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ABSTRACT. The ability to reconstruct the dependencies of incomplete programs to form complete and
well-typed ones provides several benefits, including allowing static analysis tools to analyse incomplete
programs where their surrounding dependencies are unavailable, and supporting stub generation and testing
tools to work on snippets. However, earlier efforts to do so are unable to work with incomplete programs
containing parametrically polymorphic types.

In this paper, we present a technique that receives an incomplete Java program that may contain paramet-
rically polymorphic types, and reconstructs its surrounding dependencies to form a complete and well-typed
program. We then present empirical results from our prototype implementation of this algorithm, JavaCIP,
which outperforms prior works in this area.
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1 INTRODUCTION

Programs encountered in practical contexts can be syntactically correct yet contain references to
undeclared or unknown classes, methods or fields. Such instances are termed partial or incomplete
programs in the literature [Dagenais, Hendrenis, 2008; Gupta et al., 2020; Melo et al., 2017]. Incomplete
programs manifest in various scenarios, including during the planning, design, and prototyping
phases of the software-development lifecycle, as well as in patches for code review, version control
systems [Dagenais, Robillard, 2008], web repositories [Thummalapenta, Xie, 2007], bug reports
[Bettenburg et al., 2008], forum threads and documentation. Despite their prevalence, incomplete
programs pose challenges in areas such as program analysis, which plays a crucial role in tasks
such as bug detection [Ayewah et al., 2007], language manipulation and optimization [Vallée-Rai
et al., 2010] and feature location [Zhao et al., 2006]. These analyses frequently use an executable
or intermediate representation (IR) of the program. However, compilers cannot generate IRs of
incomplete programs because they refer to undeclared classes, methods and fields.

There are numerous works on this topic [Chugh et al., 2009; Godefroid, 2014; Knapen et al., 1999;
Perelman et al., 2012; Rodrigues et al., 2019; Guimar3es et al., 2019; Xue et al., 2022; Dong et al., 2022],
and one technique for addressing this is the reconstruction of missing dependencies in incomplete
programs [Dagenais, Hendrenis, 2008; Gupta et al., 2020; Melo et al., 2017]. This handles several
practical challenges:

1. Several areas of analysis, such as functional code clone detection [Hua et al., 2021; Mehrotra
et al., 2022], code search [Sun et al.,, 2022] and bug detection [Zhang et al., 2023] rely on
program representations like control flow graphs, program dependence graphs, and instruction
sequences, often derived from compiled representations. Since compilers only operate on
complete programs, these analyses struggle when applied to partial sections of projects.

2. Other analyses, such as expertise-profile mining, involve extracting insights from large source-
code repositories and analyzing diverse data sources like bug reports [Anvik, Murphy, 2007],
project-change histories [Mockus, Herbsleb, 2002] and API-usage patterns [Mani et al., 2016].
Such data often involves projects with dependencies, which can be impractical to track down
when analyzing a large number of projects [Williams, Hollingsworth, 2005]. Reconstructing
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missing dependencies in incomplete programs allows snippets from bug reports, code contri-
butions, and projects to be transformed into complete programs, enabling standard techniques
to extract relevant data.

3. Certain studies, such as studies on developer interactions [Wang et al., 2013], analyze source
code posted on forum threads and message boards. Identifying the dependencies of these
snippets is challenging, particularly when the dependencies have multiple versions or are not
publicly available.

Previous research [Dagenais, Hendrenis, 2008; Gupta et al., 2020; Melo et al., 2017] has successfully
reconstructed missing dependencies in incomplete programs. PPA [Dagenais, Hendrenis, 2008]
and JCorrEE [Gupta et al.,, 2020] have achieved this for Java programs, whereas PsycHEC [Melo
et al., 2017] has done so for C programs. However, these approaches are inadequate for handling
parametrically polymorphic or generic types [Gosling et al., 2005]. This limitation is significant
because many Java programs, particularly those utilizing the Java Collections Framework [Parnin
et al., 2013], incorporate generic types. As a result, PPA and JCOFFEE cannot handle these programs.
(PsycHEC works only on C, which does not have generic types.)

In this paper, we present a technique for reconstructing the missing dependencies of incomplete
polymorphic Java programs. Our algorithm receives an incomplete program that may refer to or
depend on parametrically polymorphic types, and produces Java sources that make the combined
program complete and well-typed. It does so without modifying the original incomplete program.
The ideas presented in this paper have been implemented as a prototype called JaAvACIP, and empirical
evaluation shows that it outperforms prior works.

The remainder of this paper is organized as follows. Section 2 gives an overview of our algorithm
via an example of how we might reconstruct by hand the dependencies of an incomplete program.
Section 3 describes the technical details of our algorithm. In Section 4, we present our prototype im-
plementation, JAvACIP, used for experimental evaluation in Section 5. Section 6 discusses limitations
and avenues for future work. Section 7 reviews related work, and finally, Section 8 concludes the

paper.

2 OVERVIEW

To gain an intuition for how our algorithm works, we attempt to replicate its effects by hand in
an example. Observe that program #; shown in Figure 1a is incomplete, by virtue of it referring
to types A, C and D with no accompanying declaration. Our goal is to produce a program Q; that
declares these types such that $; and @Q; combined form a complete and well-typed program.

2.1 Reconstructing Missing Declarations

We know from the outset that classes A<T>, C and D must exist. Thus, we add declarations of these
classes to our program, giving us program @, in Figure 1b. However, this is only the beginning.
Firstly, as we see in line 6 of #;, the assignment statement a = b requires that the type of b (B<D>)
is compatible in an assignment statement with the type of a (A<? extends C>). In other words,
B<D> must be a subtype of A<? extends C>, written as B<D> <: A<? extends C>. From line 2 of
P1, we know that B<D> is already a subtype of A<D>, hence, if A<D> <: A<? extends C>, then our
original constraint holds. For A<D> <: A<? extends C> to be true, D must be a subtype of C (unlike
languages like Scala [Odersky et al., 2006], Java does not have declaration-site variance). At this
stage, no more judgements about the satisfiability of this condition can be made, because classes C
and D are not declared in #;, and as yet, Q;(4) does not indicate that D <: C is true. Fortunately, the
fix for this is simple—if we allow class D to extend C in Qy(,), then this constraint, and by implication,
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1 import java.util.List; 1 class A<T> { } 1 class A<T> { }

2 class B<T> extends A<T> { 2 class C { } 2 class C { }

3 static void main() { 3 class D { } 3 class D extends C {
4 A<? extends C> a = new A<>(); }

5 B<D> b = new B<>(); (b) Program Ql(a)'

6 a=bh; (c) Program Q).
7 Cc=new CQ;

8 D d=new D();

9 List<? super Integer> i = c.get();

10 List<? super String> s = d.get();

11 3

12 }

(a) Incomplete program #;

1 class A<T> { } 1 class A<T> { } 1 class A<T> { }
2 class C { 2 class C { 2 class C {
3 1 getQ) { 3 o<n> get() { 3 List<? super Integer> get() {
4 return null; 4 return null; 4 return null;
5 3} 5 3} 5 3}
6 } 6 } 6 }
7 class D extends C { 7 class D extends C { 7 class D extends C {
8 1 get() { 8 1 get() { 8 List<? super String> get() {
9 return null; 9 return null; 9 return null;
10 } 10 } 10 }
11 3} 11 } 11 3}

(d) Program Q). (e) Program @ q). (f) Program Q(¢).
1 class A<T> { } 1 class A<T> { }
2 class C { 2 class C {
3 List<? super Integer> get() { 3  List<? super Integer> get() {
4 return null; 4 return null;
5 3 5 3
6 } 6 3}
7 class D extends C { 7 class D extends C {
8 @Override 8 @Override
9 w3 get() { 9 List<Object> get() {
10 return null; 10 return null;
11 3} 11 3}
12 } 12 3}

(g) Program Qy(y). (h) Program Q;.

Figure 1: A step-by-step example of reconstructing the dependencies of an incomplete program by
hand.

our original constraint B<D> <: A<? extends C>, is satisfied. Therefore, we add this information
into Qy(q), giving us Q) in Figure 1c. Indeed, Q;(;) allows the original assignment statement of a
= b in line 6 of P; to be well-typed.

Lines 9 and 10 of #; are more challenging to deal with, primarily because the types of c.get ()
and d.get () are completely unknown. A step towards making these lines well-typed is to create
the relevant method declarations, and allow their return types to be some inference variables 7; and
T, respectively, so that we may begin to resolve constraints on them later. Adding these declarations
to Qy(p) yields Q(¢) as shown in Figure 1d. Note that generating method bodies is out of the scope
of this paper, and thus the method bodies we generate here return null.
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2.2 Searching for Types

Let us temporarily focus on line 9 of $; which now gives the constraint 7; <: List<? super Integer>.
At this stage, it is still unclear as to what 7; might be—it could be a monomorphic class, a polymorphic
class with one argument, two arguments and so on. This prompts us to begin a search over what 7;
is. For now, we fix 7; as a polymorphic type with one unknown argument, giving us 7 = a;<7y;>
for some single-argument polymorphic class «; and some type argument 7y;. If later we find this
configuration to be unsatisfiable, we backtrack back to this point and try some other configuration,
for example, by letting 7; to be some «; or @;<713, 712>, and so on. This revises our initial constraint,
giving us a;<ry;> <: List<? super Integer> and program Q) as shown in Figure Ie.

