BY GARY F. SIMONS

A BASIC
IMPLEMENTATION
FOR PROBLEM
SOLVING

Editor's note: For more information and back-
ground reading on data abstraction, see the
article by Niklaus Wirth in the August issue,
“History and Goals of Modula-2."

PROGRAMMERS, AND INDEED
problem solvers in general, have two
basic strategies for attacking new
problems: decomposition and ab-
straction. These strategies offer two
different ways of solving a complex
problem by simplifying it in some way.
Decomposition is the strategy em-
bodied by the time-honored Machia-
vellian dictum to “divide and con-
quer—solving large problems by di-
viding them into simpler, smaller ones
that can be solved independently.
Abstraction is the strategy of ignoring
certain details about the original
problem so as to transform it into a
simpler and more general one.

For example, consider the problem
of computing the sum of the squares
of two numbers, 3 and 4 {that is, com-
pute 32 + 42). We first simplify the
problem by decomposing it into a se-
quence of three simpler problems: (1)
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compute the square of 3, (2) compute
the square of 4, and (3) add the two
results together. We assume that the
final step of addition is sufficiently
fundamental that we need not con-
sider it further. However, the first two
subproblems can be restated in more
simple terms. “Compute the square of
3" means the same as “multiply 3 by
3" and “compute the square of 4~
means the same as “multiply 4 by 4.

We may now apply the principle of
abstraction to simplify the problem
further. We see that there is some-
thing essentially the same about com-
puting the square of 3 and computing
the square of 4. By abstracting away
the particular details of the 3 versus
the 4, both subproblems can be
solved by a single more general solu-
tion, namely, that of computing the
square of n. where n can represent
any number.

INFORMATION HIDING AND
ABSTRACT DATA TYPES

The essential design methodology for
data abstraction is known as informa-
tion hiding. The approach was first pro-

-posed by D. L. Parnas in 1972 (see ref-

erence 4). He proposed that the
behavior of software modules be
specified completely in terms of their
external effects. Such a module hides
a secret, namely, the representation
of the data object that the module
manages. To the outside user, the
module provides a set of access func-
tions that are used to create, alter, or
observe instances of the abstract data
object. There is no way for anyone or
anything but the implementation of
the module itself to access the ob-
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jects, other than through those access
functions.

The type of module that Pamnas first
described has come to be known as
an abstract data type. It is abstract
because the details of the concrete
representation of the data type are
unknown to the user. It has also been

called an encapsulated data type, since

the details of implementation are
locked away from the user inside a
capsule. The functions that access an
abstract data type are now common-
ly referred to as its operations.

An abstract data type, therefore,
presents itself to the user not as a
data structure, but as a collection of
procedural abstractions. These are the
operations that allow one to create,
observe, or alter objects of the
abstract type. The task of implement-

- ing an abstract data type then consists

of determining a concrete represen-
tation for objects of the type and
writing the procedural abstractions

that operate on objects thus repre- |

sented.

THE INFORMAL SPECIFICATION
OF ABSTRACT DATA TYPES
Two methods for specifying the
behavior of abstract data types have
emerged. The first is an informal ap-
proach that uses prose statements to
describe the effect of each of the
operations of the data type. The sec-
ond is a formal approach that uses
algebraic statements that are precise
and unambiguous. Both approaches
are described in turn.

Barbara Liskov gives a complete ex-
ample of the informal method in her

paper "Modular Program Construc-

130 BYTE + OCTOBER 1984

tion U
ence 3
the spe
has thr
the da
tions;
abstra
cation
Eacho
abstrac
procec
parts:

require
header
terface
is, its n
inputs
ditions
defines
modifie
quires
that ar
vironm
what t

