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PREFACE

“String and list processing’ in computer programming is a topic with
which some mystery has been associated. Like many somewhat mysterious
subjects, the quality of mystery is derived from two sources: a lack of under-
standing and the fact that the subject is not well defined.

In the most general sense, string and list processing is defined negatively
as ‘“nonnumerical computation”’; in other words, anything not involved with
numbers. This definition is too general and at the same time too restrictive.
Nonnumerical computation includes much business and administrative data
processing, information retrieval, and so forth. While these areas have
components of string and list processing, they include many other aspects
of computation. Conversely, string and list processing is used in certain kinds
of numerical manipulations, some of which are illustrated in this book.

String and list processing is a catch-all for types of computation that are
not conventional or ‘“‘traditional”. In a sense, string and list processing is an
awkward marriage of terms. String processing pertains to character and
text manipulation, while list processing is concerned with structures and the
relationships among aggregates of objects. Despite the apparent dissimilarity
of the two, many problem areas require both kinds of facilities.

If string and list processing is not a generally well-defined subject, it is
even more true that string and list processing techniques in programming
are not well understood. To a large extent, string and list processing involves
the use of a hodge-podge of unsystematic, ad hoc devices. Many methods that
are used are clumsy and contorted to a degree that masks their defects. In
an area without much systematic literature, ‘“‘reinvention of the wheel” is
commonplace. Unfortunately, the flat tire is frequently reinvented also.
It is not my ambition to rectify this situation; that is far too great a task.
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This book does strive to display some techniques in string and list processing,
and to explore some areas of application. From this, the reader will, hope-
fully, be able to pull some things together and see common threads that
unite the subject.

A significant reason for grouping string and list processing together is
the nature of the programming tools available. There are many programming
languages [1]!. Some are designed primarily for ‘‘scientific computation”,
l.e., numerical calculation. Others are oriented toward business and adminis-
trative data processing. Some languages are ‘‘special purpose’’, and are in-
tended for specific, restricted applications. Other languages are ‘‘general
purpose’’, combining many features. Few programming languages, however,
have a strong emphasis on string and list processing facilities. SNOBOL4
[2, 3] is a notable exception among programming languages that have a-
chieved wide acceptance.

SNOBOL4 is usually described as a string-processing language, partly
because its predecessors (SNOBOL [4] and SNOBOLS3 [5, 6]) were true
string-processing languages, and partly for the valid reason that SNOBOL4
does have extensive and powerful facilities for manipulating strings of
characters. SNOBOL4 is, however, a general-purpose language (in the sense
indicated above) that stresses ‘“‘nonnumerical’’ facilities. The list-processing
facilities in SNOBOL4 are not as well known as the string-processing facilities.
This is due in part to the historical development of the SNOBOL languages,
which only recently included list-processing facilities, and in part to the fact
that the list-processing facilities are less explicit than those for string process-
ing. The particular context for this book is the SNOBOL4 programming lan-
guage. This language is an integral part of the material presented. In a sense,
this book is about programming in SNOBOL4. In all fairness, had another
language been chosen, the book would have been quite different. It is,
nonetheless, simply a fact that the nature of the tools, to a large extent,
defines the work.

This book presumes a good working knowledge of SNOBOL4 and the
willingness of the reader to review or to refer to the language description as
necessary. There are, however, sections that discuss pertinent aspects of
SNOBOL4 or provide alternative ways of viewing certain language features.
The reader who is not already familiar with SNOBOLA4 is strongly advised to
first acquire the prerequisite background and enough programming experience
so that simple matters follow naturally without conscious thought. Even for
the experienced programmer, some of the material in this book will, perhaps,
be novel and require thought and study.

The book has two parts: one on techniques and one on applications. The
division between the two is not particularly clear cut. Some of both aspects
appear everywhere in the book. The material on techniques is designed to
cover portions of string and list processing that underlie applications and to
give special attention to programming methods in SNOBOL4. The choice

! Numbers in brackets refer to references listed at the end of the book.
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of application areas presented a number of problems. The most serious
problem was the limitation on the amount of material that can reasonably be
presented in a single book. The topics that were finally chosen for inclusion
were selected for various reasons. In some cases, a topic displays a particular
aspect of string or list processing in context and provides motivation that
otherwise would be lacking. In other cases, a topic shows what can be
accomplished if string and list processing techniques are applied to an area
in which manual techniques are conventional. The coverage of application
areas is by no means comprehensive. Some areas which use string and list
processing heavily are simply omitted. These include artificial intelligence,
music theory, compiler writing, and computer-assisted instruction. Other
subjects, such as linguistic analysis, are not presented as unified topics, but,
instead, are distributed throughout the book. Some readers may be disap-
pointed that their particular area of interest is not included and that the book
does not provide ready-made programs for their use. I can only apologize
and encourage them to apply the concepts and techniques that are presented
here to their work.

