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Abstract

References are an integral part of popular object-oriented languages.
They permit efficient data movement and parameter passing, and im-
plement object identity. But their current use complicates reasoning by
routinely introducing object aliasing. As a result, a significant body of
research has focused on alias control techniques for object-oriented lan-
guages. This paper aims to simplify reasoning about objects by allowing
programmers to ignore references in reasoning without losing the perfor-
mance benefits they provide. It introduces a language design principle,
cleanliness, that promotes the view of all variables as independent object
values regardless of their implementations. To illustrate how this principle
can be realized efficiently in practice, it describes the design of CleanJava.
CleanJava is the result of re-engineering Java, focusing on four main ar-
eas of language design that involve references: object initialization, data
movement, parameter passing, and the implementation of typically linked
data structures.

Keywords: Aliasing, cleanliness, data movement, initialization, Java, pa-
rameter passing, references, software engineering, swapping

1 Introduction

References are pervasive in popular object-oriented languages. They permit effi-
cient data movement and parameter passing of non-trivial objects, and are used
to implement object identity. However, the need to reason about references and
the aliasing that results from their routine use in such languages has frustrated
students, professional programmers, and formalists alike. As a result, a signifi-
cant body of research has focused on alias control techniques for object-oriented
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languages. This paper is concerned with minimizing the need to reason not only
about aliasing, but about references in general, without losing the performance
benefits that references provide.

The objective of this paper is to simplify reasoning about objects by
allowing programmers to view all variables as independent values,'
and to do this without sacrificing efficiency.

The paper introduces the notion of cleanliness, which refers to an abstract
view of objects in which references can be ignored. To illustrate how the princi-
ple of cleanliness can be applied to the design of a high-level language without
sacrificing efficiency, we bring together numerous ideas from the software en-
gineering and language literature. We apply these ideas to re-engineering the
Java language to make it clean, focusing on following four areas of language
design in which references play a major role.

e initialization of objects

data movement

e parameter passing

the implementation of typically linked data structures

The resulting object-oriented language, CleanJava, has many desirable fea-
tures. It frees programmers from the need to reason about references, eliminates
aliasing in all but the lowest level components, makes no conceptual distinction
between built-in and user-defined types, mitigates the need for system-wide
garbage collection, and allows variable names to uniquely represent object iden-
tities. It does all this without requiring a major paradigm shift in programming
and without sacrificing efficiency.

The main contribution of this paper is its description of cleanliness and its
illustration of how this principle can be realized efficiently in the design of a
high-level, object-oriented language.

2 Motivation

Problems relating to references have been around ever since they were first
introduced into high-level languages. Hoare called their introduction “a step
backwards from which we may never recover” [12] and cited reasoning difficulties
for programmers in all his top concerns. In [13] he spells out these concerns more
fully and proposes recursive data structures as an alternative to one common
use of references. Kieburtz made the case for “programming without pointer
variables” in [17] and described how high-level languages could eliminate them.

IWhen we use the term wvalue by itself in this paper, we always refer to the value of the
object rather the value of the reference. When we mean the value of the reference we will
explicitly say so.



Despite these early works, pointers and references persisted in languages. The
popularity of object-oriented languages brought a renewed concern with the
main obstacle to clean reasoning—aliasing. Hogg and others outlined the issues
surrounding object aliasing in [15], and suggestions for encapsulating aliasing
appear in [3, 14]. These papers represent early work in the area of alias control,
which has seen a number of recent publications, including [5, 6, 23].

Problems due to references and aliasing affect many areas of software engi-
neering. Educators have noted that students have trouble understanding and
reasoning about pointers [18, 24]. Formalists have noted the complexity that
references and aliasing contribute to formal specification and verification, re-
gardless of whether specification languages are value based or reference based
[1, 28, 29]. To minimize complexity in reasoning (for example in C++) prac-
titioners recommend value semantics over reference semantics [7, 22]. Finally,
references are at the center of an ongoing debate involving manual memory
management and automatic garbage collection.

The remainder of this paper is divided into four main parts. Section 3
introduces the notion of cleanliness and explains what we mean when we refer
to clean languages. Section 4 illustrates how the principle of cleanliness can
be applied to an object-oriented language by re-engineering Java to make it
clean. Section 5 discusses some of the implications of designing clean languages.
Sections 6 and 7 conclude by summarizing related work and identifying future
directions for research.

3 Cleanliness

Implicit references in languages such as Java and explicit pointers in languages
such as C4++ both serve the same purpose—they are abstractions for addresses
in memory. A clean reasoning environment is one in which programmers do not
require abstractions of memory addresses to reason soundly about their code.

In a clean reasoning environment all variables can be viewed as independent
objects. Reasoning about built-in integers in Java is clean since int variables
always represent independent integers. Reasoning about Java Strings is not
clean because string variables may become null, which is a reference rather
than an object. If string variables could not be null then reasoning about them
would always be clean, because Java strings are immutable and their (non-null)
variables can be viewed as independent objects. Reasoning about mutable types
in Java would not be clean even if null values were eliminated because aliasing
among mutable objects sets up a dependency among them [23].

A clean mechanism or method is one that preserves a clean reasoning en-
vironment, and an unclean mechanism or method is one that corrupts a clean
reasoning environment. If s and t are stacks and z is mutable, each of the
following Java statements will corrupt an otherwise clean environment.

t = null;
t =s;
s.push(x);



The null assignment forces the programmer to reason about t as a reference
rather than an object; the variable assignment introduces aliasing and and forces
a programmer to reason about s and ¢ as dependent objects; and the push
method forces a programmer to reason about s and z as dependent objects,
because x is aliased to the top element of s after the call.

