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ABSTRACT

This paper traces the development of data abstraction concepts in programming languages.
A data abstraction, or abstract data type, describes a collection of abstract entities and opera-
tions on the entities. A program which uses a data abstraction can access or modify the entities

only through the abstract operations.

Specific research topics discussed in the paper include: the role of type in a programming
language, the formal specification of the semantics of a data abstraction, data abstraction
language construct design issues, type hierarchies, and type-checking.

1. INTRODUCTION

This paper presents a brief survey of research on
data abstraction from a programming language
viewpoint. The goal of this research is to discover
language notations, sotftware development methodolo-
gies, and software management tools which will make it
easier to design and implement the data structures used
in a program. Moreover, the resulling programs should
be easier to understand so that bugs can be fixed faster
and so that it is easier to add features to an existing pro-
gram. While the emphasis here is on language con-
structs and how they are used, the related methodolo-
gies and tools are essential to achieving the expected
benefits.

Section 2 discusses the evolution of programming
languages from low-level to high-level notations. Section
3 discusses extensible languages which introduced user-
defined data types. Section 4 describes two viewpoints
on the role of type in a programming language and
describes the problems with user-defined data types as a
data abstraction mechanism. Section 5 gives an exam-
ple of the formal specification of the semantics of a data
abstraction. Section 8 discusses some of the issues in
the design of a data abstraction language construct.
Section 7 briefly describes how type systems in program-
ming languages define type hierarchies and discusses
the role of generic procedures. TFinally, type systems
and type-checking and their impact on type protecticn
are discussed.

2. EVOLUTICON OF PROGRAMMING LANGUAGES
A prograraming language is the notation used to
specify an implementation of an algorithm which can be
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executed by a rmachine. All languages provide an
abstraction of a machine. Control abstractions are pro-
vided to specify the seguencing beiween statements in a
program {e.g., conditional hranches) and data abstrac-
tions are provided to specify the entities and their
operations used in the aigorithm (e.g., arrays with selec-
tion and assignment of individual elements).

Low-level languages, such as assembly languages,
provide abstractions which are essentially equivalent to
the instruction set of a machine. High-level languages,
such as PASCAL [Jensen 75], provide abstractions which
highlight the aigorithm, or computation, and suppress
the implementation detail. Figure 1 shows an array
assignment in a high- and low-level language. The low-
level Iimplemnzintation siight be very different depending
on the lower pound of the array, the size of the array ele-
ments, whether the machine had word or byte address-
ing, and the availability of registers at this point in the
program. The high-level description suppresses this
implementation detail and highlights instead the array.
Low-level languages give a programmer more control
over the run-time efliciency of a program. High-level
languages make program development and maintenance
easier at a small expense in run-time efficiency.

Very high-level languages {VHL) provide even more
abstract notations. For example, an array in PASCAL
implies a particular implementation {contiguous storage
with indexed addressing). A VHL might emphasize the
functional mapping an array represents (from the
array's index domain to the element domain) without
implying a particular implementation.

Afi] = exp
{a) High-Level Language
load rO0,exp
load ri,i
store r0,A{r1)

(b) Low-Level Language

Figure 1: Array Assignment




Programming languages have evolved to higher level
notations because software development and mainte-
nance costs dominate hardware costs for most applica-
tions. Languages evolve when il is discovered that identi-
cal patterns of statements are being used rnany tirnes in
different programs. When this happens, a new language
construct will be invented to describe the computation.
The new construct will suppress the detail which is the
same for the different uses and highlight the differences.
For example, early scientific programs written in assem-
bly language frequently used the different contiguous
storage implementations of an array and described com-
putations by iterating through thc array. High-level
languages introduced array-declarations and for-
statements. These high-level language constructs
specify "what is to be done" while the assembly language
code specifies "how to implement it."

Another reason that new programming languages
are continually being designed is to solve problems in
new application domains. Existing languages often do
not have the appropriate built-in data abstractions to
write prograrns in these new domains. Consequently,
much of the code in these programs irnplements these
data abstractions.