The emphasis in this book is on programming examples. Some of the
programs may be useful to some readers as they stand. One of the major
problems in accommodating the material to the confines of a book was pro-
viding significant programming examples in a relatively small amount of space.
The approach to this problem has been to strip programs down to their bare
bones. Most of the programs in this book are skeletons, albeit working
skeletons. They are designed so that they can be embellished, extended, and
filled out with the amenities that good programs should have. Comments in
the programs themselves have been sacrificed for more compact (and hope-
fully more literary) description in the body of the text. Generally speaking,
detection and handling of errors has been left to the reader, either in the form
of explicit exercises or by implication. Quite frequently, only one of a
number of similar components of a program is actually given in the text.

Programming inevitably involves questions of style. The programs in
this book reflect my style, modified somewhat by pedagogical considera-
tions and the constraints of publication format. Readers who wish to use the
programs or elaborate on them will no doubt wish to modify the programs to
suit their own styles. I make no claim that my style is the best or even suit-
able for use by others; it simply suits me.

All the programs in this book are real. They have been run and tested.
Nevertheless, it is inevitable that they contain errors, logical, clerical, and
otherwise. I will appreciate errors being called to my attention so that they
can be corrected in subsequent printings. It is also inevitable that my pro-
grams will not always be the ‘““best”’, even by my own standards. Suggestions
for better programs are welcome.

The programs in this book all conform to Version 3 of SNOBOLA4 [2].
There are a number of dialects of SNOBOL4 [7-9], some of which contain
features not available in the standard version. Users of such systems may have
to make minor modifications for their particular versions, and may find that
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program solutions can be improved by using some of the available language
extensions. Most of the programs in this book are independent of any par-
ticular computer. Implementations of Version 3 of SNOBOL4 are suf-
ficiently standardized so that computer differences usually do not cause
problems. The few references to input and output are given in the form that
is used for the IBM 360/370 operating under OS. See Reference 2. The pro-
grams were actually developed and tested on a CDC 6400. The standard
SNOBOL4 publication graphics [2] are used in the programs, but the ASCII
character set is used in data in some places. Character-set considerations are
discussed in Section 6.1 and there are tables in Appendix A.

With a few exceptions, discussion of interactive computing is omitted.
Many installations offer SNOBOL4 in a time-sharing environment on an
interactive basis. The nature of such facilities varies considerably, however.
Many of the programs given in this book can be modified to operate inter-
actively. Users with time-sharing facilities may find it interesting to adapt
the programs to their particular systems.

The exercises, provided throughout the book, are an important com-
ponent of the material presented. The exercises come in all varieties from
trivial drills to research projects. Many exercises suggest the embellishments
and extensions necessary to complete a program introduced in the text.
Other exercises suggest next steps to be taken toward more significant
material, or indicate related areas not covered in the text. - Solutions to
many of the exercises are given in Appendix B. These solutions, and ac-
companying discussions, are intended to supplement the text. Some further
exercises are suggested in the solutions.

Throughout this book there are citations by number (as illustrated in
this preface) to references that are listed after the appendices. The list of
references, although by no means comprehensive, includes material for
supplementary reading in addition to specific citations.

I am grateful to a number of people who have contributed to this book.
Jim Gimpel, who has made a number of important and original contributions
to string and list processing, introduced me to the types of transformations
that can be performed by character replacement. The material in Section 5.3
depends heavily on these ideas. The random sentence generator presented
in Section 7.1 is patterned after a similar program written by Jim. The
basic idea underlying the context editor developed in Section 7.4 is also due
to Jim. John Hallyburton and Fred Druseikis provided critical readings of
the manuscript, suggested a number of improvements, and provided some of
the exercises. John Hallyburton also suggested the method used for dia-
gramming defined data objects. The students in my classes on string and list
processing served as guinea pigs, and were subjected to a variety of experi-
ments in methods of presenting the material and techniques for formulating
program solutions. Their many corrections and specific suggestions are dis-
tributed throughout the text. They have, in the process of course work,
verified most of the exercises. I am indebted to the staff of the University of
Arizona Computer Center for providing excellent service, often under diffi-
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cult circumstances, which made it possible to develop and test the programs
given in this book. My secretary, LeeAnn Underwood, was most helpful
in assisting with the preparation of the manuscript. Finally, and most
importantly, I am enormously indebted to my wife, Madge. She assisted in
all aspects of the book and devoted many hours of her time over a period of
years to the material that appears here. She provided advice on content,
critical readings of the manuscript, copyediting, and keyboarding; most of
all she provided constant encouragement, support, and understanding.