3.1 Cleanliness, value semantics, and models of storage

Cleanliness refers to the state or quality of being clean. It is a stricter no-
tion than value semantics. A variable has value semantics if the programmer
can think of it as a value. This is sometimes used to mean a variable can be
thought of as a value rather than a reference, but not always. For example,
it is possible to view explicit pointer variables in C++ as having value seman-
tics because programmers can think of them as walues of memory addresses.
Likewise, parameter passing in Java can be viewed as having value semantics
because the value of the variable (which is a reference) is being copied. But
reasoning about explicit pointers in C++ and viewing variables as references in
Java are both wunclean because the programmer must reason abstractly about
memory addresses.

Cleanliness is different from the notion of a direct model of storage as well.
Variables operating under a direct model of storage refer directly to their repre-
sentations, which are often allocated on the stack, whereas variables operating
under an indirect model of storage refer indirectly (through references) to their
representations, which are often allocated on the heap. The notion of cleanliness
concerns how a programmer must reason about variables, and it is independent
of how variables are implemented by the compiler. For efficient data movement,
variables may be implemented with references, but as long as programmers can
reason soundly about them as if they directly refer to objects, clean reasoning
can still be achieved.

This last point is especially important in the context of object-oriented lan-
guages, where variables are regularly implemented with references. For example,
even though dynamic binding may be implemented using reference variables,
there is nothing inherently unclean about it. A shape variable s may represent
a circle in one state and a square in another. As long as s can be viewed as an
independent object in either state, reasoning is clean.

3.2 Clean languages

A clean language is one in which routine reasoning about objects is clean. Pure
functional languages are clean, but most imperative languages are not. We see
two broad uses for references in imperative languages that often corrupt a clean
reasoning environment.

1. References are used to enable efficient data movement and parameter pass-
ing for non-trivial objects.



2. References are used to enable the efficient implementation of typically
linked data structures such as lists and trees.

The first use is routine, so unclean mechanisms such as reference copying
cannot be used in clean languages. In this paper we consider several clean
alternatives to reference copying for data movement and parameter passing.
The second use is not routine, but clean language designers must be able to
contain the unclean reasoning that occurs in such implementations, and stop it
from corrupting the reasoning of the data structure’s client. For example, a list
implementation may require unclean reasoning, but there must be a mechanism
that permits programmers to reason about list objects cleanly.

4 From Java to Clean-Java

This section illustrates how to apply the principles of cleanliness to language de-
sign by re-engineering the Java language to make it clean. We call the resulting
language CleanJava.? Like many other object-oriented languages, Java presents
a particular challenge for clean technology because it uses reference variables
for all objects, and variables that must be viewed as references are inconsis-
tent with the notion of cleanliness. The first three areas of language design
we concentrate on—initialization, data movement, and parameter passing—are
areas in which Java’s specified behavior corrupts a clean view of objects, either
by introducing null variables or introducing aliasing. In such cases alternative
approaches that preserve cleanliness are proposed. The last area—Ilinked data
structures—represents one of the few areas in which a clean view of objects may
be at odds with efficient computing. For this purpose we introduce a referencing
component tailored to the implementation of linked data structures and discuss
how data abstraction and information hiding can be used to preserve a clean
view for higher level components.

In each of the four areas of language design, we describe several options,
discuss their appropriateness in terms of cleanliness and efficiency, and identify
our choice for CleanJava. The final choice is rarely the only option that is both
clean and efficient. Possibilities for clean languages based on other options are
discussed in the final section of this paper.

4.1 Initialization

Issues relating to cleanliness arise as soon as a variable is declared. Consider
the following variable declaration.

Circle c;

There are numerous ways to view the variable ¢ in this state.

2The Java (and CleanJava) examples presented in this paper make use of generics, which
are include in the 1.5 release of Java.



1. ¢ is a null reference, and it should be assigned a circle object.
2. ¢ is undefined, and it should be assigned a circle object.
3. c¢is a valid, but unspecified circle object.

4. c has the value of a default circle object.

The first view is the standard view of newly declared variables in Java, but
it is obviously unclean since it requires programmers to think of ¢ as a reference
rather than a value. The second view is technically clean, since it does not
involve references, but it introduces a notion of definedness that programmers
must consider for each variable. This view is closely related to the first in
terms of how programmers must reason about variables. In either case, a call
to a method c.draw() just after the declaration of ¢ would be illegal. In Java, a
compiler error warns that the variable ¢ may not have been initialized. A similar
compiler error could be reported in a language with the notion of definedness
warning that the variable ¢ may not be defined.

The third view looks similar to the second, but has some important differ-
ences. Under this view the variable ¢ would be defined, so that method calls
such as c¢.draw() would be technically permissible. While a draw() method might
seem of dubious usefulness for an object whose value is unknown, programmers
may find use for other methods. For example, methods such as clear() and up-
date(Point center, Float radius) could potentially replace constructors, acting
as literals do for built-in types. This would further simplify the language, since
such literals would not require the special treatment that constructors get in
languages like Java. Decisions would still have to be made on the appropriate-
ness of compiler warnings or error messages to help programmers avoid calling
methods such as draw() on an object whose value is unknown.