t . Figure

tions

L - based

Werr
tion of
givesa
type cz
gers),
specifi
the dat
a brief
a whol
each ¢

THE F
OF Di

The fc
data al




cesé tion Using Abstraction.” (See refer-
' ence 3.) In Liskov's informal approach, . .
first the specification of a data abstraction dl:?f:c(txir;eflc)) 'g:;";g’ﬁ:::g\';‘ig':_g;f’z'grec;by'ze'°
N as has three parts: a header that names else returns xy
ract the data abstraction and its opera-
rete tions: a brief description of the da_t_a sort (x:arrayint])
b are abstraction as a whole; and a specifi- modifies x . _ ‘
b cen cation for each of the operations. effact sorts the elements of x in ascending order
since Each of '.:he operations l.s .a P {ocedural search (x:array[int], y:int) returns int signals no-match
b are abstraction. The specnflcatxon of a requires x is sorted in ascending order
de a procedural abstraction may have four effect returns i such that x [i]=y; :
s an parts: a header; a modifies line; a signals no-match if no such i is found
on- requires line; and an effect line. The :
header defines how the procedure in- |
fore, terfaces with the outside world, that  Figure 1: Sample specifications of procedural abstractions (after Liskov).
s a is, its name, the order and types of its
of inputs and outputs, and the error con-
b the ditions it signals. The modifies line
oate, defines which of the inputs may be intset Is create, insert, remove, isempty, ismember
~‘ the mﬁ?;gi&: Séé?]i ;;rca);edausrseﬁn’l:hg re Intsets are sets of positive integers; the maximum size of an intset is 216 ~ 1
nent- ?h t d g yh ”.p lons members. intsets are either created empty (using creats) or mada from other intsets
hisists 1at are made a out t_ €ca ing en- > with a new member added (using insert) or removed (using remove). Isempty tests
psen- vironment. The effect line describes whether an intset has any members; ismember tests whether a given integer is &
 and what the operation is intended to do. member of an intset. :
btions Figure 1 gives some sample specifica- _ ‘
eore- tions for procedural abstractions create ( ) returns intsst
: based on Liskov's approach. effect returns an empty intset
] We may now illustrate the specifica- ! y . )
ON tion of a data abst_ra'lctiqn. Figure 2 '"sm"i?tfhe;' s’:'z';t{.,,r:tf;;r:m{s:}‘ ?g::;’t:;r%?m
~ gives a sample specification of a data equal to the maximum size,
b the type called intset (set of positive inte- then returns s union {x}, i
have gers). Note the three parts of the else signals no-room L
| ap- specification:-the header that names . . . ,z
s o the data type and lists its operations; '9';‘&\';%%. :m—; J:t:ms intest
f the a brief description of the_ (:iatal' typeas ?
b sec- a whole: and the specifications for isempty (s:intset) returns Boolean B
uses each of the operations. effect returns true if s has no members
ﬁ: THE FORMAL SPECIFICATION  ismember (stintset, xint) returns Boolean < L
OF DATA ABSTRACTIONS effect returns true it x is a member of s ‘
te ex- The formal gpproach to specifying
In her data abstractions defines an abstract  pigure 2: Sample specifications of data abstraction (after Liskov).
truc- (continued on page 414)
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(continued from page 131)
type in terms of an algebra. In the
general theory of algebras, an algebra
is a pair <A;F>, where A is a non-
empty set and F is a family of opera-
tions on A. For instance, the familiar
algebra of grade school mathematics
is defined by the set of real numbers
and the operations of addition, sub-
traction, and so on. Since an abstract
data type consists of a set of objects
that carry the type and the operations
on those objects, it is easy to see how
abstract data types lend themselves
to definition in terms of an algebra.
The meaning (or the effect) of the
operations is defined as a set of for-
mal axioms that state the relation-
ships among the operations. The
reduction of the operations’ meanings
to a set of axioms makes it possible

to reason formally about the correct-
ness of a design before it is imple-
mented. This is one of the productive
ways of using this approach in pro-
gram design.

The algebraic approach to specify-
ing abstract data types is rigorously
defined by John Guttag and J. J. Horn-
ing (see reference 1) and consists of
two parts: a syntactic specification
and a semantic specification. The syn-
tactic specification defines how the
type interfaces with the outside world;
it defines the name of the type, the
names of all its operations, and the
types of the domains (inputs) and
ranges (outputs) of the operations.
Figure 3 illustrates the syntactic speci-
fication for the abstract type intset.

The operations on any data type fall
into two classes: generator operations

L

Abstract data type: Intset

Operations:

* create: > intset

* insert: intset x.int —-> intset
remove: - intset x int -> intset
isempty:  intset ~>  Boolean
ismember: intset x int —-> Boolean

Figure 3: Syntactic specification for abstract type intset.

and inquiry operations. The genera-
tors are those operations that pro-
duce an object of the type of interest
(for example, intset). The inquiry oper-
ations focus on objects of interest but
produce a result that is of a different
type (for example, Boolean). The
blank line in the example of figure 3
separates the two classes of opera-
tors. Within the set of generators
there is a subset called basic genera-
tors that are sufficient to generate any
object of the type of interest. The
basic generators, create and insert,
are marked in figure 3 with a preced-
ing asterisk.

The semantic specification of the
operations consists of a set of axioms
that define the meaning of the opera-
tions by stating their relationships to
one another. The axioms are pre-
sented as equations in which the left-
hand side specifies an expression to
be defined and the right-hand side
gives its meaning. For the basic gen-
erators, no definitions are written;
they are assumed as given. Thus we
first write axioms that define the
meaning of the nonbasic generators
{for example, remove); the right-hand
sides of these equations must even-
tually be reduced to expressions in-
volving only basic generators. Then

(continued)
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we provide axioms that define thej
meaning of applying each inquiry
operation to each of the basic genera4
tors. Note that since the meaning of}
any nonbasic generator can be ex-
pressed in terms of basic generators}
alone, there is no need to write ax-j
ioms defining the application of in-4
quiry operations to nonbasic gener-j
ators. Figure 4 gives a sample seman-}

tic speci‘fiéation for the type intset.

The equal sign used in the axioms is:

as

Note that there are three sets of ax-4
ioms, one for each nonbasic genera-}
tor and inquiry operation that must}
be defined. Each is defined in terms3
of two axioms, one for each of the
two basic generators of the type of §

interest.

The definition of isempty is easy t0.4
understand. If an intset, s, were §
generated by create, then the set has'!
no members yet, and the expression |
empty(s) means the same thing as T, §
or true. If the intset was generated by 1
insert, then the set must have §
members, and empty means the 3

same thing as F, or false.

Remove and ismember use a basic §
generator of type Boolean named }
equal. it tests two integers for equali-
ty. In conjunction with this Boolean 3
generator, they use the if-then-else §
operation that is defined by the.}

following two axioms:

if T then a else b
if F then a else b

a
b

That is, "if T then a else 6" means the
same thing as (or, can be reduced to) 1
a. and “if F then a else b means sim- §
ply b. In other words, if the Boolean |
condition reduces to true then the 1
whole expression reduces to the then

clause, otherwise to the else clause.
Both remove and ismember are de-

fined recursively, that is, in terms of
themselves. For instance, the second -J
axiom for ismember says that if the §
integer i is not equal to the first item -
in the intset generated by “insert (i's)",

then the expression “ismember(,
insert(i’s))” means the same thing as

“ismember(i,s)”. We then apply the |
(continued) 3
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axioms repeatedly until it can be re- ]

duced no further. Figure 5a illustrates
this process; we see that the expres-
sion ultimately reduces to F. or false.

