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One must learn by doing the thing,
for though you can think you know it
you have no certainty until you try it.

Sophocles

Preface

This text is intended for use in the just revised second programming course, CS2 in
the curriculum of the Association for Computing Machinery, as well as data structures
courses such as CS7 of the ACM curriculum, and independent study. A knowledge
of the Pascal programming language is the only prerequisite. All programs appear in
Pascal, although the concepts and methods presented are independent of the lan-
guage used. The text emphasizes current techniques for the creation and testing
of a program. The text stresses writing programs that are general enough to be readily
adapted for use in the solution of related problems or more complex problems. This
technique of program adaptation is consistently applied. Other basic programming
paradigms presented are: the top-down approach, recursion (as a special case of the
top-down approach), a search or traversal through the set of all solutions, and the
direct construction of a solution. Sophisticated concepts are presented in a clear,
informal way, theory always being coupled with concrete practical examples.

In terms of organization, the table of contents speaks for itself, but a few
comments may prove helpful.

Chapters 1 to 6 deal with the fundamental concepts of program and data struc-
ture. Combined with selected topics from Chapter 7, they provide more than enough
subject matter for CS2, the second programming course. Some instructors may wish
to include or substitute topics from later chapters.

Chapters 7 to 12 deal with important and illustrative applications of the earlier
concepts and introduce advanced data structures. They contain enough material for
a solid data structures course. Many of the case studies from earlier chapters might
profitably be presented in such a course. Chapters 8 to 12 may be covered in arbitrary
order, with the preceding chapters serving as a quick review of the basics.

Considerable care has been taken to include sets of exercises that are graduated
in degree of complexity or difficulty. Also included are suggested assignments that
incorporate essential concepts of each chapter. You will find that each program is
thoroughly discussed. For the most part, however, it is up to the reader to combine
structural components to achieve an executable program. Thus a student must under-
stand the program in order to use it.

Several analogies are useful in explaining structured programming. Knowing
the grammar of a language does not ensure quality writing. Learning to write well

il
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flv  Preface

entails internalizing principles of good style and is an advanced task beyond simply
learning a language. In the same way, learning to write good programs requires skill
in the use of a wide range of tools, and involves much more than acquiring a language.
When the master mechanic opens the hood of a well-designed automobile, he doesn’t
see just a jumble of wires and metal, but essential components properly linked and
aligned. The knowledgeable programmer should be able to see at a glance the major
components and linkages of a finely crafted program. Such a program consists of many
threads carefully interwoven to support the whole. A weak thread can have serious
consequences, yet the replacement of a thread must not cause the structure to
unravel. Program structure enhances or obscures a program’s intelligibility, while
efficiency is determined by the details of a program’s parts.

This book demonstrates the tools needed to craft fine programs and to solve
substantial problems. These tools, although few in number, must be used with care
and forethought. The tool kit includes the basic paradigms for problem solving, for
structuring programs, and for structuring data. Their proper use involves data ab-
straction, modularization, and the intelligent choice of data structure. This text
stresses the entire process of program development, and will enable you to write a
well-designed program and to recognize one when you see it. At the same time, you
will develop insight into program analysis, learning how to analyze programs in order
to determine their correctness and efficiency.

Many individuals contributed to this book. Pam Bennett typed the manuscript.
Colleagues and students deserving special thanks are Frank Friedman, Len Garrett,
Mordechai Halpern, Giorgio Ingargiola, Elliot Koffman, Seymour Lipschutz, Alex
Pelin, Artur Ramer, Jan Stone, Judy Weiner, Brad Wilson, Sharon Doherty, Dan
Joyce, Bob Mulholland, Regis McKenzie, Ken Sall, Judy Stull, and Jane Turk.