Both the second and third views are consistent with a clean view of objects
and may merit further examination, but we have chosen the fourth view for use
in CleanJava. When a variable is declared, it gets a default value of its type.
This is consistent with built-in types in Java such as ints (where the default
value is 0) and booleans (where the default value is false). This approach raises
two questions: Is it always possible to obtain a default value for a given type?
and, Can this approach be implemented efficiently?

As for default values, these may be automatically generated for arbitrary
types by assigning default values to all instance variables. This approach will
work provided that all low-level types have default values, and that no recur-
sive type structures are permitted. Java does permit recursive type structures,
which are used primarily for implementing typically linked data structures. We
provide a referencing component (described below) for this purpose, and pro-
hibit recursive type structures in CleanJava. Though automatic initial values
may be generated, programmers are encouraged to provide their own initializa-
tion routines for all types, just as Java programmers are encouraged to provide
default constructors for all types. This is especially true for data structures
implemented with arrays, since the initial value for an array of type T is an



array of length one that contains a default object of type T—rarely what the
programmer would desire.

CleanJava replaces constructors with static create methods. If a create()
method (without parameters) exists, it will be invoked for a newly declared
variable. Any instance variable not explicitly given values in a creation method
will contain default values. Consider the following creation methods.

// Circle creators

public static create() { this.r :=1; }

public static create(Float x, Float y, Float r) {
this.x_value := x;
this.y_value :=y;
this.radius := r;

}

Based on these creators, the following three circles are initialized to the same
value.

Circle a;
Circle b := Circle.create();
Circle ¢ := Circle.create(0, 0, 1);

Regarding the question of efficiency, it is often the case that a variable a is
declared, and then a value from another variable b is assigned to a before the
object a is used for anything. If memory for a default object is allocated to a
as soon as it is declared, the time and space used for that allocation may have
been wasted. This can be prevented by a simple compiler optimization related
to lazy evaluation, called lazy initialization, where memory for an object is not
actually allocated until the object is used. From a reasoning perspective the
programmer can still think of the object as having a default value until it is
modified.

4.2 Data movement

There are many potential data movement alternatives to assignment, though
only a few—copying, destructive read, and swapping—are consistently men-
tioned in the literature. A rare analysis of the many approaches to data move-
ment appears in [30]. Consider the following approaches for circles ¢ and d.

1. assignment (c = d) — The reference of d is copied to ¢, and both variables
point to the same circle.

2. destructive read (¢ = d) — The variable ¢ points to the circle that d used
to point to, and d becomes null.

3. relational transfer (¢ < d) — c gets the value d had, and d becomes an
unspecified but valid circle.



4. clearing transfer (¢ < d) — c gets the value d had, and d gets the default
value of a circle.

5. swap (¢ :=: d) — c gets the value d had, and d gets the value that ¢ had.
6. copy (c := d) — The value of d is copied to c.

Java uses assignment for objects. It copies a reference from one variable to
another and introduces aliasing as a result. Aliasing and its associated reason-
ing complexity is precisely what clean language designers hope to minimize, so
its routine introduction during data movement is unacceptable in CleanJava.
The destructive read operation forces programmers to reason about references
by making one variable a null reference. This can be avoided—as described in
the previous section—by introducing a notion of definedness into the language.
The case for undefined variables, however, is even weaker here than it was for
newly declared variables. A newly declared variable that remains undefined is
easily caught be the compiler, but variables whose definedness status can con-
tinually change add significant complexity to the task of tracking and detecting
undefined variables. Instead of having to worry about run-time errors due to
null pointer exceptions, programmers would have to worry about run-time er-
rors due to undefined variable exceptions. We refer to this class of errors as
missing-object errors, since they arise when programmers attempt to do some-
thing with an object that is not really there. Tools such as ESC/Java [8] can
help programmers catch these missing-object errors statically, but the errors
themselves seem misplaced in a clean language. If missing-object errors arise
ultimately because of references, then clean language designers, who hope to
minimize the negative impact of references, should also hope to eliminate the
possibility of such errors.

The relational transfer approach can avoid missing-object errors because a
defined object always exists for any variable, but calling c.draw() when the
value of ¢ is unknown is probably not something the programmer intended to
do. A run-time error will not occur during execution, but unexpected results
might. Producing a static warning message to the effect that the programmer
is trying to do something with an unspecified object would be helpful, but
would involve the same computational and reasoning complexity that statically
detecting missing-object errors involves.

In comparison to the data movement operations mentioned so far, the clear-
ing transfer operation is straightforward. A value is transfered from one variable
to another and the value of the transferring variable is cleared (e.i., given its
default value). The drawback of this approach is its efficiency. To perform this
operation a new default object must be created and memory from an old ob-
ject must be reclaimed. Assume that ¢ and d are circle objects implemented
internally by the compiler as pointers to circles. Then ¢ «+ d would deallocate
the circle object that ¢ points to, move ¢’s pointer to d’s circle, create a new
circle with a default value, and move d’s pointer to the new circle. The dealloca-
tion is performed because we are assuming that the operation occurs in a clean
language, so that c¢’s reference is unique. The clearing transfer operation will



generally be much more efficient than the copy operation since the amount of
storage a default value displaces will always be less than or equal to the amount
of storage a non-default value displaces.®> Lazy evaluation could be used here to
improve general efficiency.