We now have to decide what «; actually is. We know that «; must be a single-parameter
polymorphic class that is already referred to by $; and Q;(4), or a completely new class whose
declaration we shall add to Q). The constraint a;<7y;> <: List<? super Integer> we obtained
earlier gives us an indication that «; might be List. Again as part of our search, we temporarily fix
a1 = List and continue onwards. As we continue to perform our search and expand the constraints
further, eventually we arrive at a;<ry;> = List<? super Integer>; performing the same process
of searching for a type for 7, gives us 7, = List<? super String>and program @), as shown in
Figure 1f. Indeed, Q) allows lines 9 and 10 in program %; to be well-typed.

Readers familiar with the vast literature on type checking and type inference might have reser-
vations towards the need for a backtracking search. Type inference algorithms for languages like ML
or Haskell infer a principal type or most general unifier [Duggan, Bent, 1996]. However, the notion of
principality is not applicable to our problem. For instance, if we find a type 7; to be a supertype of a
type B and a subtype of a type A, 7; could indeed be either of these two types, and neither of these
are more general than the other. Furthermore, classes in Java are open to extension, so if we were
to initially discover that another unknown type 7; is a subtype of another type C, we cannot assert
a priori that 7, must be equal to C for the program to be well-typed; it could very well be the case
that later in the analysis we conclude that 7, must actually be equal to a newly-created type D that
extends C.

2.3 Overriding Methods

Although we have dealt with all our initial constraints, programs #; and Q) together is still not
well-formed. Because we have required D to extend C, the method declaration of get in D must
override the declaration of get in C, which in effect, means that the return type of get in D must be a
subtype of the return type of get in C. What we must do is to generate a new return type for get
in D that is a subtype of both List<? super Integer> andList<? super String>. To do so, we
replace the current method declaration in D to one that returns a new inference variable 73 giving us
program @y in Figure 1g, and we constrain it to be a subtype of List<? super Integer> and
List<? super String>. This brings us back to the process of searching for a type for 7; as we have
done earlier for 7; and 7.

Eventually, after solving our new constraints on 73, we arrive at 73 = List<Object> and Q; in
Figure 1h. By this point, all constraints we could generate from both $; and @, are satisfied, and as
such, these two programs form a complete and well-typed program. We can now compile $; and @,
with Java’s compiler to generate an IR of our overall program, enabling standard tools to perform
analysis on ;.

2.4 Insights

In summary, we do the following to reconstruct the missing dependencies of an incomplete program

P
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1. Declare classes whose declarations are missing from # in Q.

2. Obtain the constraints that must be satisfied for # to be complete and well-typed. We describe
this in detail in Section 3.1.

3. Simplify constraints like B<D> <: A<? extends C> into one like D <: C, and modify the
declarations in Q@ so that the constraint is solved. We describe this in Sections 3.2.1 and 3.2.2.

4. Search for a satisfiable type for the type of a method invocation, field or variable that is
completely unknown. We describe this process in Section 3.2.3.

5. Ensure that any constraints (particularly on overriding methods) in Q are satisfied as described
in Section 3.2.4.

3 RECONSTRUCTING MISSING DEPENDENCIES

To produce a complete and well-typed program out of an incomplete Java program, we proceed
in two phases. First, we parse the incomplete program to obtain an abstract syntax tree (AST),
and traverse the AST to generate constraints (Section 3.1). Then, we solve these constraints by
reconstructing the missing dependencies as required (Section 3.2).

3.1 Constraint Generation

Our constraint generation process extends Java’s constraint generation mechanism used during
type checking [Gosling et al., 2005] by being able to generate constraints in the presence of missing
declarations and unknown types. At a very high level, the constraint generation phase is described
in Algorithm 1. The algorithm receives an incomplete program # and creates an empty stub Q
and empty set of constraints C (line 2). After parsing # to obtain its AST (line 3), we search for
each referenced but not declared type and declare it in Q (lines 4-6). Next, we generate types and
constraints for nodes in the AST that cannot be typed due to missing dependencies (lines 7-11).
Finally, we generate a typed AST of #, and obtain more constraints for it and add them to C (lines
12-14).

We expand on lines 9 and 13 of Algorithm 1 in this subsection by first describing the constraints
that we generate and solve (Section 3.1.1), how we generate constraints and types when the types of
field accesses and method invocations cannot be determined due to missing dependencies (Section
3.1.2), and how we constrain types in relation to one another (Section 3.1.3).

3.1.1 Constraints. There are four kinds of constraints that we generate at this phase, the first two
being fairly standard:

1. Equality constraints S = T. These constrain the type S to be equal to the type T.

2. Subtype constraints S <: T. These constrain the type S to be a subtype of the type T as defined
by the Java Language Specification [Gosling et al., 2005].

3. Field membership constraints in the form of hasFId(S, x : T). These require that the type S has
a field named x with type T.

4. Method invocation constraints hasnv(S,R m(A;, ..., A;), {P1,...,Pn}). These require that
from an object of type S, we are able to invoke a method m with arguments A; to A, in a
context where P; to P,, are bound type parameters, and as a result, returns the type R.
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Algorithm 1 Constraint Generation

Input: An incomplete program #
Output: A configuration (P, Q, C) where C are the constraints that must be satisfied for # and Q to
form a complete and well-typed program

1: function CoNsTGEN(P)
2 Qe—eCe—T > Q and C start empty
3 a « parse(P) > a is the AST of P
4 for each type T in a do
5: if T not declared in P or Q then
6 Declare class T in Q
7 for each field access and method invocation node N in a do
8 if type of N cannot be determined then
9: Generate type T and constraints C for N > Described in Section 3.1.2
10: Set type of N as T
11: C—<CnC
> At this point, all nodes in a can be typed
12: for each node N in a do
13: Generate constraints C for N > Described in Section 3.1.3
14: C—CAC
15: return (P, Q,C)

Let us expand on the intuition behind field membership and method invocation constraints.
These constraints get generated when field accesses/method invocations cannot be resolved due to
ambiguity or missing dependencies. The hasFld(S, x : T) constraint thus means that, at some point
later during the reconstruction process when the type of S has been decided, the class declaration
for S will either (1) already have declared a field x of some other type T’, in which case we constrain
T to be compatible with the declared type T’ (they may not be equal due to polymorphism), or (2)
not have a declaration of field x, in which case we will declare it.

The hasInv(S,R m(Ay,...,A,),{P1,..., Pn}) might raise more questions, particularly, (1) why
hasFld constraints assert the existence of a declaration for a field, while hasInv constraints only
assert that a method can be invoked, and (2) what the set of bound type parameters {P;, ..., P,,} is
for. Firstly, for reasons we describe in Section 3.1.2, even if the class declaration for S is available,
we still might not know which declaration an invocation actually calls. Hence, we assert the ability
to invoke a method first, then decide which method declaration it invokes later. Secondly, because
methods can be polymorphic, invoking a method from the same type with the same arguments can
result in a different return type if different type arguments are supplied. However, type arguments
are often inferred, and thus when creating a new method declaration that supports an invocation, we
must know what the accessible bound type parameters are so that we can reconstruct the inferred
type arguments to the invocation.

3.1.2 Dealing with Field Accesses and Method Invocations. Field accesses like E.x and method
invocations like E.m(. . .) are particularly problematic (the expression E is known as the primary
in the Java Language Specification [Gosling et al., 2005]), because if the type of the primary does not
have a declaration in the original program, or if it is unknown, then we do not know what the type
of the field access or method invocation is. For example, in program %, in Figure 2a, even though
we know that a1 has type A<C>, the types of expressions al.x, al.x.y and al.m(a2.x) in lines 5
and 6 cannot be resolved.

Our goal at this stage is to be able to give a type for these field accesses and method invocations
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1 class B<T, U> { 1 class A<P;> { Types

2 void main() { 2 al.x : [Py C]

3 A<C> al = new A<>(); 33 al.x.y : &

4 A<D> a2 = new A<>(); 4 az2.x : [Py — D]

5 Object o = al.x.y; 5 class C { } a1.m(a2:x) P T2

6 String s = al.m(a2.x); 6 Constraints C;

7 3 7 class D { } 5: hasFId(A<P{>, x : 17)

8 3} 5: hasFld(7,[P; — C],y : 6;)

(b)  Reconstructed 5: §; <: Object

(a) Incomplete program P, with fields declarations of 6: haSI"V(AfCZ 7, m(71 [Py — D]))
and methods. classes Q. 6: 7, <: String

where 7; € F({P1}), » € F({T,U})

(c) Types and constraints derived from

Ps.

Figure 2: Incomplete program P, and the result of CONSTGEN(%P,) as (P2, Qz, Cy).

by adding some constraints to C. This enables these field accesses and method invocations to have
some meaningful type for us to generate more constraints. This raises two questions: (1) What types
should we assign to the types of missing field accesses and method invocations? (2) What constraints
do we generate and under what circumstances?

Inference Variables. To answer the first question, we represent unknown types as inference variables,
which correspond to pre-types or type variables in several other works [Melo et al., 2017; Dong et al.,
2022]. These inference variables are temporary, and will be replaced with valid Java types at some
point in the algorithm’s execution, and they do not appear in the generated source code.