RALPH E. GRISWOLD

Tucson, Arizona
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published by Prentice-Hall, follows.

In this 1list, line numbers are counted from the top of the pare. This line numbering
system was chosen for clarity, although it causes extra work in locating an error near the
bottom of a pase. Page headings and blank lines are not counted. In figures, blank
areas, rulings, and horizontal lines are not counted, but lines of text are. In a few
places, especially wnere figures are involved, there are ambiguities in counting lines.
These situations are marked by a ¥ on the line nithers. The context provided for cuoirec-—

tions can be used to resolve these problerns.
Since several type faces are involved, the following conventions have becn used:

single underscore (__) indicates computer (monospaced) type face
double underscore (==) indicates italic type face

wavy underscore (,~) indicates boldface type

Brackets ([]) surround comments about corrections. In places where entire lines are
changed or inserted, the new text is separated from the rest of the correction 1list by
horizontal lincs. Revisions to the correction list since the March 31, 1975 version of

this corrigenda are marked by revision bars in the left margin.

The corrcctions given here are preliminary, and are certainly not complete. I will
appreciate having other errors called to my attention. Please let me know if there are

errors or omissions in the corrigenda.

Thanks go to individuals who called errors to my attention; most of the errors correct-

ed here were first found by students in my C. Sc. 350 class.
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] PATTERN MATCHING

Pattern matching is the most powerful and most extensive major feature
of the SNOBOL4 language. There are ten built-in pattern-valued functions,
six operators that relate to patterns, seven built-in patterns, nine keywords
relating to patterns and pattern matching, and two of the three statement
types are devoted to pattern matching. Pattern matching presents more dif-
ficulties to the SNOBOL4 programmer than any other aspect of the language;
it is poorly understood, often abused, and its potential is rarely realized. For
some programmers, pattern matching is an obsession. Operations that could
be performed in a straightforward way are formulated in an obtuse fashion
using patterns. The purpose of this chapter is to point out some of the ways
of using pattern matching and to clarify some of its more obscure aspects.

1.1. A FEW EXAMPLES

One of the problems with pattern matching is the large number of facili-
ties that are available. It is often difficult to decide what approach to take.
A few examples of typical pattern-matching problems and their solutions
serve to illustrate some useful techniques.

1.1.1. Removing Items from a List

Consider a list of items separated by commas:
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LIST = '"LEFT,HALT ,LEFT,CANCEL ,RIGHT,"
Removing an item is trivially simple:

NEXTI =  BREAK(',') . ITEM LEN(1)

GETI ~ LIST NEXTI

:F(NONE)

In the pattern above, LEN(1) could just as easily be replaced by a literal
comma. Suppose, however, that the last item of the list is not followed by a
comma. One alternative is to handle this as a special case in another state-
ment. If the pattern NEXTI is modified appropriately, this is unnecessary.
A first attempt might be

NEXTI = BREAK(',') . ITEM LEN(1) | REM . ITEM

This pattern works as intended until the last item has been removed. Since
REM can match the null string, this pattern never fails. The problem can be
circumvented as follows:

NEXTI = BREAK(',') . ITEM LEN(1)| (LEN(1) REM) . ITEM

This pattern works properly whether or not the last item is followed by
a comma.

The purpose of the problem above is to illustrate that alternative situa-
tions which arise in pattern matching can usually be handled by including
alternatives in a pattern, rather than by providing alternative statements.
This problem also illustrates a situation in which no single built-in pattern
provides the necessary facilities. Stated another way, there is no single
pattern in SNOBOL4 that matches the remainder of a string provided it is
nonnull. The use of LEN (1) in conjunction with REM amounts to construc-
ting such a pattern out of simpler components.

1.1.2. Matching Words

The term ‘““word”, in the written sense, while generally understood, is
not particularly well defined in a syntactic sense. Superficially, a word might
be described as a contiguous sequence of letters. Of course thiere are many
counter examples to this definition. Words exist in the context of written
material, as components of sentences. Thus, words might be described as se-
quences of letters between blanks or punctuation marks. Consider, there-
fore, the problem of getting the next word from a string of text, which is
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analogous to getting the next item from a list. An example of such a string
of text is

TEXT = 'EVEN IF HE SAW ME, I WILL DENY IT.'