The staff of PWS Publishers, including Ellie Connolly, Veronica Dort, Karin
Ellison, and Bob Prior, all provided valuable support and guidance. The technical
editing of Cynthia Insolio Benn was a particular blessing. It is also a delight to
acknowledge the painstaking and helpful work of the reviewers: John Beidler, Univer-
sity of Scranton; Sudesh Bhatia, Middlesex Community College; John Davenport,
Georgia Southern College; Michael Donlavey, Boston College; Gary Ford, Univer-
sity of Colorado; William Ford, University of the Pacific; John Herman, Western
Michigan University; Clyde Kruskal, University of Illinois; Steven Reiss, Brown
University; Richard Schlichting, University of Arizona; Jan Stone and Harold Stone,
The Interfactor, Inc.; Helen Takacs, Mississippi State University; Alan Tharp, North
Carolina State University; Brad Wilson, Bowling Green State University; and Scott
Woodfield, Arizona State University.

Harold Stone was kind enough to contribute the historical notes in Chapter 1
and Roger Webster provided the data for the table of sorting times in Chapter 7.

Finally, without the support of my wife, Nina, and my children, Eric, Aaron,
and Joanna, it would have been impossible ever to finish the task of writing this book.
Nina is also responsible for numerous improvements in the presentation. Any errors,
of course, are due to the devil in us all.
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sl Chapter 3 Lists

For this implementation the null pointer value is zero. The implementation for the
modules corresponding to those of Section 3.6.1. except for AVAIL, are

function NEXT(POINTER : listpointer) : listpointer;
begin
NEXT := RECORDS[POINTER].LINK
end;
procedure SETNULL(var POINTER : listpointer);
begin :
POINTER:=0
end;
procedure SETLINK(POINTER1,POINTER2 : listpointer);
begin
RECORDSI[POINTER1] .LINK := POINTER2
end;
procedure SETINFO(POINTER : listpointer; INFORMATION : infofield);
begin
RECORDS[POINTER].INFO : = INFORMATION
end;

This implementation assumes that RECORDS is declared nonlocally to these mod-
ules, so that thev may reference it. With this implementation, the RECORDS array
plays the role of the heap. Since the procedure NEW, which allocates storage from
the heap, is not usable here, it is necessary to write an AVAIL procedure that, in
effect, is equivalent to NEW. AVAIL must keep track of those slots in RECORDS that
are not in use, and hence can be allocated when record storage is requested.

3.6.23 Lists Stored in Languages without Records

In some languages, such as FORTRAN, there are no heaps, nor are there pointer
variables or records. In such a language, the records themselves must be imple-
mented by the programmer. They may be stored in single or multiple arrays as
discussed in Chapter 2. Since the records now have an additional link field indicating
their successor, they need not be stored sequentially and may be located anywhere
in the array or multiarrays, as long as they do not overlap. An additional variable is
needed for the head of the list. Once these arrays are set np, the programmer may
write functions to access each field of a record and procedures to copy one record’s
value into another record, or to copy a record’s field value into another record’s field.
These might be

NEXT(POINTER)
Returns a copy of the link field value of the record pointed to by POINTER.

INFO(POINTER)
Returns a copy of the information field value of the record pointed to by
POINTER.

NAME(POINTER)
Returns a copy of the name field value of the record pointed to by POINTER.
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3.7 Keeping Track of Available Records 111

SETLINK(POINTERI, POINTERQ2)
Sets the value of the link field of the record pointed to by POINTERI to
POINTER2.

SETINFO(POINTERI, POINTER2)
Sets the value of the information field of the record pointed to by POINTER1
to the value of the information field of the record pointed to by POINTER2.

SETNAME(POINTERI1, POINTER2)
Sets the value of the name field of the record pointed to by POINTERI to the
value of the name field of the record pointed to by POINTER2.

In FORTRAN, the array or multiarray in which the records are kept would be
declared to be stored in the FORTRAN common area or else must be passed as
parameters to these modules. Once they are written, for all intents and purposes, the
language has records. These records can be accessed, copied, or modified by using
these modules. Although the programmer must do all this work initially, from this
point on the situation is conceptually the same as in Section 3.6.2. That is, the actual
implementation of the records may be forgotten; they are treated as if stored in an
array of records just as in Pascal. The problem of writing an AVAIL procedure still
remains, and it is addressed in the next section.

In FORTRAN, although storage for records kept in lists must be managed, the
programmer does not need to manage storage for individual elements or for arrays of
elements. To refer in a program to an element N, or an array DATA, simply declare
N to be an element, and DATA to be an array. Then use the operations available in
FORTRAN to enter specific values into N or DATA. This works because individual
elements and arrays are data structures directly available in FORTRAN. Lists, on the
other hand, must be built up explicitly by storing their records in arrays. Con-
sequently, the programmer must determine where storage is available to create a
record when the need arises.