CleanJava uses swapping as its primary means of data movement. Swap-
ping is efficient because the compiler can represent all non-trivial objects using
references, and implement it by swapping references. It is also clean because a
programmer can reason about it as if values are swapped. In many cases, swap-
ping can be made just as efficient as assignment. A compiler may implement
small objects—such as integers and booleans—as values and exchange those
values during a swap statement. This would enable an Integer variable in a lan-
guage like CleanJava to have the performance profile of a Java int rather than a
Java Integer (the wrapper class for ints). The classical way to swap objects is to
create temporary storage and perform three copies. However, several machine
languages already implement an ezchange instruction that executes in one clock
cycle, so that swapping need not incur any more overhead than assignment.

One area in which swapping is not be suitable in an object-oriented language
is for data movement from a type to its supertype. For shape s and circle c,
where circle is a subtype of shape, the assignment s = c is acceptable because
both s and ¢ end up pointing to the circle object. However, the swap statement
s :=: ¢ would not work, because c is not allowed to represent a non-circle shape
object. The most direct way to avoid this problem is to prohibit swapping
between types and their supertypes and to provide one of the clean transfer
methods listed above in the language. CleanJava provides the clearing transfer
operator for this purpose.

The final approach listed above, copying, is an obvious part of any clean
language. When it can be done efficiently, copying provides an excellent way to
cleanly move data from one place to another. Were it not for the inefficiency
of copying for non-trivial objects, references might never have worked their way
into high-level languages, and all such languages might have remained perfectly
clean. The particular way in which CleanJava handles copying is described in
detail in the next subsection.

4.3 Function assignment

Java methods return references rather than values, potentially violating the
principle of variable independence necessary for a clean reasoning environment.
For example, assume that r is a record, s is a stack, and top() is a method that
returns a reference to a stack’s top element. Then the following statement sets
up a dependency between r and s.

r = s.top(); // r points to the top element in s

3This will be true of automatically generated default values and by convention should be
true for user-defined default values as well.



Changes to r will now affect the value of s, and reasoning about references
becomes mandatory. In addressing this problem for CleanJava, two opposing
approaches to functions had to be considered.

e Functions may modify their arguments.
e Functions may not modify their arguments.

The benefit of the first approach in terms of CleanJava is that it is con-
sistent with the way that Java handles methods. It would allow, for example,
the statement r = s.pop(), in which s looses its top value to r. Though there
is nothing inherent in this approach that corrupts a clean reasoning environ-
ment, side-effect free functions can help simplify reasoning in object-oriented
languages (see Hogg’s comments in [14]). Therefore, CleanJava makes a dis-
tinction between functions and procedures. Functions return a value and may
not modify their arguments, while procedures do not return a value but may
modify their arguments. Instead of a pop function, CleanJava requires a pop
procedure that is called with the following statement.

s.pop(r); // s looses its top value to r

The distinction between functions and procedures gives functions the role of
object creators. The function assignment operator and the copy operator are
the same in CleanJava (“:="), indicating a relation between the two. In fact,
copying in CleanJava is simply a shorthand for a function assignment involv-
ing a distinguished method named replica. The compiler treats the following
statements the same.

a:=b;
a := b.replica();

In either case, if no replica() method exists for b’s type, an error is reported.
In Java, the assignment operator behaves differently for built-in types than it
does for user-defined types: it copies values for built-in types, and copies ref-
erences for user-defined types. In CleanJava, all variables are values, and all
operators have consistent value semantics for all types. However, copying is
potentially expensive for large objects, so users are given the option of imple-
menting it for some types and not for others. A type that permits copying is
considered replicable. All that a user has to do to make a type replicable is
provide a replica() method. For routine data movement on all types, CleanJava
provides efficient swapping as described above.

4.4 Parameter passing

Parameter passing in Java is accomplished by copying the references of the ar-
guments to the formal parameters. Copying references introduces a cleanliness
problem when arguments are repeated as parameters to a procedure call. We
consider the following parameter passing approaches in terms of their cleanli-
ness.

10



1. Reference copying — This is Java’s approach to parameter passing. Ref-
erences of actuals are copied to formals at the beginning of the call.*

2. Disciplined approach — Repeated arguments are prohibited by the com-
piler or avoided by the programmer, and reference copying is used other-
wise.

3. Object copying — Object values of actuals are copied in to formals at the
beginning of the call, and copied out at the end of the call.

4. Swapping — Values of actuals are swapped in to formals at the beginning
of the call, and swapped out at the end of the call.

Consider the following append method for queues.

/** Append the specified queue to this queue,
emptying the specified queue. */
public void append(Queue<Item> q) {
Ttem x;
while (!q.isEmpty()) {
q.dequeue(x);
this.enqueue(x);

}

The following statement calls the append method on queues g1 and ¢2.

ql.append(q2);

If the queues are distinct objects, the code will append ¢2 to ¢qI. However,
if g1 and ¢2 are aliases, the while loop will not terminate. The influence of the
repeated argument problem can be detected in Java’s List interface. The list
operation addAll is unspecified if the current list and the collection being added
are the same object.® In a clean language, ¢! and ¢2 are always distinct, but
the problem needs to be addressed when the same variable is repeated for both
arguments as show below.

ql.append(ql);

Allowing such code forces programmers to reason about variables ¢ and this
in the implementation as if they were potential aliases, which is unacceptable
in a clean language.

Since repeating arguments as parameters is considered bad programming
practice anyway, a disciplined approach to parameter passing may be used,
whereby the programmer tries to avoid repeating arguments and the compiler
reports an error if it detects a repeat. This approach can be effective for calls
such as ¢I.append(ql), but consider the same call where the variable a is an
array of queues.