This string is similar to the more highly structured list given earlier: a' se-
quence of significant substrings with separating characters. A first approach
might be to use a pattern such as:

LETTERS = 'ABCDEFGHIJKLMNOPQRSTUVWXYZ'
NEXTW = SPAN (LETTERS) . WORD

Then a statement such as

GETW TEXT NEXTW = : F(NONE)

could be used to get the words, in order, from TEXT. This method works in
the sense that it produces the desired result. However, examination of suc-
cessive values of TEXT illustrates a disadvantage of this approach:

EVEN IF HE SAW ME, T WILL DENY IT.
IF HE SAW ME, T WILL DENY IT.
HE SAW ME, T WILL DENY IT.
SAW ME, T WILL DENY IT.
ME, T WILL DENY IT.
» I WILL DENY IT.
WILL DENY IT.
DENY IT.
IT.

L J A v L

In the first place, the blanks and punctuation marks are not removed. Con-
sequently, they must be rescanned with every match—an obvious inefficiency.
In the second place, NEXTW only works properly in the unanchored mode,
which may be in conflict with other parts of the program. To avoid these
problems, a second attempt might be

NEXTW = SPAN(LETTERS) . WORD BREAK(LETTERS)

This pattern eliminates the characters between words. It is erroneous, how-
ever, because it does not match the last word, since BREAK(LETTERS) fails
in this case. This can be avoided by providing a second alternative for the
last word, but there is a better solution:

NEXTW = BREAK(LETTERS) SPAN(LETTERS) . WORD

Since BREAK can match the null string, this pattern handles the first word of
a sentence as well as those preceded by blanks and punctuation marks. The
pattern also works properly in either the anchored or unanchored mode.
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The method of arriving at this pattern, rather than one of the two pre-
vious ones (or some other), might be the result of trial and error. More
frequently, a pattern that does not quite work is “patched up”’, adding al-
ternatives, until it is much more complicated than it need be. One method
of evaluating such a pattern is to determine whether or not the way it op-
erates during pattern matching corresponds in a procedural way to what is
desired. For NEXTW, this operation can be described loosely as ‘“Search for a
letter, consuming any other characters. If there is no letter, fail. If a letter
is found, match all subsequent letters, and assign them to WORD.” This
description illustrates that pattern matching starts at the beginning of the
string, and that any irrelevant separating characters before a word are in-
cluded in the match and hence are discarded as a result of replacement by
the null string.

It is important to realize that the definition of word as used in this
example is a naive one. There are compound words, possessive forms, ab-
breviations, acronyms, and all sorts of special notations that appear in writ-
ten language. The specific problem dictates what constitutes an appropriate
definition of a word [10].

1.1.3. Matching Numbers

In SNOBOL4, both integers and real numbers can be specified literally
in a source program. Consider the problem of creating a pattern that matches
such numbers, ignoring limitations on magnitudes, which vary from imple-
mentation to implementation. Integers consist of a sequence of consecutive
digits. Real numbers contain a period, but that period cannot be the first
character of a real number in SNOBOLA4.

It is not difficult to devise a pattern to match a number, taking into
account all the possibilities and writing alternatives for the various situations:

DIGITS SPAN('0123456789")
NUMBER DIGITS '.' (DIGITS | NULL) | DIGITS

The first alternative must appear before the second. Otherwise an integer
substring of a real number would be matched instead of a real number.
An alternative formulation is

NUMBER = DIGITS ('.' (DIGITS | NULL) | NULL)

which essentially factors out the initial string of digits. These patterns are
satisfactory for the specific definition of numbers given above. Suppose,
however, that the definition is extended to include signs, exponent repre-
sentations of real numbers, and so forth. The pattern may have to be re-
written in its entirety. If the definition is complicated, such patterns become
unmanageably difficult to understand or modify.
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In such cases, it is good practice to separate the definition into logical
components and build the final pattern in a series of steps. (The pattern
DIGITS above serves this purpose to some extent, but primarily saves repe-
tition.) Basically, a number is an integer or a real number. This basic divi-
sion can be reflected in the patterns:

INTEGER = DIGITS
REAL = DIGITS '.' (DIGITS | NULL)
NUMBER = REAL | INTEGER

So far, these patterns offer little advantage over the previous ones except
that NUMBER is somewhat more ‘““‘self documenting’’ than before. Suppose
that an optional sign is added to the definition. The patterns might be
changed as follows:

SIGN =  ANY('+-') | NULL
NUMBER =  SIGN (REAL | INTEGER)

