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The Type System D7 7 for JavaScript

» Rejects actual runtime errors, e.g.,
» use of a non-function as a function
» use of undefined as an object
» Detects suspicious coercions, e.g.,
» number — object.
» string — object.
» Provides guarantees about properties, e.g.,
what is the string value of the property?



Difficulties in Designing D7 J

vV v v v .Y

obj.m() =obj["m"] ()
need singleton types and first-class labels

function (obj, x) { return obj[x] }
access (or update) an unknown property

different roles of functions (methods, constructors)
variable arity, positional access

type conversion (in particular, what cannot be converted)
unions and subtyping

(wrapped) numbers, strings, booleans, and functions with
properties



Types for DT J

Discriminative sum types:
Each type 7 is composed of type summands ¢

T = « type variable
| i+ internal type summand
where T lacks | jcfi uspno} cOnstraint
| 0 closed type



Type Summands

@] == Undefined

QOU = Null

Yp = BOOl(‘Sb)

ps u= String(&)

¢on = Number(&)

Yo = O0bj(w)(e)

¢f ©= Fun(this:7; 0—7)
won= Yer,Tcbsnf, L} ¥

» bool, string, and number types are indexed with &;
» functions are special objects

» function arguments and property descriptions are row
types o



Type Indices

& == false|true|T|0]|p
£ = str|T|0|vs
En = num | T |0

» Index is either a constant, a variable v;, empty, or any
value T
» Examples

» Bool(false) a singleton type
Bool(T) the boolean type
Bool(yp) indexed boolean type
Bool((}) not a boolean

v

v

v



Row Types

o == Sir:T, o property
| or default type
| p row variable

» Part of object type:
{x:1}
:Va.0b3(0)("x" : Number(1) + o, dUndefined)
» Part of function type:
function(x){return x}
:Vp,a, f.0bj(Fun(this :a; "0" : 3, p — (§))(0Undefined)



Constraints

C = 7lacks/l je{lusbnoy Tforcesdiscimination in type sum
| wlacksi ic{b.s,n,f} forces discimination in index sum
| o lacks str well-formedness of row type
| poatésisT type-level property access
| 7> ie{u,s,b,n,o0} type conversion
Examples

> "x" :Number(1),0at String("x") is Number(1)
» Undefined > String("undefined")



Types for DT J — Overview

Types

T ou= a|f|ei+T (ie{L,u,s,b,n,0})
Rows

o = Stf:T,Q|6T|p

Type environments

r:= ¢|F(x:va.C=r1)
Constraints
C == 17 lacks I ie{L,us,b,n0}
| w lacks |/ ic{b,s,n,f}
|  olacks str
| T D @i ic{usbno}
| oat &sisT

Type summands and indices

YL
Pu
¥b
&b
Ps
&s
$n
&n
Pf
Yo
w

Undefined

Null

Bool(&p)
false|true | T |0
String(és)

str| T [0] s
Number(&n)

num | T |0 | ¢n
Fun(this:7; 0 — 1)
Obj(w)(e)
ZiET,TQ{b,s,n,l,l} Pi



Example Typing

Suppose that
> this : 0bj(ao)(p1)
> X Ty

Then this[x] : 7 provided that these two constraints hold
> 71 > String(&s)

> prat &g is



Example Typing

function £ (x) {
return this[x];

f: VaoBip1p29.

(B1 &> string(y),p1 at ¥ is oy
,p2 lacks "0") =

Obj(Fun(this : Obj(ag)(p1); "0": B1,p2 — «1))(dUndefine



Example Typing |l

function £ (g, x) {
return g (x);

}

f YooBoB1707101P20304P5

(Bo & Obj(Fun(this:vg; "0": B1,pa — 11))(ps)
, P2 lacks {nou7 "1"}) =

Obj(Fun(this : Obj(ag)(p1) ;
"0": fBo, "1™ B1,p2 — 71))(p3)



Formal Framework: Syntax of Expressions

Auxiliary

str € String Constants
Expressions

e == this

X

(o
{str:e,...}

X,...;8
}

| ele]

| newe(e,...)
| e(e,...)

| e=e

| ple....)

function Xx(X,...

self reference in method calls
variable

constant (number, string, boolean)
object literal

function expression

property reference

object creation

function call

assignment

primitive operators (addition, etc.)



