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Abstract. JavaScript is a powerful imperative object based language
made popular by its use in web pages. It supports flexible program de-
velopment by allowing dynamic addition of members to objects. Code is
dynamically typed: a runtime access to a non-existing member causes an
error.

In this paper we first develop a formalism of JavaScript, JSo, and a static
type system that will detect such type errors. Thus, programmers can
benefit from the flexible programming style offered by JavaScript and
from the safety offered by a static type system. Our types are structural
and allow objects to evolve in a controlled manner by classifying mem-
bers as definite or potential. A potential member becomes definite upon
assignment. We prove soundness of our type system.

We then define a type inference algorithm for JSo that is sound with
respect to the type system. If the type inference algorithm succeeds,
then the program is typeable. Therefore, programmers can benefit from
the safety offered by the type system, without the need to write explicitly
types in their programs.

1 Introduction

JavaScript (see [15]) is a powerful imperative object based language made pop-
ular by its use in web pages. JavaScript supports flexible program development
by allowing dynamic addition of members to objects.

JavaScript code is dynamically typed and if at runtime a field is accessed or
method called that does not exist then a runtime type error is generated.

We introduced JSg, a formalism of JavaScript. JSy supports the standard
JavaScript flexible features, e.g. functions creating objects, and dynamic addi-
tion/reassignment of fields and methods. We also introduced JSJ, an explicitly
typed version of JSg. Types in JS{, t1, ..., t,, comprise object types, function
types, or Int (the type of integers). Object types list the methods and fields
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present in the object, t = p a.[my : (t1,%1) - My : (tn, ¥n)]. We use the p-binder
to allow a type to refer to itself. Our type system permits objects to evolve in
a controlled manner by allowing members to be added to an object after it has
been created. This is achieved by annotating with v, each member of an object
type as either potential ‘o’ or definite ‘o’.

Function types have the form, t = u «.(O X t; — t2), where O is the type of
the receiver, t; is the type of the formal parameter and ts is the return type. As
for object types, the bound variable « allows to refer to t within O, t;, and ts.
Thus, p a.(- X - = «) is a function that returns a value of the same type as the
function itself.

A function can be used as a global function if its type does not make any
requirements of its receiver. The type system is rich enough to allow typing of a
significant subset of JavaScript programs, and at the same time prevents runtime
errors such as access to non-existing members of objects.

An earlier version of the type system appeared in [5]. In this paper we simplify
the presentation of the type system.

We also develop a sound type inference algorithm to automatically translate
JSo code to JSJ code. The algorithm uses type variables which represent the type
of expressions. Constraints are generated between the type variables. If there is
a solution to the constraints this can be used to translate code from JSy to JS{.
We also define a translation between constraints and types that provides the
types for the typed version of the code.

This paper is organized as follows. In Section [2] we define the syntax of
JSo and its operational semantics, and in Section [3| we give JSJ. Properties
of the type system for JS| are outlined in Section 4| In Section [5| we show
type inference for JSp, and in Section [6] we show how to turn constraints into
types. In Section [7] we compare our work with others. In Section [§ we draw
conclusions and outline our future directions. Sketches of the proofs can be found
at http://www.binarylord.com/work/js0/\

2 JSy

We have developed JSy a subset of JavaScript. Figure[T]gives an example JS, pro-
gram that describes an implementation of the JavaScript Date objectﬂ We define
functions Date and addFnP| where the code preceded by the comment //Main is
the entry point into the program. This demonstrates the core JavaScript features
we have included:

1. creating objects using functions (line 11 and 12),
2. implicit creation of members in objects through assignment (lines 2 and 3),
and

! For more information on the Date object see [14]. We give a simplified version and
allow the adding of one date to another, with add.

2 We assume the standard addition operation in this example but omit the definition
in JSo to ease the presentation.
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3. acquiring methods through assignment of a function to a member (line 3).

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);

Fig. 1. Untyped JSy Date Example

We chose these features because, (1) represents the way objects are created
in JavaScript, (2) is a way by which objects acquire methods, and (3) gives
flexibility to programs.

JSy does not include the following JavaScript features: libraries of functions,
native calls, global this (through a global object), dynamic variable creation,
functions as objects, dynamic removal of members, delegation and prototyping.
We omitted these features because the first three are not central to the paradigm,
while the others are too difficult to support in a statically typed language. We
can write the introductory examples from [I4] in JS; assuming libraries of func-
tions, and predefined types e.g. floats, strings, etc. The syntax of JSg is given
in Figure 2] A program is a sequence of function declarations. In JS, functions
may have only one formal parameter. The extension to functions with multiple
parameters is trivial. In the syntax of JSg we omitted conditional expressions,
which were present in [B], since their presence does not produce conceptual dif-
ferences regarding type inference. For a program P, we use P(f) as a shorthand
for looking up the definition of function f in P,

2.1 Operational Semantics

We have a structural operational semantics for JSy that rewrites tuples of ex-
pressions, heaps and stacks into tuples of values, heaps and stacks in the context
of a program. The signature of the rewriting relation —» is:

— 1 Program — FEzp x Heap x Stack— (Val U Dev) x Heap x Stack




P € Program n=F*

F € FuncDecl = functionf (x) { e }

e € Fxp 1= var locals
f function identifier
new f(e) object creation
e; e sequence
e.m(e) member call
e.m member select
f(e) global call
lhs =e assignment
null null
n integer

var € EnvVars = this | x

Ihs € LeftHandSide := x| e.m

Identifiers
f € FuncID a=f] f
m € Member[D  :=m| m' |

Fig. 2. Syntax of JSg

where:

H € Heap = Addr —g, Obj

X € Stack = {this,x} - Val such that x(this) € Addr
v € Val ={null} U FuncID U AddryU Int

dv € Dev = {nullPntrExc, stuckErr}

o € Obj = MemberlD —g, Val

The heap maps addresses to objects, where addresses, Addr, are vy, ..Lp,... We
use —gy, to indicate a finite mapping. As usual, the notation f[x — y] denotes
updating function f to map x to y. Thus, the meaning of heap update H[t — V]
and stack update x[x — v] is clear. The stack maps this to an address and x to
a value, where values, Val, are function identifiers (denoting functions), addresses
(denoting objects), null , or integers. Finally objects are finite mappings from
member identifiers to values. With «my : vy...m,, : v,,» we denote the object
mapping m; tov; fori € 1---n.