As we have described in Section 2, in the presence of both subtype and parametric polymorphism,
we need to perform a search over the possible types a declaration or expression could have. Thus,
some of the inference variables should carry with them information about their possible assignments,
i.e., their search domains. To this end, we define three kinds of inference variables:

1. A r-type represents a type whose search domain is known. For example, if we had ascribed an
expression with the type r € {S, T}, it means that we know the expression has type S or T.

2. An a-type represents some class type with known arity (the number of type parameters/ar-
guments of a polymorphic type). For example, the type a<7r> is a class type with one type
argument (has arity 1).

3. A S-type represents a variable where nothing is known about it. These are replaced with
other types as constraints on it are solved. (5-types are essentially type variables which are
frequently used in type checking and type inference [Duggan, Bent, 1996].)

T-types are generated whenever the search domain is known, in particular, when the bound type
parameters surrounding the context in which the type is present is known. For example, any field
declaration in a class with type parameters P; to P, must be equal to P; to P,, or a class type that
can only contain these parameters. Because this is so frequently the case, we define functions ¥ and
¥~ that receives a set of type parameters S and produces a set of types and fresh inference variables

defined as:

F(S) =S U{a, a<r> a<r, 15>,...}
F2(S) =F(S)U{?} U{? extends S|SeF(S)} U{? super S|S e F(S)}

where for all i, 7; € F7(S), 7; and « fresh.
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Table 1: Generating constraints and types for field access.

Node Circumstance Generated Constraint Type of Node

E.x Type of Eis S<Ay, ..., Ap> de-  hasFld(S<Py,...,Py> X : T) [Py Ay, ..., Py Ay
clared as class S<Pi,...,P,> wherer € F({Py,...,P,}), T

in Q fresh
E.x Type of E is an inference vari- hasFId(T, x : ) )
able T where § is fresh

Example 3.1. F({S,T}) = {S,T,a, a<r;> a<? extends ;> a<? super 7> a<?> a<ry, 2>,...}
where for all i, 7; € F({S,T}), r; and « fresh.

Now that we have described the possible types we could ascribe to unknown field accesses and
method invocations, we proceed to describe the exact types and constraints we generate for each.

Field Accesses. There are two possible scenarios that limit our ability to determine the type of a
field access E. x for some primary expression E and field name x:

1. The type of E is a concrete (not unknown) type whose declaration is not in P, and therefore,
is declared in Q. Since we know the class declaration which the declaration of field x belongs
to, we can immediately determine what the search domain of the type of x is—if E has type
S<Aj,...,A,> where S is declared as a class S<Pi,...,P,> in Q, then it must be the case
that the type of x as declared in S is a fresh 7 € F ({Py, ..., P,}). Therefore, we generate the
constraint hasFld(S<Py, ..., P,> x : 7). Then, for any field access E’. x where the type of E’ is
§<Si,...,S5,> for any S; to S,, the type of the field access is 7[P; > Si,...,P, — S,] (read ©
substituting P; with Sy, and so on).

2. The type of E is unknown and represented by an inference variable. In this case, we are
unaware of what it can be at all, and thus we have to assign it with a §-type. Hence, if we let
the type of E be T, we generate a fresh §-type &, the constraint hasFld(T, x : §), and conclude
that the type of E. x is §.

Both of these cases are summarized in Table 1.

Example 3.2. Observe in Figure 2a that the field accesses al1.x, al.x.y and a2.x cannot be resolved,
and the generated declarations for classes A, C and D are in Figure 2b. To resolve a1l.x, since the type
of al is known (A<C>), and its class declaration is in Q, the first case described in Table 1 applies:
we generate a fresh 7; € ¥ ({P;}) and the constraint hasFId(A<P;>, x : 7). This results in us being
able to resolve both al.x and a2. x, which have types 71[P; + C] and 7;[P; + D] respectively. To
resolve al.x.y, since the type of al.x is an inference variable, the second case described in Table 1
applies—we generate a fresh §; and the constraint hasFld(z;[P; + C],y : 61), resulting in the type of
al.x.y being &;. The resulting types and constraints generated from these can be found in Figure 2c.

Method Invocations. Unlike field accesses, methods must be treated differently because they can be
overloaded, overridden, and be polymorphic. For example, the call to m in line 4 of #5 in Figure 3 is
ambiguous, because if we assume that the type of b. a is compatible in an invocation context with
String, then the method declaration m defined in line 6 will be invoked, and the method invocation
evaluates to B. However, b.a could be of some other type which is compatible with the method
parameter of some other overloaded method m defined in class C, which A inherits. Due to these
additional considerations, instead of possibly inferring the types of missing method declarations like
we did for missing attributes, we will only create method invocations, then assign corresponding
method declarations that support these invocations later.
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As such, given a method invocation that is ambiguous
or cannot be resolved, we assert that the supplied argu-
ments are compatible with the parameters of one of the
already declared methods, or that there is an invocation on
a missing/unknown [super]type that is invoked. To do so,
suppose the method invocation expression in question has

1 class A extends C {

2 void main() {

3 B b = new B();

4 System.out.println(m(b.a));

5 1%

6 B m(String s) { return new B();
3

7}

the form E.m(Ey, ..., E,), Ehastype S, E; to E, have types

S1 to S, respectively, and the expression E.m(Ey, ..., E,) is
found in a context containing declarations of bound type
parameters P; to Pp,. Then, if S has a declaration in #:

Figure 3: Incomplete program $5 with
ambiguous method declaration called.

« Let M be the set of all methods declared in P that S
has access to, that has identifier m and arity n.

« Let N be the set of all superclasses of S that are
not declared in P (if S and all its superclasses are
declared in , then N = 0).

Otherwise, let M = () and N = {S}.
As a result, the type of the method invocation is a fresh 7, € F({P, ..., P,}) and is constrained

by
\/ ((/\ S; <: param(M, z)) AT, = ret(M))

MeM i=1

v \/ hasinv(T, 7, m(Si, ..., S0, (P ..
TeN

s Pm})

where param(M, i) = type of i parameter of M
ret(M) = return type of M

Example 3.3. Continuing from Example 3.2, in line 6 of incomplete program #, in Figure 2a, the
method invocation al.m(a2.x) cannot be determined. Since al has type A<C>, a2.x has type
71[P; +— C], the expression al.m(a2.x) is in a typing context where T and U are bound type
parameters, M = (0, N = {A<C>}, the type of al.m(a2.x) is determined to be a fresh 7, € ¥ ({T,U})
and is constrained by hasInv(A<C>, 7, m(7;[P; + C]), {T,U}). Both of these constraints are added to
C; in Figure 2c.

Example 3.4. In line 4 of incomplete program %5 in Figure 3, the type of the method invocation
m(b.a) cannot be determined. Suppose b.a has type 7;. Since the type of the primary is A, we let
M = {Bm(String)}, N = {C}. As aresult, the type of m(b.a) is a fresh 7, € ¥ (0) and is constrained
by ((7; <: String) A (7, = B)) V hasInv(C, 7, m(11), 0).

3.1.3 Constraints On Relations Between Types. Now that the types of all AST nodes can be deter-
mined, our algorithm can populate C with the constraints based on the typed AST of . At this
stage, only two remaining types of AST nodes need to be considered:

1. For an assignment statement E; = Ej, if the type of E; and E;, are S and T respectively, then
we generate the constraint S <: T.

2. For a return statement return E, if the type of E is S and the statement is found in a method
declaration that returns T, then we generate the constraint S <: T.

Other constraints also need to be generated for other kinds of AST nodes—like binary operations—for
the completion of Java programs in general. These have been described by earlier works [Dagenais,
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Algorithm 2 Constraint Solving

Input: A set of configurations, each in the form (P, Q, C) where % is the incomplete program, Q is the
generated dependencies for Q, and C are the constraints that must be satisfied for  and Q to form a
complete and well-typed program

Output: Either fail or a configuration (P, Q", T) where £ and Q* form a complete and well-typed
program

1: function >>=(x, f) > left-associative, infix
2: return match x with

3: case Right[yl: f(y)

4 case Left[z]: Left[z]

5: function CoNSTSOLVE(configurations)

6: if configurations = () then return fail

7: (c, remaining) < (a, configurations\{a}) for some a € configurations

8: res < REDUCE(c) > Described in Section 3.2.1

9: >>= RESOLVE > Described in Section 3.2.2
10: >>= SEARCH > Described in Section 3.2.3
11: >>= DECLAREMETHODS > Described in Section 3.2.4
12: return match res with
13: case Right[x]: x >x = (P, Q% T)
14: case Left[y]: CONSTSOLVE(y U remaining)

Hendrenis, 2008] and the Java Language Specification [Gosling et al., 2005]. We omit descriptions of
these constraints since they are not key to understanding the core contributions of our algorithm.
However, they are all generated by our implementation of the algorithm which we describe in Section
4.

Example 3.5. Continuing from Example 3.3, in incomplete program %, found in Figure 2a, omitting
lines 3 and 4, we have two assignment statements o = al.x.yandp = al.m(a2.x) inlines 5 and 6
respectively. For the former, since the type of 0 is Object and the type of a1.x.y is d;, the constraint
we generate for this statement is §; <: Object. For the latter, following the same rule, the constraint
we generate is 72 <: String.

By this point, the starting configuration (¥, Q, C) would have been populated successfully. To
summarize, P is the original incomplete program, Q is built by adding missing class declarations, and
C is populated with the constraints generated from resolving unknown field accesses and method
invocations, and the constraints on relations between types.