Formal Framework: Syntax of Statements

Statements

S skip
e
S;S

if (e) then {s} else {s}
while (e) {s}
return €

no operation
expression statement
sequence
conditional

iteration

function return



Typing Judgments

lFe:7
Mere:7/7
MNps €: 7
Nems> T
bec 0@ 7 — 7'
pd 0@ T — 7'

typing where value is required.

typing where a reference may be required.
typing left-hand side of an assignment.
typing a statement.

object access.

object update.



Typing Expressions in Value Context

r-e:v r<: 7 Mbre:7/7

Fr-e:r l-e:r



Typing Expressions in a Reference Context

Variables and constants

(x:71)erl _
W r |,Tef C: TypeOf(C)/@

Object literals

MrM-ey:m ... ITkey:my

[k {Stri:eq,...,Strn:en}
: Obj(0)(stry : 71,...,8try : 7n,0Undefined)/0



Typing Functions

70 = Obj(w)(¢’) M=T(this:7o)(f:7)(X1 :71)...(Xn: Tn)
" =T"(arguments : 0bj(0)(0))
My :my) . (Yo 7mh) EEm s> 7'
7 = Obj(Fun(this: 79 ; ¢ — 7'))(0Undefined)
0 ="length” : Number(n),[0] : mq,...,[n—17:7p, 0"

[ fef function f(X1,..., Xp){V1,---,Ym: S} : 7/0



Typing Property Access

Fej:m m>0bj(wi)(e1) THe:m o1 @mp— 7

I |r—ef &4 [62] : 7‘//7'1

» Key design decision: all elimination constructs extract a
summand from a type using the conversion relation 7 > ¢

» Property access yields a defined base type



Typing Function Call and Method Invocation

70 > Obj(Fun(this : 7 ; [0] : 74,...,[n—=1] 7,0 — 7))(¢)
lereo:70/7" ThHer:my ... Thep:m
[ Fereo(ey,...,€n):7/0

» Also an elimination rule



Type Soundness

» There is a small-step operational semantics of Core
JavaScript.

» There is a type soundness proof for the language.
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Type Inference for Scripting Languages
(Anderson, Giannini, Drossopoulou) ECOOP 2005

» extends Type Checking for JavaScript
(Anderson, Giannini), WOOD’04, ENTCS
Different focus:
» extension of a standard record type system
» adds notion of definedness of a field
» specified type inference algorithm



Overview

» JavaScript features considered in JSO

» functions creating objects
» dynamic addition of fields and methods
» reassignment of fields and methods

» Type Soundness Proof
» Type Inference Algorithm



Overview Il

JavaScript Features not Included

» libraries of functions,

» native calls,

» global this (through a global object),
» dynamic variable creation,

» functions as objects,

» dynamic removal of members,

» delegation,

» prototyping



Types Informally

» Types have the form

t= Ma-[m1 : (t1»?l)1)»- ey Mp (tn,¢n)]

» ) € {e o} indicating
o potentially present field
e definitely present field

» Function types have the form

t=pa(Oxt)—b



A Typical JSO Program

function Date (x) {

this.mSec = x;
this.add = addFn;
this

function addFn (x) {
this.mSec = this.mSec + x.mSec; this

//Main

X = new Date (1000);
y = new Date (100);
x.add (y) ;



Syntax, Formally

P € Program
F € FuncDecl
ec Exp

var € EnvVars

lhs € LeftHandSide
Identifiers

f € FunclD

m € MemberlD

F*
function f(x){e}
var

f

new f(e)
e e
e.m(e)
em

f(e)

lhs = e
null

n
this|x
x| em

locals

function identifier
object creation
sequence
member call
member select
global call
assignment

null

integer



Typed Version of the JSO Program

function Date(x) : (i x int — b) {
this.mSec = x;
this.add = addfFn;

this
function addFn(x) : (b x b — b) {
this.mSec = this.mSec + x.mSec; this
}
//Main

b x = new Date(1000);
b v = new Date(100);
x.add (y) ;

ti = [mSec:(int,o0),add: (b x th — t,0)]
fr = po.[mSec: (int,e),add: (a X a — a,e)]



Subtyping

(Abridged)




Typing of Expressions

» Judgmentl-e:t| I’

» Assume an explicitly typed language:
Each function carries a type annotation

» Selection of some standard rules

TEx:T(x)[[T FFnull:O|T F[Fn:int [T

Fl—e1:t1HF’ F’I—egthHF”
e 60 b H r”




Typing Field Access and Variable Assignment

Nre: Ol
O(m) = (t', )
Mcem:t'|T”

Fe:t|r
t<T'(x)
FrEx=e:t|




Typing Method Call

e : 0 H r

O(m) = (G, »)

e eo : t2 H r”
b < G(x)

O < G(this)

I-ey.m(e): G(ret) || T



Typing Function Call

r-e:t|r
function f(x): G
t < G(x)
{m| G(this)(m) = (t',e)} =0

[+ new f(e) : G(ret) | 7
[+ f(e): G(ret) | T



Typing Property Assignment

r-e:t|r
rMv)y=0
O(m) = (t",0)
tg t//
rl/ — r/[v — O[m — (t”,.)]]