A full description of the rules is given in [5]. Below we give two of the more
interesting rules, (memAdd) for adding/updating members and (memCall) for
calling methods:



elvHvx_» L7H13X1
e27H1>X1 - V/>H27X/

Ha(e)(m) =f
e, H,x - «,Hi,xa P(f) = function f(x) {e'}
e2,Hi,x1 = v,Ha, X’ X2 = {this > ¢,x — V'}
H'=Hat —H ', Ha, HX
2|t = Hat)[m = v} (memAdd) e X2 v X (memCall)
e;.m=-es, H,x = v,H v er.m(ex),H,x = v,H

In rule (memAdd) we express how objects obtain new members. We first
evaluate the receiver, then the right hand side. Using heap update we add/up-
datdﬂ member m in the receiver. Returning to the example in Figure|l| executing
this.mSec = x from Date with xo(this) = ¢, xo(x) = 1000, Hg(z) = <>, will
produce H; with Hy(tp) = <mSec : 10003

In rule (memCall) we first evaluate the receiver and then the actual parameter
of the method. We obtain the function definition (corresponding to the method)
by looking up the value of member m in the receiver (obtained by evaluation of
e) in PEI We execute the body with a stack in which this refers to the receiver
of the call and x to the value of the actual parameter.

For example, executing the body of Main in the presence of an empty heap,
Ho and xo, mapping x and y to null will result in stack x1(x) = ¢, x1(y) =
t1 and updated heap Hj, Hi(cp) = <mSec:1100,add:addFn»,Hi(y1) =
<mSec : 100, add : addFn>.

Note that member add of ¢y and ¢; has value addFn, indicating it is an alias
of function addFn, which was invoked when x.add(y) was executed.

3 A Type System for JSg

In this section we introduce JSJ a typed version of JSg. Figure [3|shows the parts
of JSJ that differ from JSy along with the definitions of types.

Observe that functions are now annotated with a function type G.

Types ti, ..., t,, comprise object types, function types, or Int (the
type of integers). Object types list the methods and fields present in
the object. We use the p-binder to allow a type to refer to itself. So
g .M where M = [my: (t1,%1) - -my: (tn,¥n)], is the type of an ob-
ject with members my, .., m, of type ti, ... t,, respectively. Figure [
gives a JSJ version of the Date example from Figure To aid presenta-
tion we use t; for type [mSec: (Int,0), add: ((ta X ta = t2),0)] and to for
p a.[mSec : (Int,e), add: ((o x a = ), e)].

Our type system permits objects to evolve in a controlled manner by allowing
members to be added to an object after it has been created. This is achieved

3 H = Ha(t)[m — v] updates Hz(¢) to map m to v, therefore, if Hz(¢)(m) was not
defined, member m will be added in H' ().
4 For clearness of presentation we omit P from the reduction rules.
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Syntax

P € Program n=F~

F € FuncDecl ::= function f(x): G { e}
Types

t € Type =0 1] G| Int

tp € PreType =a |t

O € ObjType s=paM | M

G € FuncType s==paR | R

M € ObjMembers := [(m :tm)*]
tm € MemberType ::= (tp, 1))

R € FuncRow = (0 X tp - tp)
Y € Annotation :=o | e
a € ObjVar s=a | o | o

Fig. 3. Syntax of JS]

by annotating each member of an object type as either potential ‘o’ or definite
‘e’ e.g. mSec : (Int,0) in t; and mSec : (Int,e) in to. When a potential member
is assigned to, it becomes definite, replacing o with e. To keep the type system
manageable we only track assignments to variables (formal parameters and this)
within the scope of a function. In a well-typed program potential members may
not be accessed until they have been assigned to.

function Date(x):(t1 X Int - t2) {
this.mSec = x;

this.add = addFn;

this

}

function addFn(x):(t2 X t2 — t2) {
this.mSec = this.mSec + x.mSec; this;
}

//Main

to x = new Date(1000);

to y = new Date(100);

x.add(y);

Fig. 4. Typed JSy Date Example.




Function types, (O xt; — ta) or g a.(O Xty — ta), list the type of the receiver,
O, which is an object type, the type of the parameter, t;, and the type of the
return value of the function, to. As for object types the p-binder allows to refer
to the whole type, thus p a.(- X - — «) is a function that returns a function with
its type.

If the type of m is an object type, or Int, the member represents a field. If
the type of m is a function type, then m represents a method. In case the type of
the m is « then if « is bound in an objects type the member is a field, whereas
if it is bound in a function type it is a method.

An object type is well-formed if it is closed and contains unique member
definitions that are themselves well-formed. A function type is well-formed if the
receiver, parameter and return types are well-formed.