3.2 Constraint Solving

Once the starting configuration (#, Q, C) has been obtained, we solve and satisfy all the constraints
in C, so that # and Q form a complete and well typed program. The underlying strategy we employ
is to make the necessary modifications to Q until all constraints in C are satisfied.

At a high level, the constraint solving phase is described in Algorithm 2. In line 6, as a base case
we return the failure configuration fail if there are no configurations to solve, indicating that
cannot be completed. In line 7, as part of our search, we pull one configuration ¢ out of configurations.
Then, we pass c through four phases:

1. REDUCE: reduce constraints in C so that they are easier to solve.

2. ReEsoLvE: amend @ so that irreducible constraints in C can be further reduced.

10
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3. SEARCH: search for a type to replace inference variables with.
4. DECLAREMETHODS: declare methods based on invocation constraints.

Each of these phases return either a Right[x] where x is a configuration, or a Left[y] where y is a
set of configurations. Rights signify that the phase has been completed and the configuration can
move on to the next phase, whereas Lef'ts signify that the phase is not complete, and has produced
a set of configurations which need to go through ConsTSOLVE again. These phases are composed by
the left-associative infix >>= operator, which is the Right-biased monadic bind operator, defined in
lines 1-4. As a result, the initial configuration c either has completed all four phases successfully
and can be returned (line 13), or has not completed one of the phases, and must go through the
ConsTSOLVE function again (line 14).
In the remainder of this section, we describe the four phases of constraint solving.

3.2.1 Reducing Constraints. Reducing constraints is routine in type checking and type inference in
Java [Gosling et al., 2005] and is similar to term reduction in unification [Martelli, Montanari, 1982].
The idea of constraint reduction is that if a constraint B implies another constraint A, then solving B
would solve A by implication. We have seen this in Section 2.1, where the constraint D <: C implies
A<D> <: A<? extends C>, and because the class B<T> extends A<T>, A<D> <: A<? extends C>
implies B<D> <: A<? extends C>. Therefore, by solving D <: C, we would have also solved B<D> <:
A<? extends C>. Our goal is to reduce a constraint like B<D> <: A<? extends C> into one like
D <: C that is easier to solve.

We present the rules of constraint reduction in Figure 4, where A = B signifies that A reduces
to B. Many of these rules are standard and taken from the Java Language Specification [Gosling
et al., 2005]. In the rest of this subsection, we describe the new rules we have added that deal with
constraints on types whose declarations are missing.

Subtype Constraints. There are two main rules that are of key concern to us. The first is the
DEecLDTYPE rule, which is how we reduce subtype constraints between instances of different classes.
Loosely, if S <: T where S # T, and if S extends U, since <: is transitive, if U <: T then S <: T.
However, this rule is specific to the case where S is declared in # and therefore cannot be amended.
The other rule is MsTypPE1, which describes the case of S <: T where S is not declared in . The rule
states that if in ignoring type arguments we can show that S <: T, then the constraint reduces in the
same way the DECLDTYPE does. This distinction is important because it is possible to amend a class
S declared in Q to extend any other class.

Field Membership and Method Invocation Constraints. Field membership and method invocation
constraints are only reduced if the type of the primary expression of a field access or method
invocation was previously an inference variable, then later replaced with a concrete type. There
are two cases for when field membership constraints can be reduced: (DECLDFLD) the new type of
the primary expression has already declared said attribute, in which case we constrain the declared
type to be equal to the type of the field access as inferred, and (MsFLD) the new type of the primary
does not declare the attribute, in which case we reduce the constraint to one that asserts that the
class declaration of the new type of the primary does, similar to what we have done in Section 3.1.2.
hasInv constraints can be reduced when the new type of the primary expression is declared in P,
in which case as per the DEcLDINV rule, it reduces to the same constraint as the one generated in
Section 3.1.2.

11
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Topr SUBARGS
(Object <: §) = (S = Object) (S<AL, .o Arp> <0 S<Az1, ., Azn®) = (Niepin] (Ani < Azi))
S#+1
CONTAINMENT — — BorToM
— X B -F.
(S<T)= (|T] <: [S] A[S] <: [T]) (L <:S) = True (S <: 1) — False OTTOM-EAIL
where [5] = T . if S = ?. extends T or SisatypeT 5] = T ifS= ?. super TorSisatypeT
Object otherwise 1L otherwise
class S declared in P T is concrete S+T S<Py,..., P> extends U<Qy,..., Q4>
DecLpTYPE
(S<Ay,...,Ap> <: T<By,...,Bp>) = (U<Qy,...,Q¢>[P1 = Ay, ..., Py Ay] <: T<By,...,Bp>)
EQUIVARGS Sand T are concrete S #T Eoure-FarL
(S<A11,...,A1n> = S<A21,...,A2n>) = (/\ie[l,n] (Ali EAzl')) (S<...> - T<...>) — False QU
S and T are concrete ST S<, ..., > < T, >
SuBFAIL
T<...><:8<...> = False
class S declared in Q T is concrete S<Pi,...,P;>extends U<Qy,...,Qq> S, > < T, ..., >
MsTyprEl

(S<Ay,...,Ap> <: T<By,...,Bp>) = (U<Qy,...,Qp>[Py + Ay, Py > Ay <: T<By,..., Bp>)

class S<Pi,..., P,> declared in P or Q class S<Pi,...,P,> declares field x : T
hasFId(S<A4,...,Ap>x:U) = (T[P1— Ay, ..., Py > Ayl =U)

DecLpFLD

class S<Py, ..., P,> declared in Q class S<Pi, ..., P,> does not declare field x

hasFld(S<Ai, ..., Ay> x : T) = (hasFld(S<Py,...,Py>x :T) AT[Py > Ay,..., Py > Ayl =T)
where r € F({Py,...,P,}), 7 fresh

MsFLp

class S declared in P
hasInv(S,R m(Sy,...,S,),S) = A

DecLpInv

where A = \/ ((/\ Si <: param(M, z)) AR= ret(M)) \Y% \/ (hasInv(T,R m(Sy,...,S,),S))

MeM i=1 TeN

Figure 4: Rules for constraint reduction.

The Implementation of REDUCE. Given the rules of constraint reduction, we now define what
REDUCE returns in Figure 5. Essentially, REDUCE reduces the constraints in C, as described by the
rules CoNRED, CoNT and ConNFaIL. As we have seen from earlier, disjunctions may be present
in C, in which case, as per the DisjSEL rule, REDUCE returns a set of configurations where each
configuration replaces the disjunctions with one of the disjuncts. If none of the rules apply, the
configuration has no more reducible constraints, so REDUCE({P, Q,C)) = Right[(P,Q,C)] and
(P, Q,C) can proceed to the next stage.

Example 3.6. We show how the constraint B<D> <: A<? extends C> obtained from program %; in
Figure 1a reduces to D <: C as we have done in Section 2.1. Firstly, we see that the DEcLDTYPE rule
applies, reducing B<D> <: A<? extends C>to A<D> <: A<? extends C>.

class B declared in P, A is concrete B+#A B<T> extends A<T>

DEecLDTYPE
(B<D> <: A<? extends C>) = (A<D> <: A<? extends C>)

Next, based on the SUBARGS rule, the constraint A<D> <: A<? extends C> reduces to a contain-
ment constraint on the arguments since both types are instances of the same class.

12
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A=B A = True
CoNRED ConT
REDUCE({P,Q,A A C)) = Left[ {{P,QBAC)}] REDUCE({(P,Q,A AC)) = Left[{{P,Q,C)}]

A = False
REDUCE({(P,Q,A A C)) = Left[0]

ConFaIL

AZAIVAz\/"'VAn
REDUCE({(P,Q, A AC)) = Left[{{P,Q A; AC) |1 <i<n}]

DisjSEL

Figure 5: Returned result of REDUCE based on result of constraint reduction.

SUBARGS
(A<D> <: AL? extends C>) = (D < ? extends C)

Lastly, the containment constraint reduces to subtype constraints as per the CONTAINMENT rule.

CONTAINMENT
(D<? extends C) = ((L <:D)A(D<:0))
The BorToMm rule states that L <: D reduces to True. Thus, what remains after constraint
reduction is the constraint D <: C.

3.2.2 Resolving Constraints. At this stage, the configuration does not have any reducible constraints.
Constraints are irreducible if there is not enough information in # to show that they are satisfiable.
For example, what remains of Example 3.6 is the constraint D <: C, which cannot be reduced further
because none of the rules in Figure 5 apply. Essentially, we can neither conclude that D is already
a subtype of C nor that D can never be a subtype of C. The goal of this phase is to amend Q so that
some of the remaining constraints can be reduced further.

The implementation of RESOLVE is shown in Figure 6. At this stage, there are two amendments
to Q that we make to reduce constraints further. The first, as described by the MsTyPE2 rule, states
roughly that if S <: T but there is currently no way to reduce it further, then we force S to extend T.
However, since a class can only extend one other class in Java, it must mean that if S already extends
a class U, then we either assert that (1) U <: T, or (2) S now extends T and T <: U. The second case
is described by the DEcLFLD rule, which states that if a class S must have a field x of type T, then we
just add such a declaration to the class declaration of S. By making these changes to Q, previously
irreducible constraints can now be reduced. Finally, just like before, if none of the rules apply, it means
that none of the remaining constraints can be resolved, so RESOLVE({P, Q, C)) = Right[(P,Q,C)]
and (P, Q, C) can proceed to the next stage.