Similarly, if the exponent form of real numbers is allowed, as in FORTR AN,
REAL might be defined as follows:

DFORM = DIGITS '.' (DIGITS | NULL)
EFORM = DFORM 'E' SIGN DIGITS
REAL = EFORM | DFORM

1.1.4. Search and Replacement Specifications

File editors usually provide a means of locating a desired place in a file
by context, i.e., in terms of the data contained in the file. One method is to
allow the user of the editor to specify a string that initiates a search. Pre-
sumably, a file may contain any combination of characters. Consequently,
the way in which a search string can be specified is a problem. One tech-
nique is to preempt a character to delimit the search string. (The SNOBOL4
quoted literal is of this nature.) This method precludes the use of the de-
limiting character in the search string itself. A way of overcoming this
problem is to permit the delimiter to be specified when the search request is
made. A common form for such a specification is to interpret the first
character of the search request as the delimiter [11]. Thus, in the search
request

/PROGRAMMING/

the delimiter is / and the string to be searched for is PROGRAMMING.
On the other hand

$A*B/C$
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uses $ as a delimiter to specify a search for A*B/C. The facility of this
mechanism is based on the fact that in almost all cases there is some charac-
ter not in the desired string that can therefore be selected as a delimiter.
Note that any character, even a blank, can serve as a delimiter.

An extension of this technique allows for a search that is followed by a
replacement. The replacement string is simply appended to the search speci-
fication and followed by another instance of the delimiter. An example is

/PROGRAMMING/CODING/

which specifies a search for PROGRAMMING and a replacement by CODING
when it is found.

Consider the problem of analyzing specifications of this type. Since the
delimiter is determined from the specification itself, one method is to pick off
the first character, and having determined what it is, analyze the rest of the
specification. Immediate value assignment, coupled with unevaluated ex-
pressions, permit this to be done in a single pattern match:

SPECPAT = LEN(1) § D BREAK(*D) . SEARCH LEN(1)
+ BREAK(*D) . REPLACE

When applied to a specification, the first character is (immediately) assigned
to D, which is then used as an argument for BREAK to isolate the two de-
sired strings.

This is an example of context dependence in pattern matching. A value
determined dynamically during pattern matching is used as a parameter of
the pattern itself. More is said about context dependence, immediate value
assignment, and unevaluated expressions later in this chapter. This example
provides a simple instance of an extremely powerful facility.

EXERCISES

1.1 Modify NEXTW to include compound words.

1.2 A common approach to the problem of matching words is to define
words by exclusion rather than by inclusion, that is, to look for any
characters that may occur between separators. Discuss this approach
and contrast it with the method used above.

1.3 In writing and printing, it is conventional to punctuate integers by
placing commas between groups of three digits. An example is
2,173,406,315. Write a pattern to match integers in this form.

1.4 Write a pattern that matches even numbers. Include both signed and un-
signed numbers. Consider a real number to be even if its integer part
is even.
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1.5 Write a pattern that matches FORTRAN Hollerith literal specifications.
1.6 Write a pattern to match strings of the form A" B" C" (n = 0).

1.2. GRAMMARS AND PATTERNS

Pattern matching is often concerned with determining whether a string
is a member of a set of strings having some desired property. An example is
determining whether a string is an integer, i.e., whether it is composed en-
tirely of digits.

In formal language theory [12], a language is a set of strings. There are
many ways of characterizing a language. Languages of interest generally con-
tain an infinite number of strings (as in the example above). Therefore, a
language cannot, in general, be characterized by simply listing all the strings
it contains.

Even though languages are generally infinite, finite characterizations are
possible for cases of practical interest. A grammar is the commonest charac-
terization. A grammar describes the structure of strings (‘‘sentences’’) in the
language. In programming contexts, the best-known type of formal grammar
is Backus-Naur Form [13], abbreviated BNF. (There are a number of dif-
ferent terminologies for describing BNF. The one used below is the author’s
preference.)

BNF characterizes a language in terms of terminals, which are characters
from which strings of the language are composed, and nonterminals, which
specify classes of structures or substructures of interest. Nonterminals are
enclosed in angular brackets to distinguish them from terminals. Terminals
are written just as they ordinarily appear. A grammar consists of definitions
of nonterminals. One nonterminal, called the goal, is designated as charac-
terizing the language. In the formal notation of BNF, the definition of a
nonterminal is indicated by giving its name, followed by :: = (indicating
definition), followed by the specific definition. A very simple example is

<comma>::=,

which defines a nonterminal, <comma>, consisting of a single terminal charac-
ter. The name ‘“‘comma’” has no meaning of itself, but is chosen to be
suggestive.

