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Abstract. Java’s static type system protects against certain runtimeerrors, but
is often unwieldy and repetitive. Type inference gives the benefits of strong typ-
ing, without the burden of traditional static typing. We consider the local type
inference problem, where fields and parameter/return typesare given, but local
variable types are inferred. We have designed and implemented Mocha, a Java
language extension providing type inference, and we formalise a subset of it here.
Mocha differs from other languages using type inference, such as Scala, C# 3.0
and OCaml, since variables can have different types at different program points.

1 Introduction
Static type information in Java provides strong protectionagainst certain kinds of run-
time error. As it stands, the static type information required is often unwieldy and repeti-
tive. Type Inference is a well-known technique for inferring the static type of a variable
based on its actual usage. Type inference gives the benefits of strong typing, whilst
alleviating some of the burdens found with traditional static typing. We consider the re-
strictedlocal type inferenceproblem, where fields and parameter/return types are given,
and the types of local variables are inferred. Several existing languages, most notably
Scala [33], C #3.0 [4] and OCaml [32], employ type inference.Our approach represents
a departure from such systems as we allow variablesto have different types at different
program points within a method.

We have designed and implemented Mocha, an extension to Javasupported type
inference. Consider the following simple method written inMocha:

List<String> f(String x) {
var y;
if(...) { y = new ArrayList<String>(); }
else { y = new LinkedList<String>(); }
return y;

}

Here variabley is declaredvar, indicating its type should be inferred. In fact,y has dif-
ferent inferred types at different points —ArrayList<String> on the true branch,
LinkedList<String> on the false branch andAbstractList<String> after
the conditional (which is the nearest super class of both andimplementsList<String>).
The latter being the most specific type that Mocha can infer for y after the conditional.
In languages like Scala, C #3.0 and OCaml, such code cannot bewritten since variables
must have a single fixed type for the life of the method.

Allowing variables to have different types at different program points also means
they can beretypedas a result ofinstanceof expressions. For example:



void f(Number x) { if(x instanceof Integer) { ... } }

Here, Mocha automatically retypes variablex to Integer inside the true-branch of
the conditional. Again, languages like Scala, C #3.0 and OCaml cannot support this.
The contributions of this paper are:

1. We present Mocha, an extension of Java supporting Type Inference.
2. We formally describe the type inference algorithm for a subset of Java, including

non-generic types and exceptions.

2 Overview

The syntax and subtyping rules for the subset of Mocha being considered are given
in Figure 1. The reasons for having three subtype operators will become apparent in
§2.1. We formalise our type inference algorithm as a dataflow analysis operating on a
method’s control-flow graph (CFG). This simplifies the handling of CFG join points,
especially those arising fromtry/catch blocks. In the CFG, each node is a simple
statement and edges may be labelled with true/false. Our CFGrepresentation is un-
structured, meaning high-level statements such asfor loops andtry/catch blocks
are represented with conditional/unconditional branches. Likewise, expressions cannot
have side-effects. We assume the program code has been first broken down into this
CFG representation, as is commonly done within a compiler. While we do not detail
this translation step, it should be relatively easy to see how it is done. The following
illustrates a simple Mocha program and its CFG representation:

Reader f(String x) {
var y;
try {

if(x == null) {
y = new StringReader("");

} else {
y = new FileReader(x);

}
} catch(IOException e) {

y = new StringReader("");
}
return y;
}

IOException

y=new StringReader("")

y=new FileReader(x)

return y

y=new StringReader("")

if x==null
false

true

Here, we can see the main features of our CFG representation.In particular, excep-
tional control-flow is represented byexceptional edges(similar to those of [7, 22, 17])
which flow from statements to handlers.

2.1 Most Specific Type

A key issue lies in determining the most specific type for a variable at control-flow join
points. Considering the example from above, three separatecontrol-flow paths reach
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Syntax:
D ::= class C1 extends C2 implements C { T f M }
M ::= T m(T x) throws C { var v S }
T ::= C | int | boolean | null
S ::= SS | if(e) { S } else { S } | for(SS; e; SS) { S } | try { S } catch(C v) { S }
SS ::= return e | throw e | v = e | e.f = e

e ::= e1 bop e2 | e.m(e) | new C(e) | (T) e | e iof T | e.f | v | i | null

Subtyping:
class C1 extends C2 . . .