Similarly, we can test if 2 is a member |

of the set. This is done in figure 5b
where we see that the result is T, or
true.

Applewars, Inc.
6400 Hayes Btreet
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C SOFTWARE
DEVELOPMENT

These illustrations demonstrate the
potential of the method for giving us
a rigorous way to reason about the
meaning and ultimately the correct-
ness of program designs. The se-
quences of derivations in figure 5 are
actually proofs that ‘ismember(4,
{1.23})" means false and that
“‘ismember(2,{1,2,3})” means true. In

{continued)

insert(1,insert(2,insert(3,create)))

We now want to test if 4 is a member
of the set. This test is equivalent to
the expression:

ismember(4,insert(1,insert(2,insert(3,
create))))

To discover what this expression
means, we simplify it by applying the
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Figure 4: Semantic specification for abstmct type intset.

= BASF (..

FlexyDisks®
5 1/4 n

Specify soft,

10 or 16 sector Price 10-90

1 -60 €. 1.45 23
c?gggi'ee gie?'?sity 1 -85 6.

1 170 [
Hard sectors In Library hox only add .15.
Certified Check - Money Order - Personal Check. Allow up
to 2 weeks for personal checks to clear. Add $3.00 per 100
or part to each order for U.PS. shipping charges.
NJ Residents add 6% sales tax.

Price 100+

Single side
double density

(a) Is 4 a member of the set {1, 23)7

ismember(4.insert(1,insert(2, msect{3 create)))) : N
if equal(4,1) then T else ismember{4, msert(z,insert(acraats))) =
if F then T else ismember{4,insert(2, msert(acreate)}) = :
ismember(4,insen(2,insert{3 creata))) - = .

if equal(4,2) then T else ismember(4insert(3, create))

if F then T else ismember(4, insert(3; create))
ismember(4,inseri(3create)) =

if equal(4.3) then T else ismembar(4, create)

if F then T else |smember(4¢reate)
ismember(4,create) =

F
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T
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Figure 5: Reducing expressions by axiomatic substitution.
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DATA ABSTRACTION

a formal proof, we would also need
to list with each reduction a reference
to the axiom used.

These examples should make it
clear that the axioms are expressed
rigorously enough that a computer
could help us in the tedious work of
reducing expressions.as we reason
and test our designs. In fact, the ax-

ioms could be implemented directly
on a substitution {or reduction) ma-

chine as a way of testing the design.

Cristoph Hoffman and Michael
O'Donnell describe just such a system
in their article, “Programming with
Equations” {see reference 2). Certainly.
the specification of data abstractions,
whether by formal or informal means,
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IMPLEMENTING ABSTRACT
DATA TYPES IN BASIC

We now turn our attention to the prag
tical application of data abstraction b
implementing two versions of thy
intset abstraction in BASIC. BASIC i
by no means an ideal language for ins
plementing data abstractions. Howd
ever, in as much as it is the lin
franca of personal computing, the
is perhaps no better way of demo
strating the principles of data abstracg
tion to a general audience. Not on
should this exercise illustrate t|
benefits of the data-abstraction tech
nique, it should also demonstrate th
with discipline. a programmer can
produce good code in BASIC that is
maintainable and portable. ';
BASIC lacks two things that data
abstraction needs: parameterized pro-
cedure calls (for invoking the operar
tions) and limited scoping of variables
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Neither shortcoming is insurmount: tagnos

able: both are solved by requiring &4
more careful use of variables. Unfor-

tunately, this puts a greater responsi
bility on the programmer than would

ynd whe
.ophistic
farmina:

guages and -consequently increases
the opportunity for programmmg
errors. ]
The variables used in a BASIC im
plementation of an abstract data type
fall into three categories: variables -
used to pass parameters to, and 3
return values from, the operations; }
variables used in the concrete repre-
sentation of the abstract type; and
variables used locally in the imple-
mentation of the operations. Unfor- 3
tunately, all variables in BASIC have
a global scope and so nothing can be
used without reference to how it is 1
used elsewhere in the program. The
first category of variables defines the
user’s interface with the operations of
the data type. These must be known
and understood in order to use the
data type. The second and third cate-
gories need not be understood by the
user, but their names must be known.
(continued) 1
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DATA ABSTRACTION

he programmer must know what
ariables are used in the implemen-
htion of the data type, in order to
oid abusing the type by inadvert-
ntly using one of these variables for
different purpose elsewhere.

In a pure information-hiding en-
ironment this would not be the case.
hen a data abstraction truly hides
e concrete representation of a type,
en the way one type is represented
annot interfere with how another is.
ut in BASIC this does not come auto-
atically since all variables have a
obal scope and the representation
f one type can therefore interfere
ith another if the variables are not
jnique. The BASIC programmer must
herefore be content with a weaker
prim of data abstraction that hides
he meaning and use of the data
jructures that implement an abstract
ype but cannot hide their names.
After an abstract data type has been

specified, as discussed in the preced-
ing sections, there are three steps in
its implementation: (1) define the user
interface, (2) define the concrete rep-
resentation, and (3} implement the
operations. Each of these steps will be
considered in turn.

DEFINING THE USER
INTERFACE

The user interface refers to what a
person must know in order to invoke
the operations of the data type. For
each operation, the following items
must be defined: the line number
where the subroutine begins, the
variables in which input parameters
are passed to the operation, the
variables in which values are returned,
and the variables in which exception
codes are signaled. All of this infor-
mation can be conveyed in a one-line
REM (remark) statement that serves
as a header for the subroutine. (The

version of BASIC used in the listing
below allows * as shorthand for REM.)