Nonterminals may have several alternatives in their definitions. This is
indicated in BNF notation by using vertical bars to separate the alternatives.
An example is

<digit>::=0|1]2|3]4|5|6|7|8|9

which defines <digit> to be any one of ten terminal strings.
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An alternative may consist of several concatenated components, called
subsequents. For example

<dpair>::=(<digit>,<digit>)

consists of five subsequents, three of which are terminal and two of which
are nonterminal. An equivalent definition, using <comma> defined above, is

<dpair>::=(<digit><comma><digit>)

When writing a grammar, the choice of nonterminals depends on convenience,
on essential aspects of the language, and on the attributes of the language
that are to be emphasized. Thus, <comma> might be included in a grammar,
in spite of its trivial definition, to emphasize its syntactic role.

A nonterminal may be used in its own definition. An example is

<integer>::=<digit>|>digit><integer>

Such a use is recursive and is implied as such in BNF notation. Here, an in-
teger is either a single digit or a digit followed by another integer. Recursive
references are necessary in BNF to describe indefinite repetition. This defi-
nition illustrates one of the most important aspects of grammars: that an
infinite number of strings can be represented by a finite number of non-
terminals.

In general, a nonterminal may appear anywhere in a grammar, even
before its definition appears. A BNF grammar is a description of a language,
not a series of executable statements. In fact, most grammars contain es-
sential, circular, recursive references. Consider the following grammar:

<element>::=a|b|c]|d
<member>::=<element>|<ntuple>
<list>::=<member>|<member>,<1ist>
<ntuple>::=(<1ist>)

In this grammar, <member>, <1ist>, and <ntuple> are defined in terms of
each other. The nonterminal <element> provides an ‘escape” through
which the other nonterminals have alternatives leading to terminals. If
<ntuple> is the designated goal, the language consists of strings such as
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There is a close analogy between BNF definitions and SNOBOL4 pat-
terns. For example, the statement

ELEMENT = 'A' | 'B' | 'Cc' | 'D

constructs a pattern that matches any <element>. The second and third
BNF definitions cannot be directly mapped into SNOBOL4 patterns. Con-
struction of a pattern uses existing values, and both these nonterminals
reference themselves or nonterminals that follow. Use of unevaluated ex-
pressions to defer reference until pattern matching is performed solves this
problem, since both patterns can be constructed before they are used in
pattern matching. The three patterns

MEMBER =  ELEMENT | *NTUPLE
LIST =  *MEMBER | *MEMBER ',' *LIST
NTUPLE = '(' LIST ')’

complete the definition. Note that unevaluated expressions are needed only
in cases where a pattern is referenced before it is constructed.

To write a recognizer for <ntuple>s, i.e., a program that determines if
a string is an <ntuple>, it is important to realize that NTUPLE will succeed,
in general, if it successfully matches a substring of a given string. To assure
that an entire string is matched, the following pattern may be used:

GOAL = POS(0) NTUPLE RPOS(0)

This pattern provides ‘‘context’” for NTUPLE. Such context is required for
recognizers in general.

Since BNF is widely used to describe formal languages, the close corres-
pondence between BNF and SNOBOL4 patterns provides a convenient ap-
proach to developing patterns that recognize strings of a language. There
are some precautions to be taken, however, before simply translating a BNF
grammar into SNOBOL4 patterns. In the first place, the implications of
using unevaluated expressions are significant. As noted in the example above,
unevaluated expressions are needed only in places where a pattern is ref-
erenced before it is constructed. However, unevaluated expressions may be
used anywhere. The patterns above could be rewritten as follows:

MEMBER =  *ELEMENT | *NTUPLE
LIST =  *MEMBER | *MEMBER ',' *LIST
NTUPLE =  '(' *LIST ')

This leads to the question of what difference, if any, there is between the
two sets of patterns. Superficially, the two are the same and recognize the
same strings. There are, however, subtle differences.

Any time an unevaluated expression is used in a pattern, the significance
of pattern-matching heuristics becomes important. These heuristics, which
are applied in the ‘““quickscan” mode, are designed to do two things:
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(1) Avoid futile attempts to match in contexts where success is not
possible.
(2) Prevent looping due to ‘left recursive’” unevaluated expressions.