A good example of this problem was described by
Siate and Mittman in a paper describing too
development of chess programs: )

"...the largest single obstacle to progress in computer

chess is not the lack of effective chess ideas, but rath-

er, the lack of efficient easy-to-use program structures

in which to represent these ideas.” [Slate 78]

Chess programs have many different data abstractions
which are time-consuming and difficult to code in exist-
ing languages. For exarnple, structures which represent
patterns between pieces rather than the location of
pieces on an 8 by 8 board and structures which describe
sequences of moves which have been or could be made.
Whiie it has not happened yet for chess, special-purpose
languages have been developed for other application
domains with the relevant data abstractions as built-in
data types (e.g., the syrnbolic manipulation language
MACSYMA has rational functions which are stored as
ratios of polynomiaiz {Mathia> 77]). Programs in these
domains are easier to write and understand because the
notation focuses on the computation to be done rather
than how to implement it.

The problem with this approach is that designing
and implementing a good programming language is very
hard and time-ccnsurning. If your interest is chess pro-
grams, you probably do nol want to spend two years
developing toois to write chess programs. Moreover, this
approach assumes that a fixed set of data types can be
devised to describe all the data abstractions which might
be needed. Unfortunately, this approach fails either
because some reasonable data abstractions must be left
out or because the set gets too large. Another approach
is to define a small set of primitive types (e.g., wnteger,
recl, boolean, and char) and type constructors (e.g.,
array, record, and peinter) which can be used to define
other abstractions. This approach is discussed in the
next section.

3. EXTENSIBLE LANGUAGES

Extensible programming languages atiempted Lo
solve the problem ol proliferation of special-vurpuse
languages by providing constructs which allow a pro-
grammer to extend a base language to a new language
for a specific problem dornain. ALGOL-868 [van Wijngaar-
den 75] and BECL [Wegbreit 71] are examples of extensi-
ble languages.!

An extensibie language supports syntax, control-
structure, data type, and operator extensions. A syntag
extension allows a programmer to modify the syntactic
structure of the language. A control-structure extension
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changes the language control structures (typically by
defining procedures). A data type extension introduces
a new data type into the language. New data types are
specified in terms of a small, fixed set of type construc-
tors as mentioned above. In some languages the seman-
tics for built-in primitives (e.g.. print) can be extended
to work on the new data types [Wegbreit 71]. An opera-
tor extension defines the semantics of an operator desig-
nation when applied to user-defined data types. For
example, the plus operator {("+') could be defined to be
concatenation when applied to two string values.

Data type and operator extensions can be used to
implement the abstract entities and operations used in

an algorithm.” However, extensible languages do not pro-
vide adequate protection to insure that only meaningful
abstract operations are performed on a value which
represents an abstract entity. Any operation which is
legal on the data types used to implement the abstract
entity can be performed on it. T'or example, if an array
is used to implement a stack, any element of the stack
can be changed because any element of an array can be
reassignad. In other words, operations on the represen-
tation data type (array) can be performed on the
abstract. data type (stack) even though those operations
are not semantically valid on the abstract type. Extensi-
ble languages do not provide a mechanism to restrict the
operations on the abstract type. This situation raises
the guestion "what is the role of type in a programming
language?"

4. THE ROLE OF TYPE IN A PROGRAMMING LANGUAGE

Two views of the role of type in a programming
language have been discussed in the literature. The first
view is that a type is a set of values. A data type is
defined by specifying the representation for the values.
For exammple, a queue can be described as an array and
two indices, FRONT and BACK, which index the element
at the front, respectively back, of the queue. Operations
ont values of a particular absiract data type are coded as
procedures but they are independent of the data type.
This view is embedded in most programming languages
{e.g., COBOL, FORTRAN, PASCAL, AND PL/1).

The second view, referred to as the "types are not
sets” view, is that a type is a language mechanism to
enforce authentication and security [Morris 73]. Authen-
tication ensures that any value supplied to an operation
is consistent with the type expected by that operation.
Securily ensures that any operation applied to a value is
meaningful for that type. Ex:ensible languages are
based on the first view of the meaning of type and, con-
sequently, could not guarantee protection which is
intrinsic to the second view.