4Known as call-by-value to Java programmers, since values of references are being copied.
5See http://java.sun.com/j2se/1.4.1/docs/api/java/util/List.html.
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a[i].append(alj]);

The arguments are only repeated when i equals j, a condition that cannot, in
general, be determined until run-time. Prohibiting array variables as parameters
seems too restrictive, so a run-time error would occur if the method is invoked
when i and j are equal.

The object copying approach is clean even when arguments are aliased, so
it is also clean when arguments are repeated. Assume that ¢ is repeated in
the call to append. The queue object that ¢I denotes is copied to both formals,
this and q. Thus, at the beginning of the procedure, this and g denote objects
with the same value, but they are independent. At the end of the procedure,
this has doubled in length, and g is empty. The copying out is the interesting
part. Both ¢ and this must be copied back to ¢I, but g1 is only one variable,
so it will get the value of the last formal copied back, because copying always
overwrites the value of the target object. Thus, the object copying approach
requires the language to specify the order in which the formals are copied back
to the actuals.

The object copying approach sounds grossly inefficient, but in fact, when
arguments are not potentially repeated, it behaves just like the reference copying
approach and can therefore be optimized using reference copying. It becomes
expensive only when arguments are repeated as parameters. Potential repeated
arguments would only be permitted for replicable objects, so this approach
would have to be used in conjunction with a disciplined approach for non-
replicable objects.

The approach to parameter passing that CleanJava uses is the swapping
approach. As with the object copying approach, when objects are not poten-
tially repeated it can be implemented with reference copying. Conceptually, the
swapping approach involves the following steps.

1. The compiler creates formals which have initial values.
2. The actuals are swapped with the formals in left to right order.
3. The procedure body is executed.

4. The formals are swapped with the actuals in the reverse order that they
were swapped in (right to left).

Thus, in the call to ¢1.append(q1), compiler variables this and ¢ are created
and have empty queues as initial values. Next, ¢q1 is swapped with this, so that
gl has an empty queue object. Then ¢f is swapped with q. Both of them
were empty queues before the swap, so they are both empty queues after the
swap. The procedure body is executed, yielding no change to this or g since q is
empty. Finally, ¢ is swapped out to ¢, which remains empty, and then this is
swapped out with ¢1, giving ¢ its original value back. The swapping approach
is equivalent to an approach using clearing transfer.

12



4.5 Parameter modes

CleanJava has five parameter modes: in, out, inout, restore, and eval. The
first three (in, out, and inout) can only be used in procedures, the fourth (re-
store) can only be used in functions, and the last (eval) is typically used for
replicable objects and may be used either in procedures or functions. The inout
mode is the default mode for all procedure parameters and the restore mode is
the default mode for all function parameters. Therefore, in practice, only three
of the parameter modes will be used explicitly: in, out, and eval. The modes
are described briefly below. The reader should be careful not to confuse the
modes for procedures (in, out, and inout) with Ada’s modes of the same name.
While there are some similarities, there are very real differences, and we feel
that the mode definitions below are both intuitive and flexible in the context of
CleanJava’s approach to parameter passing.

in The in parameter mode indicates that the value going in to the procedure is
important for reasoning about the procedure body, but the value coming
out of the procedure is not important for reasoning about the client code.
Thus, the value of the variable after the call is unspecified from the client’s
perspective. One common use for this mode is for objects inserted into a
container, as in the following method interface.

public void push(in Item x);

The compiler will report an error if an object with this mode is passed to
another procedure as an out or ‘nout parameter.

out The out parameter mode is the opposite of the in mode. It indicates that
the value going in to the procedure is irrelevant to the implementer of the
procedure body, but the value coming out of the procedure is important
to the client. Thus, the value of the variable passed in to the procedure
body is unspecified from the implementor’s perspective. One common use
for this mode is for objects removed from a container, as in the following
method interface.

public void pop(out Item x);

The compiler will report an error if an object with this mode is passed to
another procedure as an in or inout parameter.

inout The inout parameter mode indicates that the object may be modified,
and that both the incoming and outgoing values are important. It is the
default mode for all parameters in procedures, and therefore it will rarely
be indicated explicitly.

restore The restore parameter mode indicates that the object being passed in
should have the same abstract value after the function call as it did before
the call. This condition provides wide flexibility to the implementer of the
function but is not generally enforcible by a compiler. For example, an

13



operation to copy a container data structure might remove the elements
from the original container, copy them, put the copies into a new container,
and then put the original elements back into the original container. In this
case, the incoming value and the outgoing value of the original container
are the same. The compiler can issue a warning if the object is passed to
a procedure as an in, out, or inout parameter. In general, however, there
is no way to statically guarantee that the parameter will be returned to
its original value if it is modified by the function body—it is up to the
programmer to adhere to this convention. The restore parameter mode is
the default mode for function parameters and therefore it will rarely be
indicated explicitly.

eval The eval parameter mode indicates that a function is expected for evalua-
tion. As with function assignment, if a variable a is given where a function
is expected, the compiler will translate it as a.replica(). If no replica func-
tion is found, the compiler will report an error. The eval mode is often
used for small types such as integers and booleans.

4.6 Typically linked data structures

There are several approaches that a clean language designer may want to con-
sider for implementing linked data structures.

1. Rich library approach — Include a collection of typically linked data struc-
tures with the language and require programmers to use these to build
other such data structures.