For a well-formed object type O, define O(m), which selects the annotated
type of the member m in O (if it is defined) by first defining selection from

O=[my:(t1,91) - -my: (tn, )] as

~f (tiy¥y) HEm=m,; forsomei, 1<i<n
O(m) = {Mdf otherwise

and then if O = p a.M,
O(m) = M[a/O}(m)

That is, the type is closed by substituting occurrences of a with the enclosing
type. Therefore, if O is well-formed, then also O(m) is well-formed.

With O[m — (t,4)] we denote the updating of the member m to type t with
annotation 1 in O. Note that, since t well-formed implies that t is closed, if O
and t are well-formed, then O[m — (t, )] is well-formed.

Congruence and Subtyping Congruence between types is defined in Figure
With ty]o/ta], we denote the substitution of the free occurrences of « in
t; with to. Object types are congruent up to a-conversion, permutation of their
members, and unfolding of the bound variable, and function types are congruent
up to a-conversion, and unfolding of the bound variable.

The subtyping judgement t < t/, defined in Figure [6] means that an object
or function of type t can be used whenever one of type t’ is required. For object
types we have subtyping in width. If O < O, then all definite members of O’
must be present and congruent with those in O, and all potential members of
O’ must be present as potential or definite members of O with congruent types.
This condition is needed to insure that the addition of a new member to an
object does not break compatibility.

Returning to the example in Figure[d] we see that t, is a subtype of t; because
all members of t; are also members of to, and have congruent types; furthermore,
all members of ty are definite.

For function types subtyping coincides with congruence. In future versions of
this work we may relax this restriction and allow contravariance on the receiver
and parameter type and covariance on the return type. However, since type



Reflexivity = Unfolding Transitivity

t1 =t ta =13

t=t w o.M = Mla/p a.M] = 1t3
u a.R=Rla/p a.R]

Alpha — conversion

o & FV(M) o ¢ FV(R)
pwaM=p o Mla/d] pa.R=pd Ra/d]
Reordering Functions Members
vYm: M(m) = M(m) M=Mt =t ta =t t =t
M= M (Mxt—t2) = (M xth—t5) (t,v) = (t',v)

Fig. 5. Congruence for types

inference was our main aim, we started with the reduced system. Given types t
and t’ it is decidable whether t < t’ or not.

Fig. 6. Subtyping

3.1 Typing Expressions

Typing expression e in the context of program P and environment ' has form:

Plie:t|T



Typing Expressions

P(f) = function f(x) : G...

(var) (func)
P, this: [(this) || T PIr=f:G|T
PIrEx:T()|T
Plibe t|M
(const) ’ !
P,MFnull :0 | T PIbe:t'|[ T (seq)
P,ltn:int| T PThejse :t' || T
Prre:0| T Plrie:t| I
O(m) = (t' t< [’
(m) = (t',) (memAcc) = M) (varAss)

P,Ttem:t' | I PTEx=e:t| I’

Plte:0| T

O(m) = (G,») PlEe:t]|TI

PlMbEe:t' | P(f) = function f(x) : G...

t' < G(x) t < G(x)

O < G(thi t' | (G(thi =(t',0)} =

< G(ehis) metncany L L(GOmis)m) = o} =0
P, T+ ei.m(e2) : G(ret) || T P,T F new f(e) : G(ret) || I
P,I+f(e): G(ret) || [’
. /

Pt o P.lFe:0T
O(m) —?t// o) PlIbEe:t'| I

v ’ O(m) = (tnv.)
t S t t/ < t//

I =T"[var — O[m — (t”, e)]] (assignUpd)

PTtvarm=e:t| "

(assignAdd) PTFerm=e:t]| I

‘Well — formed Programs
P(f) = function f(x): G {e} A FG o
= P,{ this: G(this),x:G(x) } Fe:t| " A t < G(ret)
F Po

| |

Fig. 7. Type Rules for Expressions in JS

The environment, [ = {this : O,x : t}, maps the receiver, this, to a well-
formed object type, and the formal parameter, x, to a well-formed type. The
environment on the right hand side of the judgement, I'’, reflects the changes to



the type of the receiver or parameter while typing the expression. As we shall see
in the type rules, the only change possible is a change from potential to definite.
With IMvar — t] we denote the updating of var to type t in I

Consider the typing rules of Figure[7] Rules (var), (func), (const), and (seq)
are straightforward. Note that null may have any object type.

In rule (memAcc) the expression e must be of an object type in which the
member m is definite, i.e. with annotation e.

We use the notation G(this), G(x), and G(ret), to denote the types of the
receiver, parameter and return value of G. As for member selection, we define
fOI‘G:(Oth—>t2)

G(this) =0 G(x) =1t G(ret) =t2

and for G = p a.R, we define G(z) = (R[a/G])(z) where z € {x, this,ret}.

Rule (methCall) checks that the type of the receiver is an object type in
which the member m has a definite function type. Moreover, the type of the
receiver and actual parameter must be subtypes of the declared type of the
receiver and formal parameter.

In (call) we consider global calls and constructors, and require that the type
of the receiver defined in the function has no definite members. This is consistent
with the operational semantics, as in the case of global call and object creation
we start with an empty receiver object.

In rule (assignAdd) in ' we ensure that member m (of this or of the formal
parameter) is definite. From this point onwards, member m may be accessed. For
example, consider the expression x.my = x in the environment I, where '(x) has
type t = p a.[my : (Int,e), my: (a,0)]. The expression is well-typed in I' and
we have P, F x.my = x : t || " where [’ maps this to [(this) and x to
[my : (Int,®), my : (t,®)]. This reflects the updating of member my. Note that,
whereas member my of the type of x in [’ is definite, member my of the type of
the member my of x in ', which is t, does not have member my definite.

