/X
\ J

[ 15t attempt ]
v @Xxx.x+1 [InteInt]
viIiv=0 viv=0"} < {v|MNX.xX+1 [Int%Int]

@ :: {vlix.x+1::|Int— Int|

32



4 )

o If x:T,,[ e 2T
Substitution and Eoy e T

S IV
Lemmax then [ v/Xx |—evx::Tvx/

V@XV

[ 2" attempt ] +
<. [Int — Int]
viv=0 viv=0} < {vI|IM.x+1 [Int —> Int]

F @ :: {v|AX.x+1 [Int—>Int]

33



[S-Valid-Uninterpreted]

s

SMT B

P = d

[ F {viv=p} <

-

vV

Vv

q

[S-Valid-Interpreted]

[

P = d

rvvp<vvq

J

e Rule not closed under
substitution

e |[nterpret formulas by
“hooking back” into
type system

e Stratification to create
ordering for induction

xx.x+1 Int —Int

nkx.x+1

iff

Vv

Vv

[Int — Int]
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Type Soundness

4 )
Stratified if x:T,,T'F, e T
Substitution and Fnovoi T
Lemma then [[v/x] ., elv/x] 1 Tlv/x ,

“Level 0” for type checking source programs,
using only [S-Valid-Uninterpreted]

e I
Stratified I e e T and e >V
Preservation then v S for some m

\ J

artifact of the metatheory
35



e Dynamic languages make heavy use of:

— run-time tag tests, dictionary objects, lambdas

e Nested refinements

— generalizes refinement type architecture

— enables combination of dictionaries and lambdas
e Decidable refinement logic

— all proof obligations discharged algorithmically

— novel subtyping decomposition to retain precision

e Syntactic type soundness

36



e Imperative Updates

e Inheritance (prototypes in JS, classes in Python)

e Applications

e More local type inference / syntactic sugar

e Dictionaries in statically-typed languages
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Thanks!

ravichugh.com/nested

38



Extra Slides




tagof

mem
get
set

rem

xX:Top—=1{v | v=tag(x

d:Dict - k:Str— {v | Bool(v) nv=True « has(d, k
d:Dict = k:{v ! Str(v) rhas(d,v) } = {v | v=sel(d,k
d:Dict = k:Str—-=x:Top—={v | v=upd(d, k,x
d:Dict = k:Str—{v | v=upd(d,k,bot
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Macros

e Types

e Formulas

Int

X:T]_%TZ

Str(x)
has(d, k)

EgMod(d,d’ ,k)

e |Logical Values

x.k

x[k]

v | tag(v)=“Int”

v v xX:T;—=T,

tag(x “Str”
sel(d.k) !'=bot

Vk’. k’ !=|< =
sel(d,k) !'=sel(d’  k

sel(v,“k”

sel(v,k
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functional version of Dojo function
onto callbacks f obj
f = null

new List(obj,callbacks

cb tagof f = “Str” obj|f f
new List(fun cb obj, callbacks

onto :: /;A. callbacks:List| Top — Top
—f:{vIiv=nullvStr(v)vv:: A—=Top
—obj:{vIv::A
f=null=v:: A—1Int
Str(f)=v/[f A — Int

— List|/ Top —To
\_ P Top Y,
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functional version of Dojo function
onto (callbacks,f,obj
f = null

new List(obj,callbacks

cb tagof f = “Str” obj|f f
new List(fun cb obj, callbacks

s I
onto :: | callbacks:List|Top — Top

*f:{glg=nullvStr(g) vg X | x=0bj}—=Top
*obj:{o0 !l (f=null=o0 X | x=0}—1Int
Str(f)=olf X | x=0}—=1Int

— L1ist|[ Top — Top
\ /
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Traditional vs. Nested Refinements
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Approach: Refinement Types

e Reuse refinement type architecture

e Find a decidable refinement logic for
— Tag-tests \/
— Dictionaries \/

— Lambdas x*

e Define nested refinement type architecture
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Nested Refinements

e Refinement formulas over a decidable logic

— uninterpreted functions, McCarthy arrays, linear arithmetic

. All values  refined by formulas

~
p ::=paq | .. p ::=paq | .
| x=y | x<vy | . | x=y |l x<vy | .
| tag(x) = “Int” | .. | tag(x) = “Int” | ..
| sel(X, =z | .. | sel(x, =z | ..
(x,y) L (x,y) y

traditional refinements 46



Nested Refinements

e Refinement formulas over a decidable logic

— uninterpreted functions, McCarthy arrays, linear arithmetic

. All values  refined by formulas

e “has-type” allows “type terms” in formulas

4 )
T ::={vip} T ::={vlp}
U ::=x:T;—=T, | x:T;—=T,
p ::=paq | . p ::=paq | .
| x=y | x<vy | . | x=y |l x<vy | .
| tag(x) = “Int” | .. | tag(x) = “Int” | ..
| sel(x,y) = - | sel(x,y) =z | .
Illliili g Y,
| traditional refinements 47



Nested Refinements

e Refinement formulas over a decidable logic

— uninterpreted functions, McCarthy arrays, linear arithmetic

e “has-type” allows “type terms” in formulas

All values

refined by formulas

s <~ )
Il

{vip}

X:T]_%TZ
paq | ..

X=y | x<vy | .
tag(x) = “Int” | ..
sel(x,y) =z | ..

~N

48



Subtyping (Traditional Refinements)

[ Subtyping ]

‘l' tag(v)=“Int” = true
[Implication]
! Int <: Top
T ::={vip}
| x:T;—=T,

traditional refinements 49



Subtyping (Traditional Refinements)

[ Subtyping ]

[Implication]
tag(v)=“Int” tag(v)=“Int”
= true = tag(v)=“Int”
SMT Solver
Int <: Top Int <: Int
Top — Int <: Int — Int
T ::={vilp}
| X:Tl — TZ

traditional refinements
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Subtyping (Traditional Refinements)

[ Subtyping JQ[Arrow Rule]

L
5

tag(v)=“Int” tag(v)=“Int”
= true = tag(v)=“Int”
SMT Solver
Int <: Top Int <: Int
Top — Int <: Int — Int

| X:T]_%TZ

traditional refinements
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Subtyping (Traditional Refinements)

[ Subtyping JQ[Arrow Rule]

l Implication l

Ll

SMT Solver

Decidable if:
e Only values in formulas

e Underlying theories decidable

T ::={vip}
| X:T]_%TZ

traditional refinements 52