The relationship between these two views of type
can be made clearer by looking at the relationship
between the problem a particular program is solving and
the implementation of that program. Figure 2 shows the
abstract and representation levels inherent in any prob-
lem which is solved by a cornputer. The abstract entities
and operations are those a programmer conceptualizes
when solving a problem. For example, graphics applica-
tions are based on objects such as points, lines, and
polygons and operations such as draw_line and
shade_polygon. An implementation of a graphics pro-
gram may use a pair of real numbers to represent a
point, three real numbers to represent a line (a point
and a slope), and a linked list of pairs of real numbers to
represent a polygon (a set of line's). The operations

1 LiSP was probably the first extensible language since user-
defined functions are invoked with the saare syntax as built-in functions
{McCarthy 62]. This feature, as well as the fact that LISP programs and
data use the same representation and that LISP systems are almost al-
ways interastive, has lead to an entire subculture of application-specific
LISP extensions [Bobrow 74].

ihe abstract entities and their operations are called an abstract
dala type.
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Figure 2: Abstract versus Representation Levels

draw_line and shade_polygon can be represented as pro-
cedures.

The "set of values" view of type focuses on the
representation level. That is, a type which represents a
point is really just a pair of real numbers. The "types
are not sets” view focuses on the abstract level. That is,
a type denotes the abstract data type. Programs coded
using the abstract data types of the application domain
are easier to code and understand because implementa-
tion detail is suppressed and type-checking can provide
more protection against errors.

From a language viewpoint, an abstract data type is
a specification of the implementation of the abstract
enlities and operations which are encapsulated so that
they only way to access or modify the entities is by the
absiract operations. Becent languages have included a
construct that allows a programmer to define abstract
data types. Before discussing the issues involved in the
design of these language constructs, research on nota-
tions to specify the semantics of an abstract data type is
surveyed.

5. SEMANTIC SPECIFICATION
TYPE

A programmer should think only in terms of the
abstract data types, riot their implementation. Conse-
quently, he or she only needs to know the semantics of
the data abstraction. The problem is how to specify the
semantics without giving an implementation.

OF AN "ABSTRACT DATA

This problem is the same one faced by programming
language designers when trying to describe the seman-
tics of a programming language and, not surprisingly,
the same techniques have been tried. There are Lwo
kinds of semantic descriptions: operational and
definitional.  Operational specifications define the
semantics of a program or abstract data type by specify-
ing the micaning of each operation in terms of another
model, called the reference model, in other words, giving
an implementation in terms of a simple abstract model
of computation {e.g., Vienna Definitional Language com-
putation tree [Wegnor 72]). The advantage of this
approach is that semantic descriptions are easy to write
and understand because it is similar to prograrnming.
The disadvantages are:

1. the descriptions can be quite long and complex
when the operations are complex or when there are
many different. operations,?

<. 1t is difficult to show a relationship between Lwo
abstract operations {e.g., that they are inverses),
and

3. it is difficult to show the equivalence of two opera-
tional specifications.

A e R . . .
* Long descviptions can be avoided by riaking L reference moded

more complex. 3ut, this makes the descriplions harder Lo understand.
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Moreover, how is the meaning of the reference model
esiablished?

A definitional specification defines Lhe semantics of
an abstract data type by specifying properlies of the
values and operations of the type. Alphard [Wulf 78]
includes a definitiona! semantic description with the
declaration of each abstract data type in a program.
The description is based on Hoare's axiomatic approach
to specifying program semantics [Hoare 89]. Gutiag
[Guttag 80], Coguen et.al. [Goguen 75), and Liskov and
Zilles [Liskov 74| have used a definitional approach based
on algebraic relations.

Figure 3 gives an algebraic specification of a queue.
The notation used in this example was developed by Gut-
tag [Guttag 80]. The abstract type being specified is
QUEUE and has a single parameter, named T, which
specifies the type of the queue elements.* The descrip-
tion consists of a syntactic, semantic, and restriction
specification. The syntactic specification describes the
names, dornains, and ranges of the absiract operations.
For example, the creale_g operation takes no arguments
and returns a QUEUE.