2. Recursive data structure approach — Include a mechanism in the language
that supports recursive data structures.

3. Pointer component approach — Include a pointer component in the lan-
guage that is tailored toward the implementation of linked data structures,
and ensure that the language has a mechanism that supports data abstrac-
tion and information hiding.

The rich library approach is the least flexible but ensures that even the
lowest level classes remain clean. It is doubtful that a general purpose language
can provide a rich enough library to satisfy both the functional and performance
needs of all programmers, but this may be a viable approach for, say, a scripting
language or a domain-specific language.

The recursive data structure approach provides special syntax and semantics
that allow programmers to implement acyclic data structures such as lists and
trees efficiently and cleanly. Variations of this approach can be found in many
functional and logic languages. Though it cannot be used to implement cyclic
structures, it may be a reasonable approach for clean language designers if
combined with complementary library components.

CleanJava combines the rich library approach with the pointer component
approach. The pointer component approach is not fully clean, but is the only
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Figure 1: A system of linked locations.

approach that gives programmers maximal flexibility for data structure imple-
mentations. Its use in a clean language is justified because implementing linked
data structures does not constitute a routine use of the language, especially
when many such data structures can be provided by a sufficiently rich com-
ponent library. For this approach to be effective in a clean language, unclean
reasoning in data structure implementations must not corrupt the reasoning
of programmers who use the data structure. In object-oriented languages, the
class mechanism serves this purpose.

4.7 The position class

The position class in CleanJava captures the behavior and performance bene-
fits of traditional pointers and is designed to make implementing linked data
structures easy. It is based on a formally specified pointer component detailed
in [19] and its generic interface is given below.
public interface Position<Item> {

public void new();

public void free();

public void moveTo(Position<Item> q);

public void swapObject(Ttem x);

public void redirect(Integer i, Position<Item> q);

public void follow(Integer i);

public Boolean isWith(Position<Item> q);

public Boolean isAtVoid();

}

Positions are created by a factory class called LocationSystem whose name
derives from the underlying abstraction that positions take part in—a system
of linked locations. A system of linked locations is made up of a finite number
of locations and one-way connections between them called links. Each location
contains a specific object and a fixed number of links to other locations. A
distinguished location known as wvoid serves as the default location. Figure 1
shows a system of locations containing symbol objects and one link per location.
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The list below shows example method calls and gives brief explanations of
how they modify the system of linked locations.

e p.new() — Memory is allocated for a default object of type Item, the
object is placed in a newly created location, links are established and
directed to void, and p is relocated to the new location.

p.free() — Memory taken by the object at p’s location is freed, the location
and its links are abandoned, and p is relocated to void.

p-moveTo(q) — p is relocated to ¢’s location.

p-swapObject(z) — The object at p’s location is swapped with x.

p.redirect(i,q) — The i-th link at p’s location is redirected to ¢’s location.

p-follow(i) — p is relocated to the location targeted by its i-th link.

p.isWith(q) — True if p is located with q.

o p.isAtVoid() — True if p is at the void location.

The underlying notion of a location is similar to that of a pointer with two
important differences. First, locations are linked to other locations, and position
variables may follow a link, or have links at their locations redirected toward
other locations. Second, locations are not dereferenced. Before a programmer
can manipulate an object it must be swapped out of its location. An example
use of the position class to implement a traversable list is given in the appendix.

The fact that positions are part of a factory pattern is important because
it allows different location systems (which serve as factories) to provide differ-
ent implementations for the position interface. Thus, safe pointer and checked
pointer implementations can be used to help ensure proper memory manage-
ment [2, 24]. The language itself must provide a default, no-frills implemen-
tation that yields maximum performance, but it can also provide at least one
garbage collecting implementation, G CLocationSystem, that includes a method
freeInaccessible to clean up local memory leaks.

5 Implications

This section looks at some of the implications of clean languages for software
engineering. It begins with a discussion of the benefits that programmers can
gain by using CleanJava over Java, and then addresses the paradigm shift that
must accompany that change. Finally, it looks at the broader impact that clean
languages could have on software engineering.
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5.1 CleanJava vs Java

The main benefit of CleanJava over Java is that it frees programmers from
the need to reason about references routinely. All objects in CleanJava are
independent of each other, and programmers can view them as values just as
they view ints and booleans in Java. In fact, the distinction between built-in
types and user-defined types goes away,® and all objects include a swap operator
for data movement. There is a distinction between replicable and non-replicable
objects, but any object can be made replicable by adding a replica method. The
programmer has a responsibility to consider the implications on performance
before making a class replicable. Since all objects are independent, there is no
need to worry about unintended aliasing. A programmer can trace an object
through the code secure in the knowledge that changes to other variables will
not affect it. Null pointer exceptions will no longer occur, and the distinction
between mutable and immutable types loses its importance.

System wide garbage collection is no longer a necessity in CleanJava. Mem-
ory leaks in CleanJava can be caught by local garbage collecting implementa-
tions of the position class. Typically linked data structures provided by the
library such as lists and trees can be verified against memory leaks. By using a
predictable garbage collecting implementation or non-garbage collecting imple-
mentation, CleanJava becomes a viable language for real-time and embedded
systems where predictability is paramount.