In newer languages, such as Pascal, it is not necessary to explicitly implement
records of lists in arrays, as done here. It is also not necessary to be concerned with
the problems of storage allocation or reclamation. Instead, dynamic data structures
may be used. A data structure is dynamic if it is built during execution of a program
and storage is allocated for its components at that time. Dynamic data structures are
built simply by asking for storage to be allocated for a record in the heap. A pointer
will then be assigned to point to that storage. Using the pointer, appropriate values
may be assigned to the fields of the new record. These fields may be referred to
directly, using naming conventions in the language. Special functions to store or
access information from the fields of the record need not be written.

Records still need to be inserted properly in a dynamic data structure. Com-
mands directly available in the language may be used to create or reclaim records, or
reclamation may Dbe left to implicit storage reclamation provided by the language.
Thus the definition, creation, reclamation, and manipulation of dynamic data struc-
tures becomes easier.

3ol Keeping Track of Available Records

Keeping track of and allocating storage that is needed during the execution of a pro-
gram is called dynamic storage management. In some languages, notably FORTRAN,
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Chapter 3 Lists

storage for arravs is allocated storage betore the program’s execution, and no dynamic
storage management is necessary. In block-structured languages like Pascal, storage
is allocated to the local variables of a component (or hlock) at the start of' its execution
and remains assigned until the component (or block) completes its execution. The
space can then be reassigned to the next exceuting component (or block). In eflect,
it disappears as far as the componeut (or block) is coucerned. This is why values of
local variables are not preserved between invocations of a module. Management of
this storage during the execution of a program is not what is meant by dynamic storage
management. Contrast this situation to heap storage, which is assigned or taken away
from records in the heap during the execution of a component (or block) itself. This
captures the true flavor of dynamic storage allocation.

If the array in which records are to be kept (as in Sections 3.6.2 and 3.6.3) is to
function as a heap, then allocating storage in the array for a record requires dynamic
storage management. In fact, this amounts to an implementation of a Pascal-like heap.
But although storage can thus be managed explicitly for a specitic program. the heap
may manage storage for many programs and is hence more eflicient use of storage.
The difference is that one large array may function as a heap to be used by all the
programs, instead of dedicating separate smaller arravs to each program.

3.7.7 Why Heap? (Using Dynamic Storage Management)

Why is storage efficiency important? Why not find storage for a new record in the
array simply by placing it sequentially below the last new record’s storage? After all,
this would be very easy to do and would certainly use the storage as efliciently as
possible. The answer is that this simple solution is a great idea— provided that all the
storage needed to declare the array to be of sufficient length is available. The catch
is that this proviso is rarely the case. Often, the amount required isn’t known in
advance, and even when it is known, not enough storage may be available.

Reconsider the prime number example of Chapter 1. [t is probably evident by
now that the list is a good data structure to use for the collection €. The program to
generate all the primes between 2 and N uses very little storage besides that needed
for the list. But how large should you make the array in which to store the list? It is
possible to modify the program so it need not actually store all integers between 2 and
N in the list, only those that are prime. Still, how many primes are there no greater
than N? It is even possible to write such a program so it efficiently generates
and prints all primes <N yet stores only those =VN in the list. But again, how
many of these are there?

Suppose you are a programmer asked to store the contents of ten manuseripts
in ten lists. If each can have a maximum length of 50,000 words, then storage for
500,000 words is needed. How long is the longest word? Yon see the problem. Even
if the amount of storage could be estimated. sulticient storage may not be available.
You might either conclude that the task cannot be done. or vou might use secondary
storage (magnetic tape, disks). But because secondary storage is not random access,
it is slow, and it requires difterent techniques than those described so far. One
possibility remains. Maybe the manuseripts to be stored, perhaps even more than 10,
are compatible in the sense that they are not all of great length simultaneously.
Perhaps the lengths will vary as the manuseripts are processed by a program, so that
atany one time the manuscripts being stored can fit. This means they may be growing
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