C1 ≤C C2

class C1 . . . implements C2, . . . , Cn
C1 ≤I C2, . . . , C1 ≤I Cn

int ≤C,I Object null ≤C,I C C1 ≤C,I C1

C1 ≤C C2 C2 ≤C C3

C1 ≤C C3

C1 ≤I C2 C2 ≤I C3

C1 ≤I C3

C1 ≤C,I C2 C2 ≤C,I C3

C1 ≤ C3

Fig. 1. The syntax and subtyping rules for the subset of Mocha being considered. Note thatiof
is short-hand forinstanceof; a special type is required to represent the type ofnull; and,
the notation≤C,I is short-hand for≤C or ≤I . Thus, there are three subtype operators defined
here:≤C (for classes);≤I (for interfaces);≤ (for both, i.e. the usual subtyping operator).

thereturn statement. The most suitable type to give variabley at this point is clearly
Reader, since it is a superclass of bothStreamReader andFileReader. How-
ever, this is not the only option, as bothCloneable andSerializable are also
implemented byStringReader andFileReader. The question then, is how to
choose the appropriate type fory at this point.

The general approach to dealing with this kind of problem is to compute theleast
upper boundof types from incoming control-flow paths. However, as is apparent from
our example, Java’s subtype relation does not form a join semi-lattice, meaning there
is not necessarily a unique least upper bound of any two types[19]. One solution is to
ignore interfaces altogether (which, in fact, the Java bytecode verifier does [19]). This
approach is not suitable here, however, since it would essentially mean that interfaces
could not be used at all. Therefore, we adopt a hybrid approach which prioritises classes
over interfaces. We define ajoin operatoron types as follows:

T1 ⊔ T2 =















T1 if T2 ≤ T1
T2 if T1 ≤ T2 ∧ T2 6≤ T1
T3 if T3 = T1 ⊔C T2 exists andT1 6≤ T2 ∧ T2 6≤ T1
T4 otherwise, whereT4 ∈ T1 ⊔I T2

Here,T1 ⊔C T2 determines the (unique) least upper bound ofT1 andT2, according
to the class subtype relation (i.e.≤C). In contrast,T1 ⊔I T2 computes thesetof minimal
upper bounds ofT1 andT2 according to the interface subtype relation (i.e.≤I). And,
since the latter may not return a unique element, we arbitrarily select from the set re-
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turned1. Clearly, this approach to joining types cannot guarantee to always select the
best type. In fact, it’s easy to find situationswhere it is provably impossible to select an
appropriate type, such as the following:

interface X { void f(); }
interface Y { void g(); }
class A implements X,Y {}
class B implements X,Y {}

void f(A a, B b) {
var x;
if(...) { x = a; } else { x = b; }
x.f(); x.g();

}

In principle, this code is safe, sincex is always both anX and aY and, hence, must
implement bothf() andg(). However, our join operator is forced to pick eitherX or
Y at the control-flow join. This causes a type error as neither interface has both methods.
While this limitation may seem problematic, our experiences with using several real-
world examples suggest it is not in practice. Examples such as the above appear to be
more of a theoretical, rather than practical, interest. In any case, the programmer can
always override the inferred type with an explicit cast.

Extending our type inference system withintersection types(e.g. [26]) should pro-
vide an elegant solution to this problem. With this approach, we would allow types of
the formT1 ∧ T2 to represent values which are both instances ofT1 andT2. However,
we have not implemented this yet, but plan to do so in the future.

3 Type Inference Algorithm

Our type inference algorithm infers the type of local variables at each point within a
method. Unlike traditional type systems, where a single typing environmentΓ is used
for the whole method, our algorithm maintains a typing environmentΓ at each distinct
program point. Furthermore, the algorithm cannot type the whole method in a single
pass; rather, it may require several iterations to obtain the correct typing. The following
piece of code illustrates the main issues for the algorithm:

Number f(Integer x) { ... }
Number f(Number x) throws IOException { ... }
Number g() {
var y,i;
y = new Integer(0);
try { for(i=0; i<10; i=i+1) { y = f(y); }
} catch(IOException e) { y = new Integer(1); }
return y;

}

1 In practice, we can further prioritise against picking certain interfaces, such asCloneable
andSerialisablewhich are rarely needed.
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After Iteration 2

Γ={y:?,i:?}

After iteration 1

i=0

i=i+1

y=f(y)

y=new Integer(1)

return y

y=new Integer(0)