Figure 6 illustrates a possible defini-
tion of the user interface for the
abstract type intset. Note, for instance,
the header for the operation “insert.”
The address of the subroutine is iden-
tified as line 1200. The input para-
meters (a set identifier and an integer
to insert into the set) are passed in the
variables S and X respectively. The
operation returns s as the set identifier .
of the resulting set. The operation
may signal one of three exception
codes; this is done with three vari-
ables that return a Boolean value. If
one of these variables has a value of -
true when the subroutine returns,
then that condition has occurred.
Thus the insert operation may signal
“not a valid set” in NS, "not a valid
integer” in NI, or “no more room" in
NR.

(continued)
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DATA ABSTRACTION |

Note also that figure 6 defines four
new operations on type intset:
display, kill, intersect, and union. Dis-
play prints the contents of a set on the
screen. Kill deletes an existing set.

1000 ‘abstract data type: INTSET

1100 ‘create() returns(s) signals(os)

1200 ‘insert(s,x) returns(s) signals(ns,ni,nr)
1300 ‘remove(s,x) returns(s) signals(ns,ni)
1400 ‘isempty(s) returns(b) signals (ns)

1500 ismember(s,x) returns(b) signals(ns,ni)
1600 display(s) signals(ns)

1700 'kill(s) signals(ns)

1800 ‘intersect(s1,s2) returns(s) signais(ns,os)

Intersect produces a new set that is
the intersection of two existing sets.
Union produces a new set that is the
combination of two existing sets.
These operations provide a fuller en-

1800 ‘'union(st,s2) returns(s) signals (ns,0s,nr)

Key to exception codes:

ni = not a valid integer
nr = NG more room
ns = not a valid set

0s = out of sets

Figure 6: User interface for abstract data type intset.

vironment for testing our implemen-
tations of the intset abstraction.

USING THE ABSTRACT DATA
TYPE
With the design of the user interface
in hand, we know enough to write a
program that uses the type. Figure 7
gives the overall design for a program
to test an implementation of intset. (It
overlooks the details of what to do
when an exception is signaled.) The
test program repeatedly takes a one-
letter command and two numerical
arguments, executes the named oper-
ation, and displays the resulting set.
See listing | for the test program.
As an example of how to use an oper-
ation, consider the use of insert in
lines 410 and 420. The operation is in-
voked by GOSUB 1200, but before
calling the subroutine we must pass

the parameters. The interface requires

time ba
3.5nsi
sweeps
to 5 ns/
nate sw
vertical/
accurac
ical sen:
2 mV/di
90 MHz
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DATA ABSTRACTION

that the set identifier be passed in S
and the integer to insert in X, thus the
code: "S=P1: X=P2" In line 420, the
statement GOSUB 1600 calls display.
This too requires a set identifier in S
but since insert returns with the cur-
rent set in S, there is no need for an

assignment statement to pass the pa-
rameter. As long as S was not an in-
valid set identifier, that is, as long as
NS =False, we display the resulting
contents of set S. 1t is assumed that
all exception conditions will generate
an error message when they are dis-

PROCEDURE test intset abstraction:
Initialize abstract data type Intset
REPEAT until commanded to quit,

CASE of command

. display(create( ))

. display(p1)
©isempty(pl)

. display(insert(o1,02))

- kili(p1)

: ismember(pt,02)

: quit program

. display(remove(p1,p2))
. display(union(pl,p2))

- display(intersect(pl,02))

Ty - gue. 3-8

Get a command and two parameters (p1 and p?)

Figure 7: Design for program lo test an im

plementation of intset.

covered by intset. If NI or NR occurs,
a message will be given, but we still
want to display the current status of
S. The use of the other operations
follows the same principles.

It is important to note that we were
able to write a program using intset
before we decided how the type is to
be represented or implemented. This
is the power of information hiding and
data abstraction at work. As long as
we stick to the interface definition in
figure 6 when we implement the data
type, the test program will work.

There is, however, one slight com-
plication brought on by the global
scoping of all variables in BASIC. Our
test program is guaranteed to work
only if we avoid variable conflicts. The
test program happens to use three
variables of its own that are not part
of the intset interface. These are C$,
P1, and P2 The test program is

(continued)
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DATA ABSTRACTION

guaranteed, therefore, only if the im-
plementation of intset stays away from
these three variable names. Converse-
ly, if we begin with an already imple-
mented data type and want to write
a program that uses it. that program
may not use any variable as a free
variable that is used in the implemen-
tation of the data type.

DEFINING THE CONCRETE
REPRESENTATION
The second step in implementing an
abstract data type is to define the
concrete representation. A straightfor-
ward representation for integer sets
is to store them in a matrix where
each row represents a set and the col-
umns hold individual set elements. A
value of —1 means that the matrix cell
is empty; a positive integer is a set
element. A value of —1 in column 0
means that the whole row is unused.
Note that in figure 6, the first oper-

ation is not coded until line 1100. The
lines between 1000 and 1100 are re-
served for comments that describe
the concrete representation, followed
by an initialization subroutine that
sets up the storage space for the data
type as required by the method of
representation. This subroutine is the
first thing called by the test program
of listing 1.

Listing 2 gives a full implementation
of intset with an underlying matrix
representation of 11 sets (in rows O to
10) with 10 elements each (in columns
1 to 10). Note lines 1000 to 1040,
which are comments describing the
method of representation, and lines
1050 to 1080, which define an ini-
tialization routine that sets up the
storage space for intsets.