Rule (assignUdp) is used when the assignment is on a definite member m.
In this case we just check that the type of the expression on the right hand side
is a subtype of the type of the member m.

A program P is well-formed if all the function declarations in P are well-typed.
Figure |7] gives the definition.

4 Formal Properties of the Type System

In this section we give the relevant definitions and the statement that asserts
that our type system is sound w.r.t. to the operational semantics given in Section
[2:1] We assume that types are well-formed. We first define the notion of a value
being compatible with a given type. The definition is given co-inductively by
first defining the properties that any agreement relation between values and
well-formed types should have.

Definition 1. Given a heap, H, and a program, P, we say that A C (Valx Type)
is an agreement relation if:



(null,t) € A if t = O for some well-formed O,

— (n,Int) € A

if (f,t) € A, then P(f) = function f(x) : G and G = t,

— if (¢,t) € A, then

t = O for some well-formed O, H(¢) = <mq :vi...mp 1 vp», and
e O(m) = (t',e) = m=m,; for somei, i €1l.p, and (v;,t') € A
e O(m) = (t',0) and m =m; for somei, i€ l..p, = (v;,t') €A

If A and A’ are agreement relations, then A U A’ is also an agreement relation.
Therefore, the union of all agreement relations defines a relation between values
and types, which determines when a value has a given type.

Definition 2. Value v is compatible with typetin H, P.HF v « t, if (v,t) € A
for some agreement relation A on H and P.

Note that an address may be compatible with more than one type. In par-
ticular, a value compatible with a type is compatible with all its supertypes.

Lemma 1. Ift<t and PHFv «t then P,HFv «t'.

In the following we define when a stack x and a heap H are compatible with
an environment .

Definition 3. P, - H,x ¢ holds if P,H F x(this) <« [(this) and P,H F
X(x) «4T(x).

We can now state the Soundness Theorem. The theorem asserts that if an
expression is well-typed in a type environment [, then the evaluation of the
expression starting in a heap and stack that agree with I will not get stuck.
That is, the result of the evaluation is either a value of the right type, or it is a
nullPntrExc exception. In particular, it is not a stuckErr error. Moreover, the
stack and heap produced are compatible.

Theorem 1. [TypeSoundness] For a well-formed program P, environment T,
and expression e, such that:

PTFe:t]| I
IfP,THH,x o ande,H,x - w,H Y/, then either

— w = nullPntrExc, or
—w=v, PHFvat, and P,I" - H' ¥ o.

5 Type Inference

We show how type inference for JSy can be expressed as a finite system of
constraints between type variables. Type variables are used to represent the type
of an expression. From a JSy program, we can generate a set of type variables
with constraints between them. Constraints represent the relationships we expect



between types in the program. For example, that the actual parameter to a
function call should be a subtype of the formal parameter.

If the constraints have a solution we say that they are satisfiable. A solution
can be used to translate a JSy program into an equivalent JS] program. This
involves annotating the JSy program with type declarations. We show that the
annotated program is well-typed.

5.1 Type Variables

As in [I8J2ITIIT6], we use type variables to express the - yet unknown - types of
expressions. Thus, [new Date(1000)] expresses the type of new Date(1000).

Because the types of this and x differ for different occurrences in the same
method body, we use labels to distinguish them, for example, [this_1], [x-2],
[this_3], etc.. Labeled type variables [this_f] and [x_f] represent the type of
this and x at the beginning of the function f, and [ret_f] represents the return
type of the function.

We generate a new label for each method call, which is used to generate
three type variables. These variables denote the type of the receiver, parameter
and return type of the method. For example, for x.add(y) we could use label 5
which would generate [call this 5], [call x 5], and [call ret_5]. Note that
these type variables depend on the label but not on the name of the method
Figure [§| gives the syntax of a labeled expressions.

Figure [9] defines type variables. Type variables can be used to describe func-
tion types, e.g. (1 x 7" = 7"), or object types, e.g. [m:(7,¢)] with the obvious
meaning.

e € LabExp w=var | f | newf(e) | e;e | e.m(e) |
em | f(e) | lhs=e | null | n | fe
var € LabEnvVars ::= this1 | x.1

lhs € LeftSide m=x1 | em
e € InferExp n=retf | callthisl | callx1 | call.retl
1€ Lab =1 |2 .. |f]f]..

Fig. 8. Syntax of Labeled Expressions

® Tt is possible to optimize the creation of new variables at the call site, for example by
sharing some of them. Refer to Sectionwhere we discuss [22] which shows possible
optimizations.



5.2 Constraints and Solutions

A solution, S, is a mapping from type variables to types. For the Date exam-
ple, let to be p a.[mSec : (Int, @), add: ((a X a = «), ®)], Sp represents part of a
solution, as follows:

So([this_Date]) = [mSec : (Int,0), add : ((ty X ty = t3),0)]
So([this-1]) = [mSec : (Int,e), add : ((ta X ty — t3),0)]
So([ret_Date]) = t2
So([x-Date]) = Int
So([thisDate.mSec]) = Int
So([this_5]) = [mSec : (Int, )]

Constraints between type variables express the relationship between the types
of expressions, i.e. which members a type must have, how the members of two
types may differ and whether a type has any definite members. The syntax of
constraints is given in Figure [0] There are three kinds of constraint: 7 < p,
7 < 7, and 7°. We use ¢ to range over constraints and C for a set of constraints.

Figure rule (solSat), defines that S satisfies a set of constraints, S+ C |
if it satisfies each constraint. We now discuss each kind of constraint and how
it is satisfied by a solution.