The semantic specification describes the meaning of
the abstract operations by a set of equations which
relate the operations. For example, semantic equation 3
relates froni_g to add.g by noting that after adding an
element to an empty queue, the element is at the front.
If the queue was not empty, the element at the front was
the one at the front before the new element was added.

The restrictions specification describes limitations
on the use of the operations. For example, if a queus is
empty, remove_g is undefined.

A set of equations should be consistent (i.e., it
should be impossible to derive a false statement from
the equations when taken together) and complete (e.g.,
that any well-formed formula or its negation can be
proved true). Consistency has been easier to show than
completeness. Consequently, research has focused on
deriving properties which are analogous to completeness
and satisfy practical constraints (e.g., sufficiently com-
plete [Guttag 807).

The problern with the aigebraic approach, as well as
the other approaches to semantic specifications, is that
the effort required to develop the specification does not

4 The specification actually defines a family of types, queues with
different element Lypes.

type QUEUE [T:TYPE]

syntax
create_q --> QUEUE
add_q: QUEUEX T --> QUEUE
remove_g: QUEUE -> QUEUE
front_g: QUEUE ->T
isBmpty_g QUEUE --> BOOLEAN
semantics

declare q:QUEUE, x:T
1. isEmpty_g{create_g()) = true
2. isEmpty_g{add_g(x.q)) = false
3. front_g{add_g(q,x)) = if isBmpty_g{q)
then x
else front_g{q)
4. remove_g{add_g{q,x)) = if isEmpty_q(q)
then create_g()
else add_g{remove_g{q),x)

restrictions
isBmpty_g(q) ==> failure(front_g,q)
isEmpty_q{q) ==> failure{remove_g.q)

Figure 3: Algebraic Relation Specification




pay-ofl. Well-written comments are almost always easier
to understand.

Some work has been done on automatic selection of
implementations for abstract data types [Dewar 79,
Gotlieb 74, Low 78, Rowe 78]. However, most of this work
used an operational specification of the data type seman-
tics because it is hard to deduce enough information
from a definitional specification to produce a practical
implementation.

6. LANGUAGE CONSTRUCTS

The SIMULA class was the first language construct to
asscciate the abstract operations with the entities on
which they were defined [Birtwistle 73]. A class com-
bines the procedure definitions which implernent the
abstract operations with the type declarations which

imptement the abstract entities. However, entities
declared in a class can be accessed direclly without
using the class operations. Classes do not provide pro-
tection as discussed in Section 4.°

CLU [Liskov 77) and Alphard [Wulf 76] were the first
languages to provide a data abstraction construct simi-
lar Lo classes which also enforced protection. An exam-
ple of the declaration of the QUE'UE abstraction specified
inn the previous section is given in Figure 4. This imple-
mentation is a bounded gqueue while the semantic
specification was for an unbounded queue. The export-
statement lists the identifiers which, will be visible
outside the awustraction. Reyp declares the representa-
tion for queue values. Notice that argumeris to the pro-

5 Interestingly, the designers of ZIMULA never thought about limit-
ing access to the class entities Dahl 79].

queue: module[T:type,N:natural]

export create,isEmpty,add_g remove_g,front_g

/*

* Implement queue by circular bufler with two indexes: front and back. Front indexes
* the first element on the queue and back indexes the next free location. The queue