IMPLEMENTING THE OPERATIONS
Now we are ready for the third step,
implementing the operations. The

headers defined for the user interface

(see figure 6) serve as the first lines §
for the subroutines that implement
each of the operations. Given the rep- .’}

resentation of the data type and the

variables specified in the header for 1

parameter, result, and exception code

passing, the implementation of the |
operations falls into place. See listing
2 for the complete implementation of 3
the operations. Note that the imple-

mentation makes use of two private
subroutines (at lines 2000 and 2100)

for checking the validity of param-
eters s and x. These do not appear
in the list of operations of the data §
type (figure 6) because they are
meant to be used only from within the 4

module, not by outside users.

A new complication presents itself
when implementing the operations. 4
That is the problem of local variables. ;
One must ensure that the extra vari- §

(continued) ‘_
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DATA ABSTRACTION

Listing 1: Program for testing the intset abstraction.

100 GOSUB 1000 ‘initialize INTSET storage

110 T=-1: F=0 ‘initialize TRUE and FALSE

200 INPUT C$,P1,P2: IF C$<“a" THEN C$=CHRS$(ASC(CS) +32)
250 IF C$="c" THEN 260 ELSE 300

260 GOSUB 1100 ‘create()

270 IF NOT OS THEN GOSUB 1600 display(s)

280 GOTO 200

300 IF C$="d" THEN 310 ELSE 350

310 S=P1: GOSUB 1600 display(p?)

320 GOTO 200

350 IF C$="e" THEN 360 ELSE 400

360 S=P1: GOSUB 1400 ‘s-empty(p1)

370 IF NOT NS THEN IF B THEN PRINT “True” ELSE PRINT "False"
380 GOTO 200

400 IF C$="" THEN 410 ELSE 450

410 S=P1: X=P2: GOSUB 1200 ‘insert(p1,p2)

420 IF NOT NS THEN GOSUB 1600 display(s)

430 GOTO 200

450 IF C$="k" THEN 460 ELSE 500

460 S=P1: GOSUB 1700 ‘kill(p1)

470 IF NOT NS THEN PRINT “Set";S;deleted”

480 GOTO 200

500 IF C$="m" THEN 510 ELSE 550

510 S=P1: X=P2: GOSUB 1500 ‘is-member(p1,p2)

520 IF NOT NS AND NOT NI THEN IF B THEN PRINT"True” ELSE PRINT“False”
530 GOTO 200

550 IF C$="g" THEN 560 ELSE 600

560 STOP quit program

600 IF C$="r" THEN 610 ELSE 650

610 S=P1: X=P2: GOSUB 1300 ‘remove(p1,p2)

620 IF NOT NS THEN GOSUB 1600 display(s)

630 GOTO 200

650 IF C$="u" THEN 660 ELSE 700

660 S1=P1; S2=P2: GOSUB 1900 ‘union(p1,p2) '
670 IF NOT NS AND NOT OS THEN GOSUB 1600 'dlsplay( )
680 GOTO 200

700 IF C$="x" THEN 710 ELSE 750

710  S1=P1: S2=P2: GOSUB 1800 ‘intersect(p1,p2)

720 IF NOT NS AND NOT OS THEN GOSUB 1600 display(s )
730 GOTO 200

750 PRINT “Unrecognized command”: GOTO 200

CALL 818-706-8602

* Credit For USA Direct Dial Call *
With Any Disk Order.

5505 Softwind Way
Agoura Hllls, CA 91301
st Available

Listing 2: Matrix implementation of intset abstraction.

1000 Abstract data type: INTSET

1005 *

1010 ‘Representation:

1015 ‘Each row of matrix S(10,10) stores a set. There is thus
1020 ‘a maximum of 11 sets (numbered 0 to 10). If the O element
1025 ‘of arowis -1, then that set has not been created.

1030 That leaves columns 1 to 10 for set elements. A cell with
1035 ‘value -1 is empty; otherwise the cell contains an element
1040 ‘of the set

1050 ‘Initialize the INTSET storage: -

1060 DIM S(10,10)

1070 FOR I=0 TO 10: FOR J=0 TO 10: S(i,J)=-1: NEXT J,||
1080 RETURN

1095 *

1100 create( ) returns(s) signals(os) local(i)

1110 'OS=F

(continued)
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; 2 co.

1120 FOR =0 To 10 find first unused set

1130 IF §(1.0)=—1 THEN S(1,0)=0: S=1{: GOTO 1150
1140 NEXT I: OS=T PRINT “Out of sets”

1150 RETURN 1195

1195 °

1200 ‘insert(s,x) returns(s) signals(ns,ni,nr) local(i,j)
1210 GOSUB 2000: IF NS THEN RETURN

1220 GOSUB 2100: IF NI THEN RETURN

1230 NR=F: J=0 J holds first available cell
1240 FOR 1=10 TO 1 STEP -1

1250 IF S(S,))=X THEN RETURN ‘no duplicates in a set
1260 IF S(S,)==1 THEN J=|

1270 NEXT |

1280 IF J=0 THEN NR=T: PRINT “No more room in set"S: ELSE S(S,J)=X
1290 RETURN

1295 '

1300 ‘remove(s,x) returns(s) sugnals(ns) local(i)

1310 GOSUB 2000: IF NS THEN RETURN

1320 GOSUB 2100: IF NI THEN RETURN

1330 FOR 1=1 TO 10

1340 IF S(S)=X THEN S(S,I)=~-1

1350 NEXT |

1360 RETURN

1395 '

1400 ‘is-empty(s) returns(b) signais(ns) local(i)