5.2 Paradigm shift

Consider a programmer who is comfortable with Java but is forced to switch to
another programming language. Several languages are given below along with
a partial list of areas in which the Java programmer would have to adjust to a
new paradigm.

e Smalltalk — Some paradigm shift. Variables of all types (even built-in
types) are considered references, and the distinction between mutable and
immutable types is more critical than in Java. Also, it uses dynamic rather
than static typing.

e (C++ — Some paradigm shift. Classes may be designed with value seman-
tics or reference semantics. Memory management is typically manual.

o (C++ with STL — Medium paradigm shift. Template use is more common
than with C++ alone. Generic algorithms are typical. Value semantics
are emphasized.

e Ada — Medium paradigm shift. The language is object-based with object-
oriented features added in. It does not use object notation, and is built
around modules rather than classes. It relies heavily on generics.

6Built-in types will still have special syntax for them, such as i + j for Integers and b1 || b2
for Booleans.
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e (' — Large paradigm shift. No concept of objects. Weak type checking.

e ML — Huge paradigm shift. The underlying programming model is func-
tional rather than imperative.

If CleanJava were added to the list above, we would be tempted to place it
after C++ but before C++ with STL. The main paradigm shift a programmer
makes when switching from Java to CleanJava involves the notion of cleanliness
and its corollary—that all variables directly represent independent objects. For-
tunately, this notion is easily grasped since small built-in types such as integers
and booleans already behave this way. Another important change in thinking
that must be made is that swapping is the standard way to move non-trivial ob-
jects. This change will be slightly more difficult, but once programmers see that
many assignments in traditional code can be replaced by swaps with no adverse
affect on behavior, they should quickly adjust. The other changes—side-effect
free functions, different parameter passing mechanisms, and the targeted pointer
component—are changes that have similar counterparts in other languages. It
should also be noted that paradigm shifts are easier to digest if they make it
easier to understand and reason about the resulting software, as CleanJava does.

A conceptual difference between Java and CleanJava that bears special men-
tion concerns the notion of object identity. Programming languages generally
fall into two categories with respect to identity. They either have built-in iden-
tity or name identity. Object-oriented languages such as Java have built-in
identity, and use an identity test operator “==" to check if two variables refer
to the same object. A problem in languages with name identity occurs when
“a single object may be accessed in different ways and bound to different vari-
ables without having a way to find out if they are the same object” [16]. Clean
languages do not have this problem because different variables always denote
independent objects.” Clean languages could be said to have a special type
of name identity called unique name identity that avoids at least some of the
problems of common name identity.

5.3 Impact on software engineering

The potential benefits that clean languages offer for software engineering are
significant. Some of these are discussed below.

e Education. Koenig and Moo suggest that C++ students should be in-
troduced to “value-like” classes before pointers are ever mentioned [18],
and a common complaint from Java instructors is that they must teach
students about references early on. If clean languages were used, students
could be taught software construction using clean classes and treatment
of pointers and references could be deferred until the implementation of
low-level components was discussed.

«

"Thus, CleanJava does not require the identity test operator “==". Built-in types such as
integers and booleans can use “=” as syntactic sugar for a value equality function since the
Java assignment operator is no longer used.
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e Industry. Clean languages allow professional programmers to benefit from
code that is easier to understand and maintain without sacrificing perfor-
mance. The less time programmers have to spend worrying about the
complexity inherent in aliasing and indirection, the more time they can
spend focusing on the problem they are trying to solve.

e Formal Methods. Even with formal specification languages such as JML
(Java Modeling Language) [21] that are tailored to object-oriented lan-
guages, aliasing introduces significant complexity into formal reasoning
and modular verification. If significant portions of programs could be
written in a clean reasoning environment, it may become feasible to spec-
ify and verify non-trivial software projects.

o Software Components. If software components do not have accurate and
understandable behavioral specifications, their potential for black-box reuse
is limited; if components are not efficient, programmers will continue to
build and use custom components. The value based components of clean
languages lend themselves to easy specification without compromising per-
formance concerns.

6 Related work

The notion of cleanliness is closely related in spirit to the work of Hoare and
Kieburtz, who expressed concerns about references in general rather than wor-
rying about aliasing in isolation [12, 17]. However, they put considerable effort
into finding clean ways to implement linked data structures, while we focus on
alternatives for routine uses of references such as data movement and parameter
passing, and rely on abstraction and encapsulation to hide unclean implementa-
tions of linked data structures. The significant body of research on alias control
for object-oriented languages motivated our decision to apply clean technology
to an object-oriented language such as Java rather than a procedural language
such as Ada.

Alias control techniques focus on alias encapsulation rather than alias pre-
vention [3, 6, 14, 23]. This is typically done by preventing reference variables
outside an object from being aliased to the object’s representation (the object’s
instance variables). Techniques vary in their flexibility and generally aim to
allow programmers to view objects as they would typically view them. These
techniques are not intended to eliminate the need for programmers to reason
about references and therefore cannot be considered clean.

Alternatives to reference copying that have appeared in the literature include
destructive read, copying, and swapping [3, 4, 10]. A survey of techniques that
includes all of those mentioned here is in [30]. A discussion of cleanliness as
it relates to parameter passing can be found in [20]. The repeated argument
problem is often discussed in the context of formal proof rules for procedure calls
[9, 11]. Recursive data structures were proposed in [13], and a fuller explanation
of pointer components appears in [19].
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The Euclid language [25] attempts to minimize the reasoning complexity as-
sociated with aliasing by permitting pointers in a restricted way. Several choices
made for clean mechanisms were influenced by ongoing research associated with
the RESOLVE language [26, 27].