The details of these heuristics are described in Reference 2. For recognizers
corresponding to BNF grammars, the second point is of greatest importance.
Suppose the definition of <]ist> above is slightly rewritten:

<list>::=<Iist>,<member> |<member>

This definition is equivalent to the one above, at least in terms of describing
what a <]i1st> may be. For the purposes of description, the order of al-
ternatives is not important, although one order may give a definition that is
easier to understand than another. Operationally, however, using patterns
corresponding to a grammar, there is a great deal of difference. Alternatives
are attempted in order from left to right. The SNOBOL4 pattern corres-
ponding to the revised definition is:

LIST =  *LIST ',' *MEMBER | *MEMBER

In an attempt to match LIST, the first alternative results in an attempt to
match LIST, and so on. Unless something is done to ‘“‘break the loop,” there
is no possibility of getting to the second alternative. Usually BNF grammars
are written in a way that avoids this problem. The problem is, nevertheless,
inherent in this type of grammar and corresponding patterns. The quickscan
mode breaks the loop by taking length considerations into account and as-
suming that any unevaluated expression matches at least one character.
Consequently, the first alternative above is assumed to match at least three
characters. Similarly, when LIST causes another match for LIST, three
more characters are required for the first alternative. The heuristics use this
information to prevent looping, causing the first alternative to fail and the
second to be attempted. As a result, most ‘‘recursive references’’ in patterns
do not cause operational difficulties. It is important, however, that such
pattern matching be done in the quickscan mode. In the “‘fullscan’ mode,
the heuristics are not used and recursive references cause ‘‘overflow’’ as a re-
sult of information that is stored each time a pattern is referenced recursively.

The heuristic used to prevent overflow usually causes pattern matching
to operate correctly. However, the assumption that every unevaluated ex-
pression matches at least one character can cause failure to match when a
pattern should, in fact, match successfully. This happens when an unevalu-
ated expression may legitimately match a null string, but is prevented from
doing so by the heuristics that erroneously bypass an alternative on the as-
sumption that it requires too many characters.

These problems are partially inherent in the pattern-matching algorithm
used in SNOBOL4 and partially inherent in the types of languages that
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SNOBOL4 patterns attempt to describe. For the most part, patterns can be
constructed without worrying about these problems. When a problem arises,
a first attempt at a remedy is to change the pattern-matching mode—from
quickscan to fullscan, or vice versa—in hope that the problem will go away.
If this fails, the offending pattern may have to be examined in detail, or
reformulated.

As noted above, unevaluated expressions are mandatory in some situa-
tions, but optional in others. Since some uses are optional, there are ques-
tions concerning the advantages and disadvantages of the use of unevaluated
expressions.

Unnecessary unevaluated expressions should be avoided where they may
lead to left-recursive references as discussed above. There is also a minor
penalty in execution time for unevaluated expressions, but this consideration
is usually insignificant compared with others.

There is one substantial advantage of the use of unevaluated expressions:
saving storage space. In pattern construction, an unevaluated expression is
simply a reference to a name (or expression) and occupies a negligible amount
of space. On the other hand, when a previously constructed patter is used
in constructing a new pattern, a copy of the previous pattern, however large,
is incorporated in the new pattern. The amount of storage required may be
substantial, particularly in constructing patterns from formal grammars
where there is a tendency to define progressively more complicated struc-
tures from simpler ones. The extra storage required also affects execu-
tion speed, since more time is spent in storage management. The judicious
use of unevaluated expressions in optional contexts may make the difference
between a practical and an impractical program.

A word of caution is in order about the utility of patterns corresponding
to grammars. Such patterns are easy to construct and make it possible to
write recognizers for complicated languages with little difficulty. Conse-
quently, the power of pattern matching is often overestimated. Although
recognizers are easy to write, the value of recognition alone is relatively
minor. Recognition is not parsing. Pattern matching does not reveal the
entire structure of a string, even though that structure is analyzed (internally)
during pattern matching. Only the outermost level of a recursively-defined
structure is easily accessed, using attached names. It is a common mistake to
assume that because complicated recognizers are easy to create, parsers,
translators, and compilers follow naturally. That is not the case, and, in fact,
patterns derived from grammars are of little use in such problems.

It should also be noted that SNOBOL4 provides a number of pattern-
matching facilities that are more efficient and concise than the equivalent
BNF patterns. BNF requires recursion to describe constructions that are
iterative in nature. SNOBOL4 often permits such constructions to be
specified directly. In most contexts, BNF definitions
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<letter>::=a|b|c|d|e|f|g|h|i|j|k|T|m|n|o|p|g|r|s|t|u|v|w|x]y]|z
<1dent1f1er>::=<1etter>?<identif1er><1etter>

can be described by the pattern
IDENTIFIER = SPAN('ABCDEFGHIJKLMNOPQRSTUVWXYZ")

Note also the simplification obtained by specifying a string of characters
rather than by the alternation of individual characters. The pattern

ELEMENT =  ANY('ABCD')

is more direct, simpler, and more efficient than the pattern given earlier in
mimicking BNF. Similarly, LEN permits characterizations of strings that are
awkward to describe in BNF. Finally, SNOBOL4 permits construction of
patterns characterizing languages that cannot be described by BNF. The
major distinction is context dependence, which BNF cannot describe. Refer
to Section 1.1.4 for an example.