1410 GOSUB 2000: IF NS THEN RETURN

1420 B=T

1430 FOR I=1 TO 10

1440 IF S(S.)> =1 THEN B=F test for a used cell

1450 NEXT |

1460 RETURN

1495

1500 ‘is-member(s,x) returns(b) signals(ns) local(i)

1510 GOSUB 2000: IF NS THEN RETURN

1520 GOSUB 2100: IF NI THEN RETURN

. 1530 B=F

1540 FOR |=1 TO 10

1550 IF §(S,)=X THEN B=T

1560 NEXT |

1570 RETURN

1595

1600 display(s) signals(ns) local(i)

1610 GOSUB 2000: IF NS THEN RETURN

1620 PRINT “Set";S;": {"

1630 FOR I=1 TO 10: IF S(S,)< > ~ 1 THEN PRINT S(S.l);
1640 NEXT I: PRINT “}"

1650 RETURN

1695

1700 ‘kill(s) signals(ns) local(i)

1710 GOSUB 2000: iF NS THEN RETURN

1720 FOR 1=0 TO 10

1730 S(S,))=-1 ‘every cell becomes unused

1740 NEXT |

1750 RETURN

1795

1800 ‘intersect(s1,s2) returns(s) signals(ns,os) local(i,j,k)

1810 S=S1: GOSUB 2000: IF NS THEN RETURN

1815 S=52: GOSUB 2000: IF NS THEN RETURN

1820 GOSUB 1100: S3=S: IF OS THEN RETURN Greate new set for resuit
1830 FOR K=1 TO 10

1840 IF S(S1,K)=-1 THEN 1860 for each member of first set,
1850 X=S5(51,K): S=52: GOSUB 1500 fif it is a member of second set,
1855 {F B THEN S=S3: GOSUB 1200 then insert into result
1860 NEXT K

(continued)
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‘ DATA ABSTRACTION

! ables used (that is, those not part of
i 1870 S=S3: RETURN the concrete representation or the ;
i 1895 - | user interface) do not conflict with

| 1900 ‘'union(st,s2) returns(s) signals(ns,os.nr) local (ij,k) - those used elsewhere, whether in an- |
i 1910 S=S1: GOSUB 2000: IF NS THEN RETURN other abstraction, the calling pro- 1
ﬂ 131250 SGZ%%BGﬁggBSEO—Og Ilff gg :II::EH :E:II:SS“ create new set f sult cedure, or in other ope.r ations of ~th~e k’
.j 193 FOR =1 To 10~ e W set for resu : same data type. For this reason it is
il 1935  S(S3,)=S(S1,]) ‘copy first set into result advisable to add one more item of in-

{ 1940 NEXT | formation to the header for each }
i 1950 FOR K=1 TO 10 ’ operation, namely, a list of the addi- |
3 1960 IF S(S2,K)=—1 THEN 1980 for each member of second set, tional local variables that it uses. Note
i 1970 S=83: X=5(S2,K): GOSUB 1200 ‘insert it into result that this is done in listing 2.

i 1975 IF NR THEN 1990

t The local variables are ones that the |
i 1980 NEXT K . . :
! 1990 RETURN operations use temporarily. Whatever
it 1995 * . value they may have had previously }
1‘ 2000 ‘is-valid-set(s) return(ns) is destroyed. When a subroutine
| 2010 IF S<0 OR S>10 THEN NS=T: PRINT S;"not a valid set number": RETURN. returns, their value is undefined and

§ 2020 IF S(S0)=-1 THEN NS=T PRINT “Set";S;"not created yet”: RETURN ) they are free to be used again. Keep-

}! gggg NS=F: RETURN ing track of local variables becomes |
i

i 2100 fis-not-integer(x) returns(ni) tricky .(and imperative) Wher.l one
’r 2110 IF X< 0 OR X< >INT(X) THEN NI=TPRINT X;“not a valid integer”;RETURN operation calls ar‘Other; The imple-
i 2120 Ni=F:RETURN ‘ mentation of intersect {line 1800 and
following) is a case in point. One
— (continued)
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DATA ABSTRACTION

Data abstraction allows
you to modify a program
simply by changing a

module's implementation.

would be tempted to use | as the local
indexing variable as is done in all
other operations. However, intersect
calls insert (line 1200 and following),
which already uses | and J as local
variables; we see this by looking at
the local statement in the header of
insert. This alerts us to the fact that
if we use | in intersect we are in for
trouble; every call to insert would
destroy its value. Thus, we use a new
variable, K. Note also that the local
variables for intersect are given as |,
J, and K, even though | and J do not
appear in the code for the intersect
operation. This is because a pro-

cedure always inherits the local vari-
ables of any procedure 'it calls.

MAINTENANCE AND PORTABILITY
From the perspective of the program
code that is outside an abstract data
type, we have already seen that an ad-
vantage of programming with data ab-
stractions is that you can write pro-
grams that use them without knowing
how they are implemented on the in-
side. Now we take the perspective of
the program code inside the abstract
data type and see that an advantage
of programming with data abstrac-
tions is that you can modify the im-
plementation without affecting the
outside programs that use it. This is
a boon for maintaining a program and
porting it to other systems.

For instance, suppose we decided
that limiting our sets to a maximum
of 10 elements (as does the imple-
mentation of listing 2) is too restrict-

ing. We decide we want to modify ou
program to allow for sets of up to 2§
elements. Because the informatiog
about how the intset abstraction i§
represented is hidden inside the il
set module, any programs that us
the abstraction (in this case the tes§
program of listing 1) are not affected;
The only changes to make include re4
defining the matrix dimensions in the
initialization procedure (lines 10504
1080) and changing the upper bound
of the FOR statements in all the subd
routines for the operations. We soofy
discover that this latter change gets
rather tedious and that we would have§
been better off in the first place tg
make the maximum size of a set &
variable in the concrete representad
tion of intset, and then to use thaf
variable in the FOR loops for all thée}
subroutines. Then changing the max
imum size of sets would mean chang#

(continuedy
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ing only one assignment statement in
8l the concrete representation of the
data type. In any case, all program
modifications are confined to the
intset module.