7 Status and conclusions

We hope to pursue the development of CleanJava while investigating possibil-
ities for other clean languages. Therefore, one of our immediate goals is an
implementation of CleanJava. This project consists of two stages. The first
stage—currently underway—involves implementing CleanJava with Java. This
first version of the language will be suitable for classroom use, help us get input
from practitioners, and allow us to investigate issues related to understanding
and reasoning in clean languages. These issues include understanding how pro-
grammers work in clean languages, what specific paradigm shifts are involved,
and how unique name identity affects software design. In the second stage,
CleanJava will be implemented in a low-level language that allows us to focus
our efforts on optimizations and efficiency. This implementation will allow us
to evaluate the language in terms of performance and predictability.

Given the variety of clean mechanisms described in this paper, other clean
languages may be designed using a mix-and-match approach with the options
presented here. For example, a clean language designer might use a defined-
ness approach to instantiation, a relational transfer approach to general data
movement, and an object copying approach to parameter passing. A clean
language that permits side-effecting functions might be more palatable to tradi-
tional object-oriented programmers. Also, the implications of a clean language
based strongly on relational transfer merit further study, since research on this
mechanism is almost non-existent.

Clean languages free programmers from the need to reason routinely about
references and aliasing, and allow them to view variables as independent values.
This clean view of objects simplifies understanding and reasoning and eliminates
the arbitrary distinction between built-in and user-defined types. It can be real-
ized without sacrificing efficiency and without a requiring programmers to make
a major paradigm shift in how programs are written. The potential impact of
clean languages on education, programming, formal methods and software en-
gineering promises to be significant. Clean and efficient languages are possible,
and cleanliness should be a fundamental consideration in the design of the next
generation of languages.
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Appendix

This appendix contains two CleanJava classes. The first is a traversable list
implemented using the Position class, and the second is a preemptable queue
implemented using the List class. The classes include coding examples from each
of the language areas discussed in this paper: instantiation, data movement,
parameter passing, and linked data structures.

A Traversable list

A traversable list may be viewed abstractly as two strings—a left string and a
right string, with a conceptual cursor position that is located between the two
strings. The cursor is at the beginning of the list when the left string is empty,
and the cursor is at the end of the list when the right string is empty. The list
is “traversed” by advancing the cursor—taking one element from the beginning
of the right string and placing it on the end of the left string. The following List
class in CleanJava is implemented using the Position class and its associated
factory, LocationSystem. Both are described in section 4.7. All methods take
constant time.
public class List<Item> {

// instantiate a location system with objects of

// type Item and one link per location

private LocationSystem<Item> sys :=
LocationSystem<Item>.create(1);

private Position<Item> head := sys.position();
private Position<Item> pre := sys.position();
private Position<Item> last := sys.position();
private Integer leftlength, rightlength;

// creation method

public static List create() {
head.new();
pre.moveTo(head);
last.moveTo(head);

}

public void insert(in x: Item);
Position<Item> post := sys.position();
Position<Item> newpos := sys.position();
post.moveTo(pre);
post.follow(1);
newpos.new();
newpos.swapObject(x);
pre.redirect(1, q);
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newpos.redirect(1, post);
if (rightlength = 0) { last.follow(1); }
rightlength++;

}

public void remove(out x: Item) {
Position<Item> oldpos := sys.position();
Position<Item> newpost := sys.position();
newpost.moveTo(pre);
newpost.follow(1);
oldpos.moveTo(newpost);
newpost.follow(1);
pre.redirect(1, newpost);
oldpos.swapObject(x);
oldpos.free();
if (rightlength = 1) { last.moveTo(pre); }
rightlength——;

¥

public void advance() {
pre.follow(1);
leftlength++;
rightlength——;

}

public void advanceToEnd() {
pre.moveTo(last);
leftlength := leftlength + rightlength;
rightlength := 0;

}

public void reset() {
pre.moveTo(head);
rightlength := leftlength + rightlength;
leftlength := 0;

}

public void swapRight(List s) {
Position<Item> thispost := sys.position();
Position<Item> spost := sys.position();
thispost.moveTo(this.pre);
thispost.follow(1);
spost.moveTo(s.pre);
spost.follow(1);
pre.redirect(1, spost);
s.pre.redirect(1, thispost);
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this.last :=: s.last;

this.rightlength :=: s.rightlength;

if (this.rightlength = 0) {
this.last.moveTo(this.pre);

}

if (s.rightlength = 0) {
s.last.moveTo(s.pre);
}

}

public Integer leftLength() {
return leftlength;
}

public Integer rightLength() {
return rightlength;
}

B Preemptable queue

A preemptable queue is one that allows an element to be injected at the be-
ginning of the queue, and permits the examination of it’s last element (here by
allowing it to be swapped out and swapped back in again). An append method
is included in this example. This queue is implemented with the List class
shown above. Unlike the implementation above, which uses position variables
and requires the programmer to reason abstractly about memory addresses,
this implementation is entirely clean. All methods take constant time except
for append and swapLast, which take linear time.

public class PreQueue<Item> {
private List<Item> s;

// creation method
public static PreQueue create() { }

public void enqueue(in x: Item);
s.advanceToEnd();
s.insert(x);
s.reset();

}

public void dequeue(out x: Item) {
s.remove(x);
}
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public void inject(in x: Item) {
s.nsert(x);
}

public void append(PreQueue q) {
Item x;
while (q.length() !=0) {
q.dequeue(x);
this.enqueue(x);

}

public void swapLast(Item x) {
Item y;
while (s.rightLength() > 1) {
s.advance();
}

s.remove(y);
X =y
s.insert(y);
s.reset();

}

public Integer length() {
return s.rightLength();
}
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