Example 3.7. From Example 3.6, we were left the constraint D <: C which was irreducible. In this
scenario, the MsTYPE2 rule applies. As D currently extends Object (by default, all classes in Java
extend Object), RESOLVE branches the current configuration into two configurations—one where
the constraint D <: C is substituted with Object <: C, and the other where the class D now extends C
and the constraint C <: Object is added.

class D declared in @Q; D extends Object C is concrete

RESOLVE(<P1> Ql’ AN Cl>) = Left[{<Pls le Cll>’ <P1’ Qil’ Cl/l>}]

MsType2

where A=D <: C
C/ =0Object <:CAC
Q{' = Q; except that class D extends C
C; = (C <:0bject) AAAC

Both configurations (1, Q;, C]) and (1, Q7,C;") now have reducible constraints. The first
configuration (#;, Q;, C;) will be rejected because Object <: C reduces to False, while the constraints
C <:Object and D <: C in the configuration (1, Q{, C’) both reduce to True.

13
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class S<Pi,...,P,> declared in Q S<Py,...,P;>extends U<Qs,..., Q4> T is concrete

RESOLVE({P,Q,A A C)) = Left[{{P, Q, C1), (P, Qs, C5)}]

MsType2

where A = S<A4,...,A,> <: T<By,...,B,>
C1 = (U<Q1,...,0>[P1 = Ay,...,Py = Ayl <t T<By,...,Bp>) AC
Q; = Q except that class S<Py,..., P,> extends T<zy, ..., Tn>
Co = (T<1,..., 1> <t U<Qy,...,Q>) NAAC
Vi.t; € F({Py,...,P,}), 7; fresh

class S<Py,...,P,> declared in Q class S<Pi,..., P,> does not declare field x
RESOLVE((P,Q,A A C)) = Left[{(P,Q’,C)}]

DEecLFLD

where A = hasFld(S<Py,...,P,> x:T)
Q' = Q where field declaration x : T is added to class S<P;, ..., P,>

Figure 6: Returned result of REsoLVE based on constraints in C.

S is a r-type that occurs in (P, Q, C) Ses

7-R
SEaRCH((P,Q,C)) = Left[{(P.Q.C) S > T] [Tes}]

a<Si,...,S,> occurs in (P, Q, C)
SEARCH({P, Q,C)) = Left[{{P,Q,C)[a > T] | T € S} U {(P,Q’, C)[a > UNKNOWN;]}] .

REPL

where S = set of all classes in $ and Q with arity n
Q' =Q ++ class UNKNOWN; { },j fresh

S is a d-type
SEARCH({P,Q,(S=T) AC)) = Left[{{P,Q,C)[S +— T]}]

5-REPL

Figure 7: Searching for replacements of inference variables.

3.2.3 Searching for Types. At this stage, constraints on concrete types have mostly been reduced
and resolved (except for hasInv constraints which we deal with later). Now, the configuration is
left with constraints on inference variables and we must begin to search for their assignments.
Fortunately, 7-types and a-types already have a known search domain—z-types have an explicitly
stated search domain, and a-types are just regular class types occurring in the program. Therefore,
SEARCH replaces these types with one of the types in their respective domains in the configuration
so that further constraint reduction and resolution can be made.

The implementation of SEARCH is shown in Figure 7. The 7-REPL rule states that SEARCH replaces
a 7-type with one of the types in its domain. The a-REPL rule states that « is replaced with one of
the existing class types in £ and Q with the same arity as «, or a newly declared class type. As per

usual, if none of the rules apply, then SEARCH((P, Q,C)) = Right[(P,Q,C)].

Iteratively Searching for Polymorphic Types. The function ¥ defined in Section 3.1.2 was constructed
so that we are able to perform an iterative search over what a polymorphic inference variable could
be. For example, suppose in some program 7; was replaced with «;<7;;> by 7-RePL, and then replaced
with A<ry;> by a-REPL—this means that we have decided that 7; is some instance of A. This enables
further constraint reduction and resolution, and eventually we arrive at having to search for a
replacement for 7,;, and so on. This gives us a step-by-step framework for dealing with unknown
types in an environment that permits polymorphic types.

14
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Promotion of 5-types. The 6-RepL rule in Figure 7 states that if a §-type is constrained to be equivalent
with another type T, then it is replaced with T. Most notably, we do not perform a search over
possible assignments of §-types. The reason for this is that §-types are promoted to 7-types as the
search progresses. Recall that §-types are generated when the type of the target of a field access is
an inference variable, for example, the type of al.x.y in line 5 of Figure 2a was decided to be 61, as
stated in Figure 2c. Suppose in one path of our search, 7; was replaced with Py, in which case, the
constraint hasFld(z;[P; — C],y : ;) is now replaced with hasFld(C,y : ;). As per MsFLD in Figure
5, this constraint later reduces to hasFld(C,y : 73) A §; = 73 where 73 € ¥ (0), and finally, 5-RepL
replaces §; with 75. Essentially, as the search progresses, d-types are promoted to 7-types, revealing
their search domains.

A Principled Search. The rules shown in Figure 7 perform a naive search over all the possible types
that a 7-type can inhabit. Typically, a 7-type is either a type parameter or some class type represented
by a-types. Recall that the set of a-types in the search domain of z-types is infinitely large, for
example, if r € ¥ (0) then 7 € {a, a<t;>, a<ry, ,>, ... }. Having to search through all of these types
is a waste if we can determine that 7 must actually be, for example, a String. However, being able
to make this determination is nontrivial and not always possible, because even if we had decided
that some 7 is to be a class type, its arity and type arguments are still completely unknown. Thus
in this stage, we exploit rules of well-formed type hierarchies, which only requires analysis of the
erasures of class types (the class types without their arguments), to replace the infinitely large search
domain of a 7-type with one that is finite.

There are three scenarios where we can decide immediately which class type(s) that a z-type
must be an instance of, without knowledge of its arity or type arguments:

1. Cyclic subtyping. Cyclic inheritance is prohibited in a well-formed Java program. Therefore,
if a 7-type S a subtype of a concrete type T and T is likewise a subtype of S, then we cannot
replace S with any other class type other than T.

2. Final superclasses. A class that is declared as final cannot be extended by any other class.
Therefore, if a 7-type S is a subtype of a concrete type T where T is declared as final, then
we cannot replace S with any class type other than T.

3. Fully-declared subtypes. A fully-declared class is a class whose declaration is in #, and extends
a fully-declared class. Because we do not mutate P, if a 7-type S is found to be a supertype of
a fully-declared class T, it must be the case that S cannot be a class type other than one of the
supertypes of T.

From the above, we are able to prune the search space of some 7-types occurring in (P, Q, C).
The rules for doing so are presented in Figure 8. The EExT, ESuB, ESuP and ETrNSs rules describe
a transitive subtype relation where we ignore all type arguments and any substitutions to 7-types
(note that 7[...] means that any substitutions on 7 are unimportant for our analysis). Then, the
following three rules describe the new search domain of a 7-type if any of the rules apply; the PRCycL
rule prunes the search domain in the case of cyclic inheritance, the PRFINAL rule prunes the search
domain in the case of final superclasses, and the PRFD rule prunes the search domain in the case of
fully-declared subtypes (|T| is the arity of T as declared in #). These rules let us prune the search
domain of 7-types before applying the 7-RePL rule in Figure 7.

Example 3.8. Observe that one of the constraints generated from Example 3.5 as shown in Figure 2c
is 7, <: String where 7, € ¥ ({T,U}). By ESup, 7, < String. Since String is declared as final,
by PRFINAL, the new search domain of 7, is {T,U, String}.
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class S<Si, ..., S,;,> extends class T<T;,..., T,>in P or Q
EExT
S—T
C=S<A...,A> < t[.] A... C=1[.] <S<A;...,A>A ... ST TeU
ESus ESup ETRNsS
S—>r1 TS S—>U
class 5<Qj, ..., Q> declared in P or Q S TS T1€A{Py,...,Pya,a<ry>,...}
PrCycL
T €{Py,...,Pp,S<11,...,T;>}
class S<Qy, ..., Q> declared in P as final TS re{Py,..., Py, a,a<ti>,...}
PrFINAL
T E {Pl,...,Pn,S<T1,...,Tm>}
class S<Qq, ..., Q> fully declared in P S re{P,..., Po,a,a<t>, ...}
PrFD

te{Py,..., Py, S<ty,...,t>} U{T<1y,..., 771> | S = T, T is concrete}

Figure 8: Pruning the search domain of 7-types.

3.2.4 Declaring Methods. Finally, we get to the stage of declaring methods. At this stage, all
inference variables have been replaced with concrete types and the only remaining constraints are
hasInv constraints. The goals of this stage are (1) to resolve the hasInv constraints by either matching
it with a declaration that the type of the primary expression has access to, or to create a brand new
method declaration that supports this invocation, and (2) to ensure that all new method declarations
that are override-equivalent to a supertype’s method declaration actually overrides it. These goals
are achieved by the DECLMTD and OVERRIDES rules presented in Figure 9 respectively. Because the
methods that a class inherits depends on the declaration of its superclasses, these rules are applied
in the order based on a topological sort over the type hierarchy of the classes in the program.