— 7 < p - requires a type variable to be a subtype of p: Thus, 7 < Int
requires 7 to be Int, c.f. rule (solInt); while 7 < 7/ requires 7 to be a
subtype of 7/, c.f. (solSub); while 7 < (71 X T2 — 73) requires the 7 to be
the function type composed from 71, 7o and 73, c.f. (solSubFunc); finally,
7 < [m:(7/,9)] requires T to have a member m of type 7/ with annotation
at least 9, c.f. (solMemChange).

Thus, Sp F [this_1] < [thisDate], and Sp - [this_1] < [this_5],
So F [this Date] < [mSec: ([this Date.mSec],0)], but
So I/ [this Date] < [mSec: ([this_Date.mSec],e)].

— 7 <m 7’ - requires 7 and 7’ to have the same members with the same types,
but member m can be potential in 7/ but must be definite in 7, c.f. rule
(solMemChange).

For example, Sg - [this_1] <usec [this_Date], while
So I/ [thisDate] <usec [this_1]. Also So I/ [this_1] <usec [this 5[]

— 7° - requires 7 to have no definite members, c.f. rule (solNoDefs). This is
needed for constructors and global functions whose receiver must have no
definite members. For example, So F [this_Date]°.

5.3 Constraint Generation

Constraint generation for a JSy program produces a set of constraints be-
tween type variables, and a labeled version of the original expression, e. A

5 Note, however, that So I [this_1] < [this_5] — this should clarify the difference
between the two kinds of constraint.



Type Variables
T = [e]
Constraints

p € ConstRhs :=1 | o | [m:(7,9)]
o € FuncInt = (1,7) - 7 | Int

c € Const:=7 < p | 7 dm7 | 7°
Ce P(Const)

Fig. 9. Syntax of Type Variables and Constraints

pre-environment, v = {this : 1, x : 1/, lab : L}, keeps track of the current
labeling of this and x along with the set of labels used so far, stored in the set
L. Constraint generation for an expression e in the context of a pre-environment,
v, has the form:

vhe e[y ] C

C = {Cl....Cn}
Skte, Vi € 1..n (solSat)
SHC

—S(T) <) (solSub) 3(7) < (8(n) x S(r2) » S(r)) (solSubFunc)
SkFr < 7/ SkE7 < (11 X T2 > 73)

S(r) = Int S(m)(m) < (S(7'), %)

(solInt) (solMember)

ST < Int Fr < [m:(7,9)]

(solMemChange)

(solNoDefs)

Fig. 10. Solution Satisfaction



where 4/ reflects the changes to the labeling of this, x and lab while generating
constraints. The constraints generated for an expression consist of the union of
the constraints for each subexpression augmented by local constraints.

In (var) we generate a labeled expression for this and x by looking in the
pre-environment for the current label. No constraints are generated.

In (funcld) we require f to have a function type derived from the type of the
receiver, parameter and return value of the function. The type variables come
from the initial labeled this and x and the labeled return variable ret_f. For
example, function identifier addFn produces constraint:

[addFn] < ([this_addFn] X [x-addFn] — [ret_addFn])

In (assignAdd) we use var for this or x, and we model the change of member
m of var to definite. var_1 and var_1’ represent the type of var before and after the
update, where 1’ is fresh. Constraint [var_1] < [m: ([var_1.m],o)] requires var
to have member m with annotation at least o before the update, while [var_1’] <
[m : ([var-1’.m], e)] requires var to have member m with annotation definite after
the updateﬂ The constraint [var.1’] <, [var_1] requires that only member m is
affected by the assignment. The remaining constraints require that the type of
member m, [var_1’.m], and the overall expression have the type of the right hand
side of the assignment. For example, this.add = addFn in a pre-environment
~v2 = {this: 1,1ab: L, ..} where 2 & L, generates the constraints:

[this_1] < [add: ([this_1.add],o)]
[this2] < [add: ([this_2.add],e)]
[this_ 2] <laaq [this_1]
[addFn] < [this_2.add]

[addFn] < [this_2.add = addFn]

and the post-environment 75 [this — 2,1ab +— LU {2}].

In (new) a function is used to create an object. The constraint [this_f]°
requires the initial this for f to have no definite members. The constraint [e] <
[xf] requires the actual parameter to have a subtype of the formal parameter,
where x_f is the type of the formal parameter at the beginning of the function
body. The constraint [new f(e)] < [ret_f] requires the overall type of the new
expression to be a subtype of the return type of the function. For example, new
Date(1000) generates constraints:

[this_Date]°
[1000] < [x-Date]
[newDate(1000)] < [retDate]

The rule for global function (funcCall) is similar in structure to that for (new).

" Using [var.1] < [m: ([e],.)] instead of [var1] < [m: ([var_1.m],_))] would have
been to restrictive. Namely, a solution would require the type of m to be the same
as the type of [e] rather than a supertype.



For member access, (memAcc), and for assignment where the receiver is
not this or x, (assignUpd), the receiver must have the definite member. For
example, x.mSec, ina y; = {x:2,... ... }, generates constraint:

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

For method call, (methCall), we consider the label character-
izing the occurrence of the call. For a call with label 1 we re-
quire the receiver to have a definite member, m, with function type
[call this 1] x [call x 1] — [call ret 1], as expressed through the con-
straint  [e;] < [m: ([call-this 1] x [callx 1] — [[call,ret,l]],O)]ﬂ This
will ensure that a solution to the constraints will give a type to the mem-
ber, that is the least upper bound of all the receivers, parameters and re-
turn types at the call sites. For example, x.add(y) in a pre-environment
v3 = {x : Main,y : Main, lab:L,....} where 5 ¢ L, generates constraints:

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

[x Main.add] < ([call-this 5] x [callx_5] — [call_ret_5])
[x Main] < [call_this 5]

[y Main] < [call_x 5]

[call ret 5] < [xMain.add(yMain)]

and the post-environment «3[lab — L U {5}].