* is empty when front=back.
*/

rep = record
q: array 0.N-1 of T
front,back: 0..N-1
end

create: procedure(inout x:rep) =

begin/* initialize rep when queue created */

x.front, x.back := 0
end

isEmpty: procedure{x:rep):boolean =

begin
return(x.front=x.back)
end

add_g: procedure(x:rep;y:T) =
begin

if (x.back+1) mod N not= x.front then

x.qix.back]:= y

x.back := (x.back+1) mod N

else
raise queue_overflow
end if
end

remove_g: proecedure(x:rep):T =
begin
if x.back not= x.front then

x.front := {x.front+1) mod N

else
raise queuz_underfiow
end if
end

front_q: procedure{x:rep):T =
begin
if x.back not= x.front then
return{x.front)
clse
raise queue_underflow
end if
end

end /* queue */

Figure 4: Declaration of a Bounded Queue




cedures in the abstraction are declared to be of type
rep. When a gueue value is passed as an argument of
type rep to a procedure in the abstraction, it is unsealed
so that the internal structure of the value can be
accessed and modified inside the abstraction. Cutside
the abstraction the representalion of gueue values can-
not be accessed.

Two queues are declared and implicitly initialized
(by calls on create) as follows:

declare q 1:queue(integer,25)
q2:queue(process_type,15)

An element is added to the queue of integers by:
ql.add_qg(i)

@7. the queue on which the operation is performed, is
implicitly bound to the first, argument to the procedure
add_qg. Notice how the restrictions specified in the
semantic specification are implemented in fronf_g and
remove.gq.

Most programming languages designed in the last
few years have included a data abstraction construct
(e.g.. ADA [ADA 79], MESA [Geschke 77], MODULA [Wirth
77}, and RIGEL [Rowe 80]). Different languages use
different names for the construct (e.g., capsule, cluster,
envelope, form, or module),? but each construct serves
the same purpose. The remainder of this section
discusses sorne of the language design issues retated to
these constructs.

The first design issue is whether a data abstraction
can declare more than one data type. Up to this point
each abstract data type defined only one data type in
the program. For example, when the gueue abslraction
is instantiated with @ specific type parameter, say
integer, and nurnber of elements, say 25, a data type
queue[integer,25] is defined. Some data abstractions
require the declaration of more than one data type.
Moreover, it may be impossible to separate the imple-
mentations of these types. An example is a virtual ter-
minal abstraction which allows multiple windows of data
to be visible simultaneously on the screen. The abstrac-
tion must define a virtuai_lerminal type and a window
type. The implementations of these abstracl daia types
cannol be scparated because operations on window's
must have access to the virtuai ferminal implementa-
tion.

A second design issue is whether the interface to 2
data abstraction (i.e., the types and procedure headers)
is separated from the implementation of the abstraction.
In the gueue example, the implementation was not
separated from the interface specification. Conse-
quently, notice how you must read through the imple-
mentation code to discover the number and type of
arguments &to an abstract operation, for example
front_gq. Separation of the interface is a good idea
because programmers only see the information needed
to use the abstraction.

A third design issue is whether data abstractions
can be parameterized and, if so, what kinds of parame-
ters are allowed. For example, the gueue abstraction
has two parameters that specify the type of the queue
elementls and the maximum number of elements in the
gueue (must it be a compile-time constant?). The
trade-off on whether or not to have parameterized
abstractions is between programming ease and iinple-
mentation efficiency. A parameterized abstraction
allows one program [ragment to define many distinct
abstractions. Consequently, writing and maintaining
programs should be easier because there is ‘only one
copy of the code. However, to insure run-time efficient
implementation, a compiler will be considerably more
complex. And, in the case of type parameters, may
result in run-tirne inefficiencies (see the example of a

8 Moaitor construcis in system programming languages [ Hoare 74]
are similar to data abstraction constructs. They have a notion of pro-
cess and synchronization as well as encapsulation and protection.
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recursive parameterized abstraction in [Atkinson 78]). ‘A

related issue is whether parameterized abstractions can
be separately compiled.

The last design issue relating to data abstraction
constructs is whether constraints can be associated with
type parameters passed to data abstractions and with
values passed to procedures [Jones 78]. For example,
suppose there is an abstraction with a type parameter
for the elements of the abstract structure and an
abstract operation to sort the structure. Any type value
passed to this abstraction must have a less_than opera-
tion which can be used to define the sort operation. If a
less_than operation is not supplied, sorf{ would be mean-
ingless. A constraint is needed on the formal type
parameter which can be checked either at compile- or
run-time to determine that the less_fhan operation
exists.