I
O
E
x
c
e
p
t
i
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n

if i<10
false

true

i=0

i=i+1

y=f(y)

y=new Integer(1)

return y

y=new Integer(0)

if i<10

I
O
E
x
c
e
p
t
i
o
n

false

true

Γ

Γ={y:Number,i:int}

Γ={y:Integer,i:int}

Γ={y:Integer,i:int}

Γ={y:Integer,i:?}

Γ={y:?,i:?}

Γ Γ={y:Number,i:int}

Γ={y:Number,i:int}

Γ={y:Number,i:int}

Γ={y:Number,i:int}

Γ={y:Number,i:int}

Γ={y:Integer,i:?}

Γ={y:?,i:?}

={y:Number,i:int}

={y:Number,i:int}

i=0

i=i+1

y=f(y)

y=new Integer(1)

return y

y=new Integer(0)

if i<10

I
O
E
x
c
e
p
t
i
o
n

false

true

Γ={y:?,i:?}

Γ={y:?,i:?}

Γ={y:?,i:?}

Γ={y:?,i:?}

Γ={y:?,i:?}

Γ={y:?,i:?}

1 2

Fig. 2. Illustrating our type inference algorithm operating on a simple example. The typing en-
vironment immediately before each statement is given. The grey boxes highlight the changes
between each iteration.

Figure 2 illustrates our algorithm performing type inference on the control-flow graph
of this method. Initially, the type of each variable is marked as unknown. Then, the
algorithm visits each node inferring types based upon the expressions they are as-
signed (iteration 1). At this point, the type information isnot yet complete and the
algorithm must iterate again to propagate the type fory along the back-edge of the
loop (thus, reaching a fix-point). Observe that, wheny = f(y) is first visited, the type
of y wasInteger and, hence, the resolved type forf wasInteger → Number; but,
wheny = f(y) is revisited,y has typeNumber and, hence, the resolved type forf is
Number → Number throws IOException. Thus, it is apparent that method resolution
is entwined with the type inference algorithm.

Figure 2 also illustrates the role exceptional edges play inthe algorithm. The only
statement within the originalcatch block which could potentially throw anIOException
is connected via an exceptional edge to the handler. Observethat, in fact, this edge is
redundant — that is, its statement cannot actually throw anIOException since the
method called doesn’t declare this in itsthrows clause. At CFG construction time,
this was not known — it is onlyafter type inference that it becomes known. One may
wonder whether or not we could eliminate such redundant exceptional edges. To do
this, our type inference algorithm would need to be able to add exceptional edges as it
proceeds (and, in fact, remove them). This significantly increases the algorithm’s com-
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plexity and, for simplicity, we ignore the issue of eliminating redundant exceptional
edges in this paper.

3.1 Expressions and Statements

Typing an expression in Mocha, given an appropriate type environment, is identical to
that of normal Java. The rules for our subset of Mocha are given in Figure 3. Deal-
ing with statements, however, is rather different. We use the transition rules given in
Figure 4 to describe the effect of a statement on its typing environment. These give
the typing environment after a statement in terms of the typing environment before it,
whilst accounting for the statement’s effect. The expressionΓ[x 7→ T] yields the typing
environmentΓ, except with variablex given typeT. The two most interesting rules are
S−ASSIGN1 andS−IF2. The former infers the type of a variable at a particular pro-
gram point based on the type of the expression it is assigned;the latter retypes a variable
as a result of aninstanceof test. Note that, while the obvious use ofinstanceof is
for downcasting, upcasting is also useful when a type has multiple super types.

3.2 Typing Equations

The final piece of the jigsaw are thetypingor dataflow equations. These specify how
the typing environments entering each statement are actually computed. Before we can
present the typing equations, we must first indicate how two typing environments are
joined. That is, when two typing environments from different pathscome together at a
join point, what results? To do this, we define a join operatoron typing environments
as follows:

Definition 1. LetΓ1, Γ2 be type environments. Then,Γ1 ⊔ Γ2 = {x 7→ T1 ⊔ T2 | x 7→
T1 ∈ Γ1 ∧ x 7→T2 ∈ Γ2}.

Observe that this uses the join operator on types defined in§2.1. Using this, the
typing equations can now be defined as follows:

Definition 2. Let G = (V, E) be a control flow graph for methodM , whereV is the
set of nodes, andE the set of edges. Then the typing equations for each pointy in M

are given byTM (y) =
⊔

x
l

−→y∈E
f(Sy, TM (x), l).

Here,f is thetransfer functiondefined by the statement transition rules of Figure
4. Furthermore,Sy is the statement at the nodey, and the edge labell separates the true
and false edges coming from conditional statements.

Mocha solves the typing equations using a standard worklistalgorithm, similar to
that used in the Java bytecode verifier (see e.g. [31] for moreon this).