For programs, (Prog), we collect the constraints generated for each function
with a pre-environment mapping this and x to their respective initial versions
and lab to the given set of labels.

5.4 Soundness of the Constraints

We now show that the constraints are sound with respect to the type system.
Given a solution, S, and pre-environment, v, we can generate an environment,
I, as follows:

Mgen(7,S) = {this — S(this_y(this)),x — S(x-y(x))}

Theorem 2] guarantees soundness of the constraints at expression level: Given
an expression and its constraints, if there is a solution then the type given by the
type system is the same as that given in the solution. The environments used
for type checking are those produced by lgen with pre-environments v and +'.

Theorem 2. IfyFe : e ||+ ||CandStF Candl = lgen(7,S) and ' =
Mgen(7',S) then P,T Fe:t | I and t < S([e]).

& Constraint [er] < ([e1] x [e2] — [e1.m(e2)]) would have been too restrictive. Namely,
it would require all the receivers of the method to have the same type.



Constraint Generation for Expressions

C={[f] < ([thisf],[xf]) - [ret_f]}

(var) (funcld)

vFnull : null ||y || @ yEf o fl vl C
vEn oy [[{[] < Int}
v F this : this_y(this) || v || 0
vhEx s xAE) ([ ]0
yhe re|ly [ C
7" (var) =1
1 ¢ 7"(1ab)
v =+"lvar — 1';1ab — (y"(1ab) U {1'}) ]
C ={[var:l] < [m: ([var-1.m],0)],

[varl’] < [m:([var:l’.m],e)],

[var1’] <m [varl], [e] < [varl’.m], [e] < [varl’.m=¢]} (assign Add)

yhvarm=e : varl'm=¢e||+y ||CuU
vhe tel[y|IC vhe tel|[y|IC
C ={[this_f]°, [e] < [xA] C = {[thisf]°, [e] < [xA]
[new f(e)] < [retf]} [fle)] < [retAf]}
(funcCall)
vt new f(e) : newf(e) ||[7 ||C U C yhHfle) : fle)||¥ ||Cu C
yhe se|ly I C
(memAcc)
yhem :em| 7 ||CU {[e] < [m:([e.m],e)]}
The s |y [T
Yhe e[y C"
C=A{les] < [m:(Jer.m], )], [eo] < [er.m], [ex] < [er.m =eo]} (assignUpd
gnUpd)

yrem=e :e;m=e |7 ||]CUC U’

yhe te ][y | C

Yhe e[y C"

1 ¢ +"(lab)

C=A{[ei] < [m:([er.m],0)], [er.m] < (([call_this 1], [call x1]) » [call.ret 1]),
[e:] < [eall-this_1], [es] < [callx-1], [callretl] < [ei.m(e2)]}

(methCall)
v ei.m(e2) : er.m(eq) || v'[lab — (y”(1ab) U {1}] || C U C" U C”
vhe e[y ][ C vhe el |IC
v ke e || 7] C” 7'(x) =1
C={lez] < [es;ee]} C={le] < [x1], [e] < [x1=e]}

(seq) (varAss)
yhee tepe ||y ||CUC UC” yhEx =e : xl=e¢||y||CUC
Constraint Generation for Programs
P = function fi(x) { e1 } -+ function f,(x) { en }

{this — f;, x — f;, lab — ~j_;(lab)}Fe : & ||7 [|C 1<i<n A y=0
C= U GU {[ei] < [retAfi]}
i€ 1l.n (P’f'Og)

FP: C

Fig. 11. Constraint Generation



Theorem [3] states soundness of the constraints at the program level. Given
a program and its constraints, if there is a solution we can use it to generate a
well-typed version of the program. Given a JSg program and a solution, function
T (P,S) generates the corresponding typed JS] program, by using the solution
to find the type of the formal parameter, receiver and return type of all the
functions and removing the labeling.

Theorem 3. If-P: Cand S+ C then =T (P,S)o

6 From Constraints to Solutions

We now discuss how constraints can be closed to make explicit a solution and
how to check that constraints are well-formed. We show how a well-formed set
of constraints can be used to generate a solution.

6.1 Constraint Closure

To simplify the extraction of a solution from a set of constraints we apply con-
straint closure, which makes the solutions (or lack of) explicit. The closing rela-
tion, C — (', is defined in Figure

In (closeTrans) we add a constraint implied by the transitivity of types.

In (closeTransMem) the type variable 7 is required to have the same mem-
bers as 7/ with the same types and one more definite annotation (because of
T <m 7'); the type variable 7’ is required to have member m with type 7"
and annotation @ (because of 7/ < [m : (7”,4)]). Therefore, 7 is also re-
quired to have the member m with type 7/ and annotation v, as expressed by
P m (7, 0)).

In (closeBalance) the type variable 7 is required to be a subtype of 7/, and 7
is required to be a subtype of a g, i.e. either of Int, or of a function type. Because
the subtype relationship for Int and function types is the identity, it follows that
7 and o will have to be “the same”, and therefore, it follows that 7" will have to
be a subtype of o.

In (closeBalanceMem) the type variable 7 is required to have member m
with type 7/ and annotation 1. Because 7’ is required to have the same members
as 7 with the same types and possibly less defined annotations, it follows that
7/ will also have the member m with type 7, but with annotation o.