Another example of a constraint is to limit the
operations which can be performed on an entity passed
as an argument to a procedure. Specification of these
constraints can make programs more reliable since
assumptions which rnust be satisfied for the program to
work can be checked by a compiler. Under some cir-
cumstances, the constraints may lead to more efficient
implementations.

7. TYPE HIERARCHIES AND GENERIC PROCEDURES

Parameterized data abstractions, discussed in the
previous section, define a hierarchy between types. The
parameterized abstraction is a generalization of an
instance of the abstraction which has a particular value
bound to the parameter. For example,
queue[ T type, N-natural ] is a generalization  of
gueue|integer, £5]. Programming language type systems
define other type hierarchies: subtypes and union types.

PASCAL was the first language to introduce sub-
types. Subranges of integers and enumerated types
could be defined. For example, 7..70 is a subrange of
integer (called the base type). Subranges are used to
limit the possible values a variable can have and to
define the domain of an array index. Operations on the
base type are also defined on the subrange type but may
be infeasible (i.e., the result may not be in the
subrange).

Union types introduce another kind of type hierar-
chy.” A union type lists a number of alternative types
that a particular variable may hold. For example, the
declaration

declare x:union(integer,real,char)
defines a variable which may hold an integer, real or
char value. At any point in the computation, z will hold a

value of one of these types. Later, the type of the vari-
abie may be changed to one of the other alternatives.

Union types are useful when a computation is the
same except for the types of the values. For example, to
sum the elements of an array the program looks very
similar when the array elements are integers or reals:

SUM: procedure(A: array 1..10 of T):T =
declare x:T

begin
%=
foriin 1..10 do
x := x + Ali]
end for

end /* SUM */
The differences in this code when 7 is an infeger and a
real are the constant used to initialize r and the code
produced for the '+’ operator. Corapilers for languages
with union types can solve these problems by generaiing
code for all types in the union and selecting the

? yavian' r ~ords are another language construct to realize union
types. .. e morior diffurence is that variant records include an explicit
declarati-n of lite tag which specifies the current type of the value.



appropriate code at run-time (e.g., ALGOL 68 [van
Wijngaarden 75)). Another approach is to force the pro-
grammer to perform the test explicitiy:

case type(x) of )
integer: x:= x + A[i]
real: x:=x + Ali]
end case
Notice that the '+ operation on the first (second) line is
integer (real) addition. This approach makes the pro-
grammer more aware of the code being generated and
allows him/her to leave out cases which are guaranteed
not to occur.

In the SUM procedure '+’ is an example of a generic
operation because it is defined for many different types.
While '+’ is a built-in operation, some langucges allow
user-defined generic operations and procedures (e.g..
ADA [ADA 79]). For example, a program can define many
procedures named f with different numbers and types of
parameters. For each call on f code for the correct pro-
cedure will be generated by examining the number and
types of actual parameters. Note that type parameter-
ized data abstractions usually have some generic pro-
cedures.

8. TYPE-CHECKING

The goal of type-checking is to insure that the
operation performed on a value is meaningial in the
sense of Section 4. The usefulness of data abstraction
constructs depends on reasonable type-checking rules.
If the rules are too complex or restrictive, programmers
will not use the data abstraction constructs or they will
find a way to circumvent the type system. This section
describes the two basic approaches to type-checking,
name equivalence and structural equivalence, and some
of the problems with them.

Name equivalence defines two values to be type
compatible if the "names” of the types are the same.
For example, given

declare x,y: integer
z and y are Lype compatible because the identifier which
defines their type, in this case integer, is the same.
Even if z and y were declared on separate lines, e.g.,

declare x: integer

y: integer

they are still type compatible because the identifier
which defines the type is the same.