3.3 Soundness

Although we have not yet proved soundness of our system, we believe it will be amenable
to standard techniques. We now sketch the basic idea. Essentially, we say that our sys-
tem is sound if every program that can be typed will not getstuck(e.g. attempting to call
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Expression Typing:
{x 7→ T} ∈ Γ

Γ ⊢ x : T
[T-VAR]

i ∈ {. . . ,−1, 0, 1, 2, 3, . . .}

Γ ⊢ i : int
[T-INT]

Γ ⊢ e1 : T, e2 : T
bop ∈ {==, ! =, <=, . . .}

Γ ⊢ e1 bop e2 : boolean
[T-BOP1]

Γ ⊢ e1 : int, e2 : int
bop ∈ {+,−, /, ∗, . . .}

Γ ⊢ e1 bop e2 : int
[T-BOP2]

Γ ⊢ e : T1
T1 ≤ T2 ∨ T2 ≤ T1

Γ ⊢ (T2) e : T2

[T-CAST]
Γ ⊢ e0 : T0

field(f, T0) = T1

Γ ⊢ e0.f : T1

[T-FIELD]

Γ ⊢ e0 : T0
Γ ⊢ e1, . . . , en : T1, . . . , Tn

method(T0, m, T1, . . . , Tn) = (T1, . . . , Tn) → Tr

Γ ⊢ e0.m(e1, . . . , en) : Tr

[T-IVK]

Γ ⊢ e1, . . . , en : T1, . . . , Tn
constructor(C, T1, . . . , Tn)

Γ ⊢ new C(e1, . . . , en) : C
[T-NEW]

Γ ⊢ e : T0
T0 ≤ T1 ∨ T1 ≤ T0

Γ ⊢ e iof T1 : boolean
[T-IOF]

Fig. 3. Typing rules for the expressions of our language. Note,method(T, m, T0, . . . , Tn) deter-
mines the type of methodm on receiverT with argumentsT0, . . . , Tn. This requires traversing
T ’s type hierarchy looking for the most applicable method [13]. Likewise, field(T, f) returns
the type of fieldf of receiverT, again by traversing the class hierarchy as necessary. Finally,
constructor(C, T1, . . . , Tn) checks whether such a constructor exists for classC.

Statement Transitions:

Γ ⊢ e : T

v = e : Γ −→ Γ[v 7→ T]
[S-ASSIGN1]

Γ ⊢ e1 : T1, e2 : T2
field(f, T1) = T3 T2 ≤ T3

e1.f = e2 : Γ −→ Γ

[S-ASSIGN2]

method(T0, thism, thisp1, . . . , thispn) = (. . .) → T0

Γ ⊢ e : T1 T1 ≤ T0

return e : Γ −→ ⊥
[S-RETURN]

Γ ⊢ e : T T ≤ Throwable

throw e : Γ −→ ⊥
[S-THROW]

Γ ⊢ e : boolean

if e : Γ −→ Γ
[S-IF1]

Γ ⊢ e : T0
T0 ≤ T1 ∨ T1 ≤ T0

if v iof T : Γ
true
−→ Γ[v 7→ T]

[S-IF2]

Fig. 4. Transitions rules for statements. Note, the variablesthism, thisp1, . . . , thispn give the
name and parameter types of the enclosing method. Also, the S-IF2 rule applies for the transition
along the true branch, and we assume it takes precedence overS-IF1 when it applies. Finally,⊥
is the empty typing environment.
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a methodm on an object which has no methodm). Observe that stuckness is different
from throwing runtime errors (e.g.NullPointerExceptions); that is, well-typed
programs may still throw such errors, as they can in normal Java. We also require vari-
ables are defined before used and assume the normal Java rulesfor checking this.

Theorem 1. Given the control-flow graph for a methodM , the typing equations of
Definition 2 always generate a program point specific typing that is sound.

4 Discussion

Field Retyping. An interesting problem arises when retyping fields in Java. Consider
the following:

class X {
Number f;
void g() { if(f instanceof Integer) { ... } }

}

The issue is whether or not we can safely retype fieldf inside the true branch. This
seems sensible, but can cause problems in the presence of concurrency iff is reassigned
by some separate thread after theinstanceof test. Of course, code which assumes
f is aninstanceof Integer when such reassignments may occur has undefined
semantics under the Java memory model. A similar situation can occur when the true
branch calls another method that may potentially update field f. To deal with these
situations, we currently require the programmer manually apply thefield-load fix, giving
something like the following:

class X {
Number f;
void g() {

Number _f = f;
if(_f instanceof Integer) { ... }

} }

Here,f is shadowed with a local variable which is implicitly threadlocal. Thus, one
can now be certain thatf is indeed aninstanceof Integer in the true branch. An
interesting question is whether or not our system should be applying this transformation
automatically. Certainly, it seems that it would be helpfulin situations such as this.