In (closeCong) the same type variable, 7, is required to contain a member
m with type 7’ and also with type 7”. It follows that 7' should be “equivalent”
with 7”7, Similarly, in (closeCongFunc) because 7 is required to be a subtype of
two function types, it follows that the two function types should be “equivalent”,
which, because of the subtype rules for function types, implies that the receiver,
argument and return types should be “equivalent”.

Thus, for [this_2] <aqq [this-1] and [this_1] < [mSec: ([this_1.mSec],e)]
application of (closeTransMem) generates [this_2] < [mSec : ([this_1.mSec],e)],

9 We assume the closure of a set of constraints includes the reflexive closure.



which ensures that [this_2] will have member mSec. Also, closing
[this 2] <laaa [this_1] and [this2] < [add: ([this_2.add],e)] with
(closeBalanceMem) generates [this_1] < [add: ([this_2.add],o)]. Lastly,
[this2] < [add: ([this_1l.add],o)] and [this_2] < [add: ([this_2.add],e)],
closed with rule (closeCong) generate [this_1l.add] < [this_2.add], and
[this_2.add] < [this_1.add].

Definition 4. C is closed, = C oy, if for any C': C — C' implies that
c=cC.

Lemma [2 states that a set of constraints and its closure have the same set of
solutions.

Lemma 2. IfSFC and C — C' then SF C'.

Cly.eyCn — Ch,.Chy
Ciy.ycnp € C
: (closeManyl) ———— (closeMany?2)
C — Cu{c,..c.} c —C
(closeTrans)

(closeTransMem)
T <m/ Tl7 T, S [mZ(TN,’l/J)] — T S [mi(T"J/))}

(closeBalance)

(close BalanceMem)

- (closeCong)

! !
T < (mMXxm-7), T < (MIXT—>T3) —
! ! ! ! ! !
1 <n,nn <71, T < T2, T2 ST, 73 < 73, T3 < T3

Fig. 12. Constraint Closure

(closeCongFunc)



6.2 Well-formed Constraints

The well-formedness of constraints, = C ¢ (shown in Figure , ensures that a
set of constraints can be used to create a solution. For a set of constraints to be
well-formed it must be closed. We define function A(C, 7, m) which determines
the annotations that any solution satisfying C should give to m in 7. This is
done by looking for constraints detailing members: 7 < [m: (_,_)]. A member
is annotated with o if there are no constraints indicating it should be definite:

o ifT < [m:(_,e)] € C
AC,r,m)=<¢ o ifT < [m:(.,0)] € CandT < [m:(_,e)] & C
Udf otherwise

Intuitively, rules (wlfFlow), (wlfMemChange) and (wlfNoDefs) cor-
respond to the solution satisfaction rules (solSub), (solMemChange) and
(solNoDefs) respectively in Figure |10 Where S (7)(m) is represented by look-
ing for constraints detailing members, 7 < [m: (- ,.)], with A(C, 7, m) being
used to find the appropriate annotation.

Rules (wlfMixl), (wlfMixz2) and (wlfMix3) ensure that the constraints
cannot mix object types with function types or integers.

6.3 From Constraints to Solutions

We now show how constraints, - C ¢, can be translated into a solution. We first
define a type variable function, IT from type variables to variables in the type
system, aq...«, € ObjVar. We say II is appropriate for C, C + 11, if dom(II)
is the set of all type variables in C and II(7) = II(7') <= 7 < 7/ € Cand
7 < reC

The translation function M7 in Figure [14] translates a type variable, 7, into
a type; it requires C F II, and uses V C ObjVar to represent the variables that
have already been used to translate 7 so far.

The translation function MS uses M7 to generate a solution. Because each
step in M7 finishes when IT(7) € V or increases V, the algorithm is guaranteed
to terminate.

6.4 Main Result

Theorem [@]states that given a program, if we generate constraints which are well-
formed, we can use them to generate a solution that will satisfy the constraints.

Theorem 4. For all P, C, IT, C', if - P: Cand C —* C' andt+ C' ¢ and
C' + II then MS(C', II) - C'

A corollary of Theorems [I] ] and [] is that if type inference succeeds for a
program then that program will not get stuck.



FCOCZ

C:{C1...Cn}
Ckoa Vi 1...
G VP E T g Al
F Co

7 < [m:(,)]eC =
T < [m:(5)]€eC A AC,7,m) < AC, 7", m)

(wlf Flow)

Ckr <7
A(C,7,m) < A(C, 7', m)
Vm#m' 7 < [m:(,)]eC

7 < Im:(,)]eC A AC,T,m)=A(C,7",m) (wlf MemChange)

Ch 7 <dnT

P <m0 €C P < (x> )gCA . <IntgC
(wlfNoDefs) (wlf Mix1)
Ck 7° Ck 1 < [m:(7,¥)]

T < [m:(-,.)]¢€CA_- < IntgC

(wlf Miz2)
Ck 7 < (11 xXT2—73)

T< (Cx_.->_)eCAT < [m:(.,.)]€eC

(wlf Mix3)
7 < Int

Fig. 13. Well-formed Constraints

7 Related Work

We structure our discussion of related work into work on types and work on type
inference.

7.1 Types

Recursive Types and Subtyping Our choice of a recursive types was moti-
vated by the need to allow typing of large proportion of JavaScript programs,
but at the same time make it possible to develop a type inference algorithm.
Hence, we have not considered more expressive type systems such as [I7].

Type systems for object based languages have been developed mainly in
a functional setting, see [I] and [13]. In [21I] a type system is defined for the
Abadi Cardelli object calculus with concatenation that uses recursive types.
The definition of the object types is like ours (without function types) and the
subtyping adopted the width subtyping.