Suppose, however, that the type was specified by a
type-constructor {e.g., array, record, file, or relation)
rather than by a type identifier. In this case, ~ and 7 do
not have the same type identifier so they are nol type
compatible. For example, given

declare x,y: array 1..10 of integer
z: array 1..10 of integer

z and 7 are iype compatible, but neither z and z nor y
and z are type compatible. To make them type compati-
ble a type name must be declared as follows

declare T: type = array 1..10 of integer
xy:T
z.T
Now, all three variables are type compatible because
they have the same type identifier.

Structural equivalence defines two values to be type
compalible if the data representation is the same,
regardless of how it is declared. For example, given

declare T: type = array 1..10 of integer
x: T
y: array 1..10 of integer
z: array 1..10 of integer

all three variables are type compatible.

The issue really is whether the declaration of a type
identifier (T in the exarnples above) defines a new data
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type (name equivalence) or whether it is just a shorter
notation, or macro, for the type specification (structural
equivalence). Because the theme of this paper has been
that protection can make programs more reliable, the
reader might assume that name equivalence is best.
This assurnption is faise because name equivalence does
introduce some problems.

Suppose one wanted to define a library function,
named S{UM, to sum the elements of an array and that
type-checking was based on name equivalence. SUM
should work for any one-dimensional array regardless of
how its type is specified.? Assuming that the formal argu-
ment type is specified by an array-constructor, e.g.,

SUM: procedure(A: array 1..10 of integer): integer

all array variables declared in the program, whether
specified by a type identifier or an array-constructor,
will be type incormpatible with A.

The same problem arises with user-defined pro-
cedures. Whenever a structured variable is to be passed
as an argument to or returned as the result of a pro-
cedure, a type must be defined. Because the same pro-
cedures are needec on different abstract types, either
several copies of each procedure can be defined {one for
each distinct type) or the distinet abstract types can be
defined as one named type. Most times a nrogrammer
will do the latter because it saves space and avoids the
problem of having to remember to update multiple
copies of a procedure when a bug is fixed. Consequently,
pure nare equivalence may not help type security.

Structural equivalence solves this problem but it
has other problerns. The major one is the complexity
and efficiency of type-checking at compile-time. For
example, think about the algorithm required to deter-
mine that

declare T1: type = record f1: T; f2: ~T2 end
T2: type = record f1: T; f2: ~T1 end

are type compatible. Moreover, depending on how struc-
tural equivalence is defined, some bad program bugs
may not be detected [Welsh 77]. For example, if
var x: record re,im: real end
y: record im,re: real end

are type compatible (both are records with two fields
each with the same type name), the assignment of z to v,
or vice versa, will produce very strange results if the
assignment is performed by a block copy operation. One
solution to this problem is to require that both records
bhave the same number of fields with identical selector
names in the same order eacn with compatible types.
Notice how complicated type-checking is becoming and
note that the programmer must remember Lhese rules
too.

Many variants of these two basic approaches to
type-checking are possible. The idea is to define a type-
checking rule which will be "right” mosi of the time,
which will be reasonably easy to implement, and which
can be used to describe the type protection the pro-
grammer desires. Examples of some variants are:

1. structural equivalence can be applied to only some
type constructors (e.g., record and array types but
not enumerated types) [Mitchell 79], and

2. type constructors can be type-checked using struc-
tural equivalence and named types can be type-
checked using name equivalence [Rowe 80].

While these varianis, and others, come close Lo an ideal
type-checking rule, no rule is perfect because type-
checking is a syntactic implementation of a semantic
function.

% 'n this examnple we ignors Lie problems of dymarmic or variable-
sized arrays and of variable element Lypes.



S. SUMMARY

Research in data abstraction is searching for nota-
tions, methodologies, and tools to make programs more
reliable, easler to read and understand, and therefore,
easier to maintain and enhance. Specific directions
which have been investigated are:

1. data type extepsicns to programming languages,
2. formai specification of data abstraction semantics,

3. language mechanisms to encapsulate data absirac-
tions, and

4. type systems which are flexible, yet secure, and can
be efficiently type-checked.

Many areas remain to be explored including tools
for the development of data abstractions, libraries of
data abstractions, specifications of performance infor-
mation [Bentley 80], and user-controlled compilation
and optimization systems.
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