If none of the rules apply, it means that C = T and # and Q form a complete and well-typed
program, and our objective has been achieved.

Example 3.9. We continue with Example 3.5 by performing constraint solving on the configuration
(P2, Qz, Cy) obtained from P, as shown in Figure 2. Each step of CONSTSOLVE is shown in Figure 10,
and the resulting generated dependencies @; are shown in Figure 10a. The resulting Q;, together
with P, form a complete and well-typed program.

4 IMPLEMENTATION OF JAVACIP

To evaluate the efficacy of our algorithm, we implemented it as a program called the Java Compiler
for Incomplete Programs (JAVACIP), which is available publicly on (repository link redacted for
double-blind reviewing). JAvACIP is developed in Scala [Odersky et al., 2006] and makes use of the
JavaParser [jav, ????] parser to build the AST of incomplete programs. As input, JAvACIP receives an
incomplete Java program, and as output, produces Java source code containing the class declarations
that complete it. The algorithm implemented by JAVACIP is described in Algorithm 3. Although our
description of the algorithm in Section 3 deals only with classes, fields and methods, JavACIP is able
to deal with programs containing other commonly-used Java features and program constructs such
as interfaces, static members, constructors, primitive types, arrays, loops, conditional statements,
and so on. This only required small extensions to the techniques that we have presented. However,
JavaCIP does not support programs containing the Java features listed in Section 4.2.

4.1 Additional Features

We also introduced several additional features to JAvaCIP that were not discussed earlier.
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class S<Pi, ..., P> declared in Q
DECLAREMETHODS({P, Q,A A C)) = Left[{{P,QBAC)}U{{P,Q;,C; AC) | i > 0}]

DecLMTD

where A = hasInv(S<Ay, ..., As> R m(Sy,...,5,),9)

B= \/ ((/\ S; <: param(M, i)) AR= ret(M))

MeM i=1
Vi.Q; = Q where S<Py,..., Ps> declares method <T3, ..., T;> 71, m(7i1,. .., Tin)
Ci=1,<:RA /\ Sj <: le[Pl B> AL P ATy o 1o, .., TG |—>T2i]
1<j<n

V_] T1j € T({Pl,...,Ps,TI,...,Ti}); Tzj € 7:(8), T1j, T2j fresh

class S<Py, ..., P;> declares method <T3, ..., T;> Ry m(A4, ..., A,
class S<Py, ..., Ps> inherits method <Tj,...,T;> Ry m(Ay, ..., A,
Ry is not a subtype of R,

DecLAREMETHODS({P, Q,C)) = Left[{{P,Q’,AAC)}]

)
)

OVERRIDES
where A=7<:Ri AT <:Ry

Vi.Q; = Q where R; is replaced with 7
T E T({Pl,...,Ps,Tl,...,Tt})

Figure 9: Declaring methods.

Algorithm 3 JavaCIP

Input: An incomplete Java program P
Output: A set of source files that complete P
1: R « CoNsTSOLVE({CONSTGEN(P)})

2: if R=(P,Q* T) then > Ensure constraint generation/solving did not fail
3: for each Class/Interface declaration S in Q* do
4: write S as Java file

4.1.1 Unresolvable Primaries for Fields and Methods. It is possible for some incomplete programs
to be impossible to complete because the primary expression of some fields/methods cannot be
resolved. An example of this is an incomplete program defining a class A that does not extend any
other class, and yet refers to an undeclared variable x. Normally, we would reject this program
since no completions to the incomplete program can be made to resolve the primary of x. However,
for experimentation purposes we would still like to make some attempt to complete it. Hence, we
prepend the primary type JavaCIPUnknownScope to these unresolvable fields and methods. Note
that this is the only case where the incomplete program is amended.

4.1.2 Searching Through Configurations. The CoNsTSOLVEIMPL algorithm shown in Algorithm 2
chooses any configuration within the provided set of configurations and performs the four stages of
constraint solving on it. The default behaviour is to search through the configurations depth-first,
i.e., to select the last configuration that was added to this set. This is so that we can explore one path
in the search space and quickly reject unsatisfiable configurations. However, in some scenarios the
search space expands too deeply, which may not be ideal. Thus, we added an option to search the
configurations sorted by maximum arity and nesting depth of types occurring in the program, which
may, in some scenarios, allow us to complete the incomplete program more quickly.
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Definitions after Constraint Generation (from Figure 2) 1 class A<P;> {

@; =class A<P;> { } class C { } class D { } 9 P, x;

C, = hasFId(A<P{>,x : 71) A hasFld(t{[P; +— C],y : 6;1) A §; <: Object A 3 String m(D a) {
hasInv(A<C>, 1, m(7;[P; — D])) A 1y <: String 4 return null;

1. REsoLVE (declare field x in class A) 2 } }

Q; =class A<P;> { 7y x; } class C { } class D { } .

C, = hasFldA<P>x—+z)-A hasFld(t{[P; — C],y : 61) A §; <: Object A 8 class C {
hasInv(A<C>, o m(7;[P; — D])) A 1p <: String 9 object y:

10 }

2. SEARCH (replace 7; with P;) 11

Q; =class A<P;> { P; x; } class C { } class D { } 12 class D { }

C, = hasFld(C,y : 81) A 61 <: Object A hasInv(A<C>, 7, m(D)) A 1, <: String

(a) Q; generated by ConsT-
3. REDUCE (hasFld(C,y : ;) reduces to hasFId(C,y : 73) A 81 = 13)

SOLVE.

C, = hasEld(Cy—+6p) hasFld(C,y : 13) A &1 = 13 A §; <: Object A

hasInv(A<C>, 7, m(D)) A 1, <: String where 73 € F(0)
4. ReEsoLVE (declare field y in class C) 8. REDUCE (String <: String reduces to True)
Q=...classC{rm3y; } ... C, = haslnv(A<C>,String m(D)) A-String <:String
C, = hasHld(Cy+#)yA S = 13 A §; <: Object A

hasInv(A<C>, 5 m(D)) A 15 <: String 9. DECLAREMETHODS (declare method m in class A)

@Q;=class A<P> { s m(ty a) { ... } ... } ...

5. SEARCH (replace §; with 73, then o3, then Object) C; = haslhv(A<C>Stringm{b))
Q,=... class C { Object y; } ... D <: 74[P; — C] A 75[P; > C] <: String
C, = r==A0bject <: Object A where 74,75 € ¥ ({P1})

hasInv(A<C>, 5 m(D)) A 15 <: String
10. SEARCH (replace 74 with a4 then D, and 75 with String)
6. REDUCE (Object <: Object reduces to True) Q; =class A<Py> { Stringm®@ a) { ... } ... } ...
C, = Objeet<:0ObjeectA haslnv(A<C> o m(D)) A C, =D <: DA String <: String
T, <: String
11. REDUCE (both constraints reduce to True)
7. SEARCH (replace 7, with String) C; =D <:DAString < String T
C, = hasInv(A<C>, String m(D)) A String <:
String

Figure 10: Example of constraint solving.

4.1.3 Artificially Limiting the Search Space. The search space of a 7-type can be infinitely large.
Also, in the DECLAREMETHODs stage the method we declare can contain an arbitrary number of type
parameters. Although we have seen in Section 3.2.3 that we can conclusively limit the search domain
of types in some cases, it is likely very difficult—or impossible—to do so in general. Hence, we
implemented options for the user to specify the maximum arity and nesting depth of types occurring
in the configurations that will be searched so that the search space becomes finite. Although this
affects the completeness of the search, our experiments described in Section 5 show that providing a
hard limit on these parameters is not a limiting factor on the effectiveness of JavaCIP.

4.2 Unsupported Features

JavACIP is not able to deal with Java programs using the following Java features either because (1)
supporting them requires substantial extensions to the underlying algorithm we presented or (2)
supporting them requires additional implementation effort for JavaCIP without providing insight to
the effectiveness of our algorithm.

« Exceptions: While at the type level JavaCIP is able to determine that an object that is being
thrown/caught must be an instance of Throwable or Exception, because Java may give
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compiler errors for uncaught/unthrown exceptions, JAVACIP assumes that all exceptions
thrown are unchecked exceptions, i.e., subtypes of RuntimeExceptions. However, unchecked
exceptions are also unsupported because JAVACIP disregards the order in which exceptions
are caught, and this affects whether some exceptions can be subtypes of others. Support for
exceptions require a substantial extension to the underlying algorithm which we leave for
future work.

« Type parameter bounds: JAvACIP does receive programs that have type parameter bounds, but
does not generate them in the reconstructed surrounding dependencies because type parameter
bounds affect method overriding and overloading. This complicates the DECLAREMETHODS
phase of our algorithm, and we leave this for future work.

« Lambda expressions and method references: These are tricky to deal with because a single
lambda expression can be of different types, and method references are ambiguous because
methods can be overloaded.

« Annotations, static/inner/anonymous classes, enumerations, the var annotation: Support for
these require additional implementation effort for JAvaCIP without providing insight on the
efficacy of the underlying algorithm.

« Features introduced after JDK 11: JDK 11 is a Long Term Support (LTS) of Java. At the time of
this writing, two more LTS versions of Java have been released since JDK 11 (JDK 17 and 21).
In these versions, several features and other forms of syntax sugar have been introduced, and
support for these also require additional implementation effort for JaAvaACIP without providing
insight on the efficacy of our underlying algorithm.