Unfilled sets waste space, and in-
creasing the size of the matrix to ac-
commodate potentially larger sets has
the disadvantage of wasting even
more space. One solution is to repre-
sent an intset as a linked list of
elements so that the set never uses
more memory than it needs. With

3501 2 sides/quad 96 tpi.

U]

8 Specify Soft or 32 Sector
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DATA ABSTRACTION

of a set depends on the total length?
of all other sets, rather than a flxed
limit for each set.

Normally such a change would re-|
quire a complete rewrite. When data}
abstraction is used, it means replac-;
ing only the implementation of the}
intset module; the programs that use §
intset change in no way. As an ex
ample, listing 3 gives a completel
new implementation of the intset ab- §
straction using a linked-list represen-

B such a scheme, the maximum length
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(continu

Listing 3: Linked list implementation of intset abstraction.

1000 Abstract data type: INTSET
1005 *
1010 ‘Representation:

1200 ‘insert(s,x) returns(s) signals(ns,ni,nr) local(i,n)

1210 GOSUB 2000: IF NS THEN RETURN

1220 GOSUB 2100: IF NI THEN RETURN

1230 GOSUB 1500: IF B THEN RETURN ‘no duplicates

1240 GOSUB 2200: IF NR THEN RETURN

1250 S(N,1) = ST(S): ST(S)= N S(N,0)=X ‘insert the element

1260 RETURN

1295 *
1300 ‘remove(s,x) returns(s) signals(ns,ni) local(i,j)

1310 GOSUB 2000: IF NS THEN RETURN

1320 GOSUB 2100: IF NI THEN RETURN

1330 | = ST(S): J =0 J will point to cell preceeding one to remove
1340 IF S(,0)=-1 THEN RETURN

1350 IF S(1,0)< >X THEN J=I: | = S(l,1): GOTO 1340 find element to remove
1360 IF J=0 THEN ST(S)= $(1,1) ELSE S(J,1)= S(/,1) remove it
1370 S(1,1)= A: A= ‘return removed cell to available list

1380 RETURN

1395 '

1400 ‘is-empty(s) returns(b) signals(ns) (continued)

tation. This implementation adheres*

s
E

Sul

1015 * ST(10) is the "Set Table"

1020 'ST(l) specifies the address in S of the first element of set | I 1
1025 'ST(l)=-1 means set | not yet created 0
1030 ‘S(100,1) stores the set elements

1035 ‘Column O stores a set element The N
1040 ‘Column 1 is link which specifies address in S of next element Centerist
1045 ‘Column 0O value of =1 marks end of list (and of set) 1 research
1050 A points to next available cell of S 1 evaluatio'n
1055 ‘Initially all cells of S are linked together on available list E L warfarear
1060 "Initialize the INTSET storage: 3 L

1065  DIM ST(10): FOR =0 TO 10: ST(l)=~1: NEXT | : ), [rne Wf’,f;‘p
1070 DIM S(100,1): FOR | =0 TO 99: S(I,1) =1+ 1: NEXT | fink all cells : tems. Ve
1075  S(1000)=—1; A=0 ‘put entire list of cells on available list | high techi
| R
1095 .

1100 create() returns(s) signals (os) local(i,n) ] gic edge.
1110 OS =F systems
1320 FOR =0 TO 10 : combatc
1130 IF ST(l)=-1 THEN 1150 find first unused set electrom:
1140 NEXT I: OS=T: PRINT “Out of sets": RETURN ‘fail with OS if none underwat
1150 GOSUB 2200: IF NR THEN OS=T. RETURN or if-no more room ons andt
1160 ST(H=N: S(NO)=-1: S=1I: RETURN finitialize set weapon |
195 ' face ship




DATA ABSTRACTION

1410 GOSUB 2000: IF NS THEN RETURN

1420 IF S(ST(S)0)=—1 THEN B=T ELSE B=F

1430 RETURN

1495

1500 ‘is-member(s,x) returns(b) signals(ns,ni) local(i)

1610 GOSUB 2000: IF NS THEN RETURN

1520 GOSUB 2100: IF NI THEN RETURN

1530 I=ST(S)

1540 IF S(1,0)=-1 THEN B=F: RETURN ‘end of set, not found

1650 IF S(1.0)< >X THEN | =8(l,1): GOTO 1540 'not yet, keep looking
1560 B=T: RETURN it is found

1595 *

1600 display(s) signals(ns) localj)

1610 GOSUB 2000: IF NS THEN RETURN

1620 PRINT “Set”S;"= {"

1630 | = ST(S)

1640 IF S(1,0)=~1 THEN 1660

1650 PRINT S(1,0);: 1 =8(1,1): GOTO 1640

1660 PRINT “}™ RETURN

1695 '

1700 ‘kill(s) signals(ns) local())

1710 GOSUB 2000: IF NS THEN RETURN

1720 |=ST(S)

1730 IF $(1,0)< > — 1 THEN I=S(],1): GOTO 1730 find end of set

1740 5(1,0)=0: §(1,1)= A: A=ST(S) 'return cells to available list

1750 ST(S)=~-1: RETURN ‘mark ST entry unused

1795

1800 ‘intersect(s1,s2) returns(s) signals(ns,os) local(i,j.n)