(7 if () e V

ua.(tlxtzﬁtg) ifr < (T1><T2*>T3)€C
where

a=II(T)

ti = MT(C,ILVU{II(r)},n)i € 1.3

m i.[ml :(t1,91).e.myp ¢ (ta, ¥n)] if 7 < [m:(,)]eC
a=II(T)
{m1 : (tl,wl)...mn : (tnywn) } =
{m: () |7 < [m:(+,.)] € C
At=MT(C,ILVU{II(r)},7)
Ay =A(C,7,m)}

MT(C,II,V, 1) =

Int if < Int

udf otherwise

MS(C, 1) = {(r,t) | MT(C,I1,0,7) =t A II(7) # Udf}

Fig. 14. Generating the Solution

Subtyping for recursive function types (that are a subset of our types) has
been considered in [3]. In [3] subtyping is contravariant on the input types and
covariant on the return type. In our paper we have adopted congruence for
subtyping between function types, because our aim is not to study the interaction
between subtyping and recursive type (as in [3]) but to have a type system
allowing type inference.

An imperative, type safe object oriented language, TOIL, was introduced in
[7]. Even though the language is class based, its type system does not identify
types with classes. This makes the definition of types similar to ours. TOIL,
however, does not have extensible objects, so there is no need for identifying
potential members.

Dynamic Addition of Members Extensible objects have being considered
in a functional setting in [I2]. An imperative calculus for extensible objects was
proposed by Bono and Fisher, in [6]. In that type system there are two types for
objects: the proto-types that can be extended and the object-types that cannot.
The type system tracks potential members. The main difference between being
that we use recursive types (instead of row types plus universal and existential
quantification). This makes possible, for us, to have a decidable type inference



algorithm. Note that, Bono and Fisher’s aim was to encode classes in their object
calculus, not to obtain a type inference algorithm.

Alias types are used in [4] and [8] to track the evolution of objects. In par-
ticular, in [8] potential members are used for the same purpose as the current
paper. Alias types are, however, very different from the types used in this paper.
They are singleton types identified with the address of objects.

7.2 Type Inference

In [T6IT9I20] Palsberg et al. develop a type inference algorithm for a class based
language based on flow analysis. The set of types is the class names defined in the
program. Each expression, e, is given a type variable, [e], that expresses the - yet
unknown - type. They employed a novel approach to model late binding through
conditional constraints. A conditional constraint has the formt € [e] = C.
Where constraints C are only applicable when t is a possible type for [e]. In [2]
this work is applied to the object based language SELF[11]. Each occurrence of
an object is given a unique token w. Thus, object structure is derived from the
program. Our work differs in that we must infer the structure of objects.

In [I8] Palsberg considers type inference for the first order type system (with
recursive types and subtyping) for the Abadi Cardelli object calculus[l]. The
system of constraints is a subset of those used in this paper, with two kinds
7 < 7'and 7 < [m: (7,%)]. Furthermore, the Abadi Cardelli calculus does
not allow member addition like JSg. The type system uses subsumption rule
which is encoded in the system by having two type variables for each program
point, one before subtyping and one after. For variables there is x and [x] and
member access, [e.m] and < e.m >. Instead of a subsumption rule, our type
system uses the subtype relation where necessary e.g. the actual parameter being
a subtype of the formal parameter. Hence, the subtype relation is always used
explicitly between the types of expressions in the program. Therefore, we don’t
need to use two type variables to model the application of subsumption. After
the constraints are generated a graph is generated and closed. A well-formedness
criteria is given to graphs which are then converted to an automata which is used
to annotate the program. Our work differs in that we specify closure and well-
formedness in terms of constraints rather than convert to a graph.

In [9] Eifrig et al. consider type inference for the class-based language I-
LOOP. The types are recursively constrained in that a type is supplemented
with a set of constraints, 7\C. They take a different approach to us by defining
type rules that generate constraints and then modifying the rules to make a
deterministic and complete inference system. Fields and methods of a type are
detailed with constraints of the form 7 < Inst m: 7/, which states that 7 has
a field m of type 7'.

In [22], Wang et al. give a type inference system for Java that can stati-
cally verify the correctness of downcast. The types used are based on those used
in [9) as described above. There are types that describe the structure of ob-
jects, obj (6, [1; : 7;]) where 6 and 1; are abstract labels for the class name and
fields/methods respectively. The structure of the object types is derived from



the class structure. Unlike our treatment of method call sites, where we always
allocate new type variables, they delegates this to closure. By parameterizing
closure with a mapping it is possible to share type variables between different
invocations of a method.

8 Conclusions and Further Work

In this paper a flexible type system for an idealized version of JavaScript is
presented, its soundness is outlined, and a type inference algorithm for this type
system is defined. JavaScript is an object based language allowing extensible
objects, and sharing of method bodies. The main challenges of both the type
system and the inference are the imperative nature of the language combined
with the possibility of extending objects. The type inference is shown to be sound
for the type system, and from a solution it is possible to derive annotations for
untyped expressions.

Future work will be directed, both on the theoretical and on the practical side.
On the theoretical side we want to study the completeness of the algorithm, its
complexity, and extend the type system to allow more typeable expressions, e.g.,
allowing a more flexible subtyping for functions. To show completeness we need
principality of the type produced, this is quite difficult to achieve for recursive
type systems.

On the practical side we plan to build a tool based in this system and its
associated inference algorithm that allows, on one hand to check if an untyped
expression can be typed (so we know that it will not produce run-time errors),
and on the other to do type reconstruction. Thus, producing a typed expression
from an untyped expression.

We would also like to develop a mized mode system where some of the type
annotations are already given by the user. For example, we could provide a
typing of the Document Object Model[I0] and check code in web pages against
it.
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