5 EXPERIMENTAL EVALUATION

For our experimental evaluation, our goal is to answer the following research questions:
RQ1: How effectively does JavACIP reconstruct missing dependencies of incomplete programs?
RQ2: What is the runtime efficiency of JAvACIP, and how does program size affect runtime?
RQ3: Does JAvACIP produce wrong completions?

In answering these questions we also benchmark our results against earlier works that meet
similar research objectives. The two most relevant tools that complete incomplete Java programs
are PPA [Dagenais, Hendrenis, 2008] and JCOFFEE [Gupta et al., 2020]. Between the two, we chose
to compare JAVACIP with JCOFFEE because (1) PPA has been deprecated, and (2) just like JAvaCIP,
JCoFFEE generates compilable Java source code, while PPA generates Java bytecode directly. Note
that although JCorrek has similar objectives to JAVACIP, it has trouble handling parametrically
polymorphic types and may modify the input programs [Gupta et al., 2020] by inserting typecasts
and import statements.

5.1 Experimental Setup

5.1.1 Datasets. We provision two datasets for our experiments. The first dataset is derived from
the same dataset used in the evaluation of JCorrEE, and the second dataset contains real-world code
examples. All datasets and experimental results shown are available online at (link redacted for
double-blind reviewing).
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Table 2: JAvACIP on Spring Boot Web (SBW), BigCloneBench (BCB), BCB Subset containing
polymorphic programs (BCBSub) and Custom datasets.

(a) Number of programs that were completed, cannot be completed and caused timeouts.

Dataset
Result

Completed 108 (91.5%) | 4848 (99.1%) | 426 (97.7%) | 15 (50.0%)
Cannot Complete 1 (0.8%) 8 (0.2%) 6 (1.4%) | 15  (50.0%)
Timeout (1min) 9 (7.6%) 33 (0.7%) 4 09%) | 0 (0.0%)

(b) Classification of outcomes.

SBW BCB BCBSub Custom

Dataset
SBW BCB Custom Total
Result
True Positive | 108 (91.5%) | 4848 (99.1%) | 15 (50.0%) | 4971 (98.7%)
False Positive 0 (0%) 0 (0%) 0 (0%) 0 (0%)
True Negative 0 (0%) 8 0.2%) | 15  (50%) 23 (0.4%)
False Negative 10 (8.5%) 33 0.7%) | 0 (0%) 43 (0.9%)

BigCloneBench. The first dataset we use is the same dataset of 9133 Java programs used in the
evaluation of JCOFFEE [Gupta et al., 2020], which is derived from BigCloneBench [Svajlenko et al.,
2014]. We removed 4244 programs that contained uses of features unsupported by JavaCIP, leaving
us with 4889 programs. Among the 4889 programs, 436 referred to or required the generation of
polymorphic types. They have an average SLoC of 25.8, where the smallest and largest programs
have 6 SLoC and 806 SLoC respectively.

Spring Boot Web. Because the original BigCloneBench dataset contains artificially created programs,
we obtain a second dataset containing source code of real-world applications. We chose to use the
source code for the Spring Boot Web framework (https://spring.io/projects/spring-boot),
which is a widely-used open-source framework for creating web servers in Java. It originally contains
168 Java files, and 43 of these were removed because they contain extensive uses of JAVACIP’s
unsupported features. Among the remaining 125 files, 54 of these programs contained minimal uses
of the unsupported features, for example, a single occurrence of a lambda expression. These uses of
unsupported features were stripped from the programs. Of these 125 files, 7 were already complete,
and were removed from the dataset. This leaves 118 files in our dataset with an average Source Lines
of Code (SLoC) of 30.4, where the smallest and largest files have 2 SLoC and 301 SLoC respectively.
Of these 118 programs, 51 of them referred to or relied on the generation of polymorphic types.
Unlike the BigCloneBench dataset, this dataset has significantly fewer programs because of the
manual preparation required.

5.1.2 Approach. For both datasets, each file is treated as a standalone incomplete program and
has no access to any other Java files or external dependency JARs. Each file is then passed through
JavaCIP for dependency reconstruction, and the generated dependencies, together with the original
file, are compiled with the Java compiler (javac) [Gosling et al., 2005] for verification of correctness.
The experiments are run on an Arch Linux system equipped with an Intel i7-14700 CPU. The time
limit for completing each program is 1 minute.

5.1.3 Experimental Results. The results of our experiments are shown in Table 2 and Figures 11 and
12. Table 2a shows the number of programs that JAvACIP completed, cannot complete and timed-out
for each dataset. Table 2b classifies the outcomes from 2a. Violin plots for time taken for JAvaCIP to
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(a) Time taken for JAVACIP to terminate. (b) SLoC of programs.

Figure 11: Time taken for JAvACIP to terminate and SLoC of programs in Spring Boot Web (SBW),
BigCloneBench (BCB), BigCloneBench Subset containing polymorphic programs and Custom
datasets. All axes are log-scale.

terminate and the SLoC of programs of each dataset are shown in Figures 11a and 11b respectively.
Finally, the relationship between JAvACIP run time and program SLoC for the Spring Boot Web and
BigCloneBench datasets are plotted in Figures 12a and 12b respectively.

5.2 RQ1: Effectiveness

There are four possible outcomes when JAVACIP receives an incomplete program:

True positive: JAvACIP produces completions which are compilable

False positive: JAvACIP produces completions that are not compilable

True negative: JAvACIP cannot complete the incomplete program because it is impossible
False negative: JaAvaACIP cannot complete the incomplete program although it is possible

The data shows that 108 (91.5%) and 4848 (99.1%) programs from the Spring Boot Web and
BigCloneBench datasets respectively were completed by JAvACIP, and in both cases, 100% of the
programs produced by JavaCIP were able to be compiled by javac. Only 1 program from the Spring
Boot Web dataset cannot be completed because JavaCIP did not generate subtype constraints from
access modifiers—if a class S accesses a protected field/method from another class T then S <: T.
Instead, the current behaviour of JAvVACIP is to reject programs that invoke protected methods
that are defined in built-in Java classes. This edge case is therefore a false negative and we leave
this for future implementation. On the other hand, all 8 programs that cannot be completed in the
BigCloneBench dataset were impossible to complete because of references to methods that cannot
exist, such as method invocations like this.getlLocation() in a class that does not declare the
method getLocation (we believe this happens in BigCloneBench because some programs were
generated by extracting a single method from a large class and placed in a new class that only contains
that method). These are therefore true negative results. Finally, 9 (7.6%) and 33 (0.7%) of programs
from the Spring Boot Web and BigCloneBench datasets respectively cannot be completed within the
1-minute time limit, and therefore contribute to the false negative rate of JAvACIP. Therefore, we
conclude that JavACIP operates correctly in 91.5% and 99.3% of programs in the Spring Boot Web and
BigCloneBench datasets respectively, and operates incorrectly in 8.5% and 0.7% of programs in the
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Figure 12: JAvACIP run time against incomplete program SLoC. All axes are log-scale.

Spring Boot Web and BigCloneBench datasets respectively. We summarize these results in Table 2b.

Comparison to JCorree. Gupta et al. [2020] reports that JCOFFEE completed 8220 (90%) of the 9133
programs in the original BigCloneBench dataset. Unfortunately, we were not able to reliably run
JCorrEE without it reporting “some error occurred”.! This means we cannot measure its performance
on the subsets used in our paper, but we note that Gupta et al. [2020] reports that JCOFFEE has
difficulty dealing with polymorphic types. In contrast, JAvACIP worked correctly for 432 (99.1%) of
the 436 programs in the BigCloneBench subset containing polymorphic types (Table 2a).

5.3 RQ2: Runtime Efficiency

Experimental data shows that for the Spring Boot Web dataset, JAVACIP successfully completed
108 programs in an average of 0.5s, with a minimum and maximum runtime of 0.31s and 1.52s
respectively. This is for programs with an average SLoC of 23.9, with the smallest and largest files
being of 2 SLoC and 159 SLoC respectively. For the BigCloneBench dataset, JaAvACIP successfully
completed 4848 programs in an average of 0.74s, with a minimum and maximum runtime of 0.31s
and 39.40s respectively. Most notably, JaAvACIP is even able to complete the largest program in this
dataset with 806 SLoC (JAvaCIP completed this program in 2.87s).

We plot the relationship between JAVACIP runtime and program SLoC in Figure 12. The plot
shows that broadly, as the size of the program increases, the time required to reconstruct its missing
dependencies increases as well.

Comparison with JCOFFEE. As before, we are unable to replicate the results reported for JCOFFEE,
thus we must rely on their reported figures for comparison. The authors of JCOFFEE report that
JCorrEE completed the programs in the BigCloneBench dataset in 1.64s on average [Gupta et al.,
2020]. We believe our average run-time result outperforms their reported figures only because (1)
our experiments are performed on modern hardware and (2) JCOFrEE is implemented in Python. As
such, comparisons on this basis are inconclusive. However, unlike JCOFFEE, JAVACIP timed-out for
some programs. We believe this is evidence that the algorithm that we have presented suffers from
path explosion.