1810 S=81: GOSUB 2000: IF NS THEN RETURN

1815 S=52: GOSUB 2000: IF NS THEN RETURN

1820 GOSUB 1100: S3=S: IF OS THEN RETURN create a new set for result
1830 J = ST(S1)

1840 IF S(J,0)=~1 THEN 1870

1850 X=38(J,0): S=52: GOSUB 1500 if a member of S1 is in S2,

1855 |F B THEN S=83: GOSUB 1200:IF NR THEN 1870 ‘then insert in result
1860 J=5(J,1): GOTO 1840

1870 S=83: RETURN

1895 *

1900 ‘union(s1,s2) returns(s) signals(ns,os,nr) local(i,j,n)

1910 S=51: GOSUB 2000: IF NS THEN RETURN

1918 S=52: GOSUB 2000: IF NS THEN RETURN :
1920 GOSUB 1100: S3=S: IF OS THEN RETURN Gcreate a new set for result
1930 J = ST(S1) ‘insert every element of S1 into result

1940 IF S(J,0)=-1 THEN 1960

1945 X=S(J0): S=853: GOSUB 1200: IF NR THEN 1990

1950 J=5(J,1): GOTO 1940

1960 J = ST(S2) ‘insert every element of S2 into result

1970 IF $(J.0)=-1 THEN 1990

1975 X=38(J0): S=S53: GOSUB 1200: IF NR THEN 1990

1980 J=S(J,1): GOTO 1970

1990 S=S3: RETURN

1995 '

2000 ‘is-not-set(s) returns(ns)

2010 IF S<0 OR S> 10 THEN NS=T PRINT S;"’nct a valid set number”. RETURN
2020 IF ST(S)=—1 THEN NS=T PRINT “Set";S;"not created yet”. RETURN
2030 NS=F; RETURN

2095 '

2100 ‘is-not-integer(x) returns(ni)

210 IF X< 0 OR X< >INT(X) THEN Nl=TPRINT X;"not a valid integer:RETURN
2120 NI=F: RETURN

2195

2200 ‘gst-next-cell( ) returns(n) signals(nr)

2210 IF S(AQ)=—1 THEN PRINT “No more room” NR=T. RETURN

2220 N=A: A=S(A1): NR=F: RETURN

440 BYTE * OCTOBER 1984

to the interface of figure 6 and there-
fore is equivalent to the matrix imple- ;
mentation in its external effects. The }
test program works equally well; 4
whether one combines it with the j

intset module of listing 2 or the
module of listing 3.

Since nearly any two implementa- 3
tions of BASIC differ in some details, 1
BASIC programs turn out to be of 4

limited portability in actual practice.

Writing software in terms of data-§

abstractions is an excellent way to 3
enhance a program’s ultimate porta-
bility. Information hiding localizes the }
details of implementation that are }
likely to be changed, such as variable 1

names, matrix dimensions. and input/

output protocols.

Passing parameters with assignment

statements and calling GOSUB in

most lines of a program can get }
tedious. It may often seem justifiable }
on the grounds of efficiency to access §
a data structure directly without go-
ing through the operations. You 3

should avoid such temptations at all

costs: you'll pay the price when it. 5
comes time to debug. enhance, or |

port the program. B

REFERENCES

I. Guttag, J, and J.]. Horning. “The 4

Algebraic Specification of Abstract Data

Types.:” Acta Informatica. volume 10, 1978, %

pages 27-52.

2. Hoffman, C M., and M.]. O'Donnell. ‘
“Programming with Equations.” ACM Trans-

actions on Programming Languages and Systems,
volume 4, 1982, pages 83—112.
3. Liskov. B. "Modular Program Construc-

tion Using Abstraction.” Abstract Software 3
Specifications. D. Bigrner, ed. Lecture Notes in

Computer Science, number 86. Berlin:
SpringerVerlag. 1980, pages 354-389.

4. Parnas, D. L. "A Technique for Software
Module Specification with Examples:”
Communications of the ACM, volume 15, 1972,

pages 330-336. Reprinted in Communica- '

tions of the ACM, volume 26, number 1,
1983,

ACKNOWLEDGMENTS

The author is indebted to two of his colleagues
of the Summer Institute of Linguistics: to
Graeme Costin for many helpful comments on
an earlier draft of the article, and to Dr. Joseph
E. Grimes (also of Cornell University) for some
insights on programming with data abstractions
in BASIC.

Develop

Avocet crg
and user-p
use. Ask
hundreds:
them. Eve
processor:
chance it
Cross-asse

Avocetcrc
They run:
puter and]
the most px

Your Cor
Complet

Avocet ha
and assen
castitinE

VEDIT Te
entry a sn
TECO-like
tasks. Ea
gram sup
personal

keyboard
MSDOS,|

EPROM
gram, ve
EPROMS
communic
computer
modules!
menu-ba
EPROMS
devices r
contained
RS-232 i
Driver s
you acce
through:
load cro¢
EPROM

Model 7

—Suppo
fast “ada
program:

Model 7
Lower-c«
PROM ty
and 2712
rithm prc

Circle 32




	Data Abstraction 130
	Data Abstraction 131
	Data abstraction 414
	Data Abstraction 416
	Data Abstraction 418
	Data Abstraction 420
	Data Abstraction 423
	Data Abstraction 424
	Data abstraction 426
	Data Abstraction 428
	Data Abstraction 430
	Data Abstraction 432
	Data Abstraction 434
	Data Abstraction 436
	Data Abstraction 438
	Data Abstraction 440