Equality. Another interesting situation that can arise is illustrated in the following:

interface A { ... }
interface B { ... }
class C implements A,B { ... }
void f(A a, B b) {
if(a == b) { ... }

}

In this example it would be possible to retype botha andb to have typeC in the
true branch. Currently, we do not support this, although it would be interesting to see
whether such behaviour was useful in practice.
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5 Related Work

The first, and most widely used type inference system was developed by Hindley [15]
and later independently by Milner [23]. Since then, numerous systems have been de-
veloped for object-oriented languages (e.g. [25, 24, 18, 2,28, 8, 34, 3]). These, almost
exclusively, assume the original program is completely untyped and employ set con-
straints (see [1, 14]) as the mechanism for inferring types.As such, they address a
somewhat different problem to that studied here. To performtype inference, such sys-
tems generate constraints from the program text, formulatethem as a directed graph and
solve them using an algorithm similar to transitive closure. When the entire program is
untyped, type inference must proceed across method calls (known asinterprocedural
analysis) and this necessitates knowledge of the program’s call graph (in the case of
languages with dynamic dispatch, this must be approximated). Typically, a constraint
graph representing the entire program is held in memory at once, making these ap-
proaches somewhat unsuited to separate compilation [25].

Biermanet al. formalise the type inference mechanism to be included in C# 3.0,
the latest version of the C# language [4]. This uses a very different technique from us,
known asbidirectional type checking, which was first developed for System F by Pierce
and Turner [27]. This approach is suitable for C# 3.0 which does not permit variables
to have different types at different program points.

Of more direct relevance to this work are type inference systems based ondataflow
analysis. The Java bytecode verifier is a well-known example [20]. Since locals and
stack locations are untyped in Java Bytecode, it must infer their types to ensure type
safety. The verifier uses a similar algorithm to that presented here, although with some
notable differences. In particular, method types are encoded into theinvoke byte-
codes, so method resolution is separated from type inference. Also, to deal with the
Java class hierarchy not forming a join semi-lattice, the bytecode verifier ignores inter-
faces altogether, instead relying on runtime checks to catch type errors (see e.g. [19]).
However, several works on formalising the bytecode verifierhave chosen to resolve this
issue with intersection types instead (see e.g. [12, 30]).

The JACK tool for bytecode verification of@NonNull types has some relation to
our approach [21]. This extends the bytecode verifier with anextra level of indirection
calledtype aliasing. This technique tracks local and stack locations which are known to
aliases, thus enabling the verification of@NonNull types. The algorithm used is other-
wise identical to that of the bytecode verifier and, hence, has the same differences from
that studied here. An interesting observation from this andother work on@NonNull
types (e.g. [29, 10, 9, 6]), is that our type inference algorithm would be valuable in this
setting as well. This is because it would allow statements such as “if(x!=null) {
... }” to retypex as@NonNull in the conditional body.

The work of Gagnonet al. presents a technique for converting Java Bytecode into
an intermediate representation [11]. Key to this is the ability to infer static types for the
locals and stack locations used in the bytecode. Their problem is rather different from
ours, since it is about inferring a single static type for each variable. Since variables
are untyped in Java bytecode, this is not always possible as avariable can — and often
does — have different types at different points; in such situations, they split variables
as necessary into two or more variables, with each having a different static type.
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Finally, we are aware of few works which attempt to extend theJava language with
intersection types. The most relevant is that of Büchi and Weck who introducecom-
pound typesin to Java to overcome limitations caused by a lack of multiple inheritance
[5]. Another interesting work is that of Igarashi Nagira, who introduceunion typesinto
Java [16]. These represent values which may be oneor other of the possibilities; this
differs from intersection types which represent values that are instances ofall the pos-
sibilities.

6 Conclusion

In this paper, we have formalised a subset of Mocha, an extension to Java supporting
type inference that we have designed and implemented. This differs from other lan-
guages that use type inference, since it permits a variable to have different types at
different points within a method. This facilitates a more flexible style of programming
that is more natural to existing Java programmers. One of thekey challenges in our
system is determining what type a variable should have at control-flow join points. Cur-
rently, we employ a simple mechanism that attempts to make a sensible choice. While
we have found this works well in practice, it is not guaranteed to work in all cases. In
such situations, the programmer can still employ a cast to obtain the necessary type.
In the future, we would like to explore the use of intersection types to alleviate this
problem, and also to extend our system to Java generics.

Acknowledgements.This work was supported by a masters scholarship from Victoria
University of Wellington.
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