In our own investigation, the errors appear to stem from implementation issues. JCOFFEE has not been actively
maintained since the time of its publication, and although benchmark programs were published, the exact programs
which JCorrkE failed to complete were not identified. We have reached out to the authors of JCOFFEE to see if they can
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1 class Test { 1 class Test {
2 void main() { 2 void main() {
3 A a = new AQ); 3 A a = new AQ);
4 B<? extends C> b1 = new B<>(); 4 B<? extends C> b1 = new B<>();
5 B<? extends D> b2 = new B<>(); 5 B<? extends D> b2 = new B<>();
6 C ¢ = a.id(a.extract(b1)); 6 C ¢ = a.id((C) a.extract(b1));
7 D d = a.id(a.extract(b2)); 7 D d = a.id((D) a.extract(b2));
8 } 8 }
9 3} 9 3}
10 class B<T> { } 10 class B<T> { }
11 class C { } 11 class C { }
12 class D { } 12 class D { }
(a) Input incomplete program P4 (a) that (b) Input incomplete program P4 (b) which adds type
causes JAVACIP to suffer path explosion. casting to P4 (a) in lines 6 and 7.

Figure 13: Example incomplete program that suffers from path explosion.

5.3.1 Path Explosion. Several analyses like Symbolic Execution [King, 1976] suffer from path explo-
sion [Cadar, Sen, 2013], which JAvACIP also suffers from. Among the programs that cause timeouts
in our experiments, a recurring programming pattern we observe is in the form of expressions like
g(f()), where f and g are not declared. This forces the resolution of the method parameter/return
types to the last stage DECLAREMETHODS, which requires a lot of analysis. For example, JavaCIP
suffers a timeout without being able to complete #4 (a) shown in Figure 13a. Just by specifying the
argument types to the method invocations via typecasting as shown in Figure 13b, JavaCIP is able
to complete the program in less than half a second. We view this as a limitation of our approach and
we look forward to future work mitigating the path explosion that our algorithm faces.

5.4 RQ3: Wrong Completions

The results in Table 2b show that JAvACIP has a 0% false positive rate. This is expected, because the
techniques we have presented produce programs that satisfy the constraints generated during type
checking by Java’s compiler. However, there are two potential types of false positives: (1) incorrect
completions for programs that are possible to complete and (2) any completion of programs that
are impossible to complete. While the dataset contains 5029 programs (99.8%) that are possible to
complete (type 1), and JAvACIP never produced incorrect completions for those, the dataset contains
only 8 programs (0.2%) that are impossible to complete (type 2).
An example of a program that is impossible to complete is Ps

class B {
static void main() {
A a = new AQ);
a.x = new Object();
String s = a.x;
}
3

shown in Figure 14. Ps requires that the type of a.x is a subtype of | !
String, and yet a supertype of Object. It is impossible to ascribe a i
type to the declaration of x in A that meets these constraints, there- | ,
fore P5 is impossible to complete and JavaCIP should not generate | 5
a completion for it. 6

Running JAvACIP against a realistic and representative dataset of | 7

incomplete programs that are impossible to complete would increase
our confidence in the correctness of JavaCIP. However, obtaining
such a dataset is difficult, and we are not aware of anything similar
the literature. Nevertheless, to give a rough indication of how JAvaCIP
would behave against such a dataset, we created a custom dataset containing 30 handwritten
incomplete programs that refer to or require the generation of polymorphic types. Among the 30
programs, 15 of these can be completed, while the remaining 15 are impossible to complete. As

Figure 14: Incomplete pro-
gram Ps.

assist us in fixing the issues we faced.
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shown in Table 2a, JAvACIP produces correct results for all 30 programs, reconstructing missing
dependencies of the first 15 programs, and terminating without generating completions for the
remaining 15. No timeouts occurred on these 30 programs.

6 LIMITATIONS AND FUTURE WORK

Completion Ambiguity. An incomplete program may have more than one correct completion. For
example, if an incomplete program only contains System.out.println(1 + size()), a completion
that declares size() to return int and another that declares size() to return String both allow
the program to become complete and well-typed. In this example, neither of these completions are
“more correct” than the other, and our algorithm produces the first completion it encounters. Future
work that aims to generate more “intuitive” code may consider other factors when deciding which
completion is preferred. For example, the method name size hints that a numeric type is desired,
and extensions to our algorithm may incorporate this knowledge in deciding that size should return
int.

Undecidability of Java Subtyping. Java’s parametrically polymorphic type system is Turing complete,
and subtyping in Java (which is central to type checking in Java) is undecidable [Grigore, 2017].
Therefore, because our algorithm extends type checking and type inference, incomplete programs
that cause type checking to never terminate will also cause our algorithm to never terminate.
However, these programs do not generally pose a problem to us, because even if we were able to
reconstruct their surrounding dependencies, the Java compiler will still be unable to compile them.
On the other hand, we must be careful to not generate surrounding dependencies that cause type
checking not to terminate. It has been shown that subtyping in the absence of contravariant type
constructors is decidable [Kennedy, Pierce, 2007]. Consequently, we prohibit our algorithm from
generating classes that inherit types containing upper-bounded wildcard arguments (for example,
class C<T> extends N<N<? super C<C<T>>>>). We believe this restriction poses little threat to
the completeness of our algorithm—as our experiments reveal, the need to generate class inheritance
with upper-bounded wildcard arguments is rare.

Infinite Search Domain. As stated earlier, when an incomplete program requires the generation of a
new parametrically polymorphic type S, we know of no mechanism to determine the maximum arity
or nesting depth that S can have. Therefore, our algorithm requires user assistance to determine the
maximum arity and nesting depth of all new types to ensure termination. As stated in Section 4.1.3,
this affects the completeness of our algorithm, but in practice, assigning a reasonably large number
should suffice for majority of programs. For example, we assigned a maximum arity and depth of 3
for our experiments.

Unsupported Features. As discussed in Section 4.2, JAvACIP has not implemented support for several
Java features. Furthermore, our experimentation shows that many programs use features that are
not supported by JAvaCIP. Some of these features like annotations and anonymous classes can be
implemented in JavaCIP without significant extensions to the underlying algorithm, while the others,
like lambda expressions, require significant work. We leave the support for those features for future
work.

Path Explosion. As discussed in Section 5.3.1, path explosion poses a threat to the effectiveness of
our algorithm. This may be mitigated with some heuristics and more sophisticated analyses that can
prune the search space further than we did in Section 3.2.3, which we leave for future work.
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7 RELATED WORK

The works that are the most similar in research objectives are JCOFree by Gupta et al. [Gupta
et al., 2020], PPA by Dagenais and Hendrenis [Dagenais, Hendrenis, 2008], and PsycHEC by Melo
et al. [Melo et al,, 2017]. JCorFEE leverages the verbosity of the Java Compiler’s feedback and
reconstructs the missing dependencies of partial programs by fixing compiler errors. The PPA
algorithm, instead of reconstructing missing dependencies, receives a partial Java program and uses
constraint generation and solving to directly produce Jimple intermediate code to support static
analysis. PSYCHEC on the other hand works on incomplete C sources via a syntax-directed process
of constraint generation, then uses a two-phase unification [Martelli, Montanari, 1982] approach to
solve typing constraints. All of these three algorithms do not support incomplete programs with
parametrically polymorphic types.

Adjacent to our work is type inference, for which typically some form of unification [Robinson,
1965; Martelli, Montanari, 1982] is employed, for example, Dolan and Mycroft’s biunification [Dolan,
Myecroft, 2017] to perform type inference in MLSUB, which admits subtyping in its type system. Type
inference in general is similar to our research objectives, and we base the overall structure of our
algorithm based on well-known type inference algorithms.

Al-powered program synthesis is not a new concept [Manna, Waldinger, 1971], with several
works [Odena et al., 2021; Jain et al., 2022] leveraging Pre-Trained LLMs like GPT-3 [Brown et al.,
2020] to perform program synthesis based on a mixture of assert statements and/or natural language
descriptions of the intended operation of the synthesized program. However, LLMs like ChatGPT
[OpenAl, ????] are currently not suited for our purposes. As of writing this paper, LLMs do not
understand program semantics and treat programs as text [Odena et al., 2021]—our problem requires
knowledge of types in the program and semantics of type inference/checking to ensure that the
synthesized program is complete and well-typed. In addition, LLMs suffer from hallucination [Ji et al.,
2023] and can produce ill-typed programs, or cite the existence of type errors despite the program
being well-typed.

Other works dealing with incomplete programs include GRAPA [Zhong, Wang, 2017] that locates
Java archive files to resolve unknown constructs and build System Dependency Graphs [Ferrante
et al., 1987] for analysis of partial programs, PARSEWEB [Thummalapenta, Xie, 2007] and PRIME
[Mishne et al., 2012] which obtain API calls from partial code snippets and recommends method
calls with matching signatures from the web and a variety of other mined sources, and SNR [Dong
et al., 2022] which determines matching import statements where they are missing.

8 CONCLUSION

We described a novel algorithm that is able to reconstruct the missing dependencies of incom-
plete polymorphic programs. The core of the algorithm extends type checking and type inference
techniques, where the constraint generation phase identifies the search domain of types, and the
constraint solving phase systematically searches for new types. Our implementation outperforms
earlier works by being able to deal with polymorphic types, and by achieving an overall success rate
of 99.1% across all code samples.

We propose that the core ideas we have presented can be extended to support programs containing
other Java features not discussed, and may even be extended to achieve the same objective for
incomplete programs written in other commonly-used programming languages with similar type
systems, such as C++, Rust and others.
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