FFvm=e:t|1”



Typing Property Update

e 0T

Mep:t| T

O(m) = (t",)
f§ t//

MbEesm=ey:t|T"



Type Inference

Approach
» Generate constraints between type variables
» Solve the constraints



Type Variables

» A type variable is associated with each occurrence of an
expression in a program.

» Additional variables for method calls.
» Example

[this_Date]
[this_1]
[ret_Date]
[x-Date]
[this_Date.mSec]
[this_5]



Substitutions

» A substitution maps type variables to types.

» Example

Spthis Date]
So[this_1]

Sofret Date]
So[x-Date]

Sp[this Date.mSec]
So[this_5]

[mSec : (int,o0),add : (& X bo — t,0)]
[mSec : (int,e),add: (& x b — b, 0)]
7}

int

int

[mSec : (int,e)]



Constraints

OO Q™ N

[e]

Tlo | [m:(r,¢)]
(rx7—71)|int
T<plT<mT|7T°

PlclCuC

type variable
constraint rhs
function/int
constraint
constraint set



Constraint Solutions

SEFCy SHG
SED SFCIUG
S(r) < S(7') S(7) < (S(71) x S(72) — S(73))
Skr< 7/ St7< (4 X120 — 713)
S(r) =int S(r)(m) < (S(7'),¢)
Sk7<int Str<[m:(7,9)]

vm' # m.S(r)(m') = S(z')(m') S(r)(m) < S(7')(m)

Skr<amt

{m]| S(r)(m) = (t,&)} =0
Stk r°




Constraint Generation

Example: Constraints for this.add = addfFn

[this_1] < [add:([this_l.add],o)]
[this 2] < [add:([this_2.add],e)]
[this_2] <agg [this-1]

[addFn] < [this_2.add]

[addFn] < [this_2.add = addFn]

r-e:t)r M(this) =0  O(add) = (t",0)
t<t’ r= r/[this — Oladd — (t”, o)]]

Mkthis.m=-e:t| "



Constraint Generation

Example: Constraints for new Date (1000)

[this_Date]°
[1000]
[new Date(1000)]

[x-Date]
[ret _Date]

Fee:t|r
function Date(x): G t < G(x) {m| G(this)(m) = (t',e)} =0

I+ newDate(e) : G(ret) || [



Constraint Generation

Example: Constraints for x . mSec

[x2] < [mSec: ([x-2.mSec],e)]

rM-e:o0|r Oo(m) = (t',e)
M-em:t' |




Constraint Generation

Example: Constraints for x.add (y)

[xMain] < [add: ([xMain.add],e)]

[xMain.add] < ([call_this._5] x [call_x_.5] — [call_ret_5
[xMain] < Jeall_this_5]

[v-Main] < [Jeallx_5]

[call-ret 5] < [x-Main.add(y-Main)]

M-e:0|F  O(m)=(
rr e b || r L < G(X) (0]
M ei.m(e): G(ret) || I

G,e)
< G(this)




Constraint Soundness

» If constraint generation for e yields C and

» Sis a solution of C

» then there are environments I and I'" such that
»THe:t|Mandt< S([e]).



Solving Constraints

Apply closure rules

T<7 7 <p—71<p

Ty 7 <M (7 )] — T < [me (7))
r<7r<o—71 <0

T <y 7,7 <M (7" Q)] — 7 < [m: (77, 0)]
r<m: ()T < [ms ()] — 7 < <

T<(r1x1—=13),T< (1] x1—14) — 1 <7{,72 <

vV V. v vV V. VY

Ty, T3 < T3, Ty < Ty, Ty < T, T4 < T3
Assure that no conflicts arise
Read off the solution

v

v



Conclusions & Questions

» typing approach seems viable

» language weirdness concentrated in the conversion
relation

» high complexity: singleton types, rows, subtyping,
polymorphism, ...
» status: frontend completed, ongoing work on constraint
rewriting
» Further work
» sequential typing to model Anderson’s definedness
f : { x: tau } » int -> { x: tau, y: int }
» abstract interpretation?
» more than singleton types required?
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