EXERCISES

1.7 Write a recognizer for ALGOL 60 arithmetic expressions.

1.8 Write a BNF grammar to describe all strings consisting of two
characters.

1.9 Write a BNF grammar to describe all strings of even length.
1.10 Write a BNF grammar that describes quoted literals in SNOBOLA4.

1.11 Write a BNF grammar that describes balanced strings as matched by
the SNOBOL4 pattern BAL. Write a corresponding SNOBOL4 pattern,
not using BAL itself.

1.12 Write a recognizer for SNOBOL4 expressions.

1.13 Write a program that reads a BNF grammar as input and creates a cor-
responding recognizer.

1.3. PATTERNS AS PROCEDURES

Unevaluated expressions are discussed several places in this chapter.
They provide a way of specifying context dependence and a method for
providing recursive pattern matching. Independent of these specific appli-
cations, unevaluated expressions, used in conjunction with other dynamic
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features of pattern matching, are sufficiently important to deserve discussion
as a separate topic.

There are several ways that changes in a program environment can be
effected dynamically during pattern matching. Values can be assigned to
variables by immediate value assignment and by the cursor position operator.
These types of assignments may produce output and may be traced. In turn,
programmer-defined trace procedures may perform any program operation
whatsoever. More directly, an unevaluated expression may perform any
program operation. It is possible, although not common or necessarily de-
sirable, for a built-in or programmer-defined function to be invoked in the
course of pattern matching. In a sense, there is no limit to what it is possible
to do during pattern matching, nor is there a limit to the side effects that
may result from pattern matching.

The sequence of events that occurs in pattern matching depends on the
nature of the string being matched. Furthermore, there is little flexibility in
specifying, within a pattern, what sequence of events is to occur during pat-
tern matching. Stated another way, the control structures of pattern matching
are quite restricted. Nevertheless, it is possible to write patterns to perform
quite sophisticated operations. In this sense, patterns resemble small pro-
grams written in a pattern language—a language quite different from the ex-
pressions and statements of the rest of SNOBOL4. Applying such a pattern
in a pattern-matching statement is similar to invoking a function: the pat-
tern procedure is ‘‘executed’ by the program that performs pattern matching,
using the subject string as data.

Consider the following problem: given a string, print it out, one charac-
ter per line. Writing a program to do this is trivially simple. The same op-
eration can be performed using a single pattern match. The basic operation
is performed by the following pattern:

ROUT = LEN(1) $ OUTPUT *ROUT

A single character is matched, the character is printed, the pattern calls itself
recursively to process the next character, and so on. To assure that the pat-
tern is anchored, the following pattern may be used:

VERTICAL = POS(0) ROUT

The single pattern-matching statement
STRING VERTICAL

serves to print the characters in STRING regardless of how long STRING is.
Note that this pattern requires the fullscan mode to operate properly.

In the sense described above, the pattern VERTICAL corresponds to a
procedure that is invoked with STRING as the subject. The relatively awk-
ward control structures of the ‘‘pattern-matching language’ are displayed by
the necessity of using recursion to accomplish an essentially iterative task.
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A slightly more complicated situation is posed by the problem of lo-
cating the last blank of a string. Pattern matching is highly asymmetrical
with respect to direction. Locating the first blank is trivial. Short of resort-
ing to reversing the string, locating the last blank is substantially more com-
plicated. An approach is suggested by the previous example: use a recursive
reference to force repeated matching until failure occurs. The basis of the
method is a pattern such as:

NEXTBL = BREAK(' ') @GL SPAN(' ') *NEXTBL
To assure the match is anchored, the following pattern can be used:
LOCBL = POS(0) NEXTBL

During pattern matching, each time BREAK succeeds, the current cursor po-
sition is assigned to L. Eventually NEXTBL fails, and the value of L indicates
the position of the last blank in the subject string.

This pattern fails to account for a subject string that contains no blanks.
LOCBL always fails; there is no way it can succeed. Therefore it is only useful
because it assigns a value of L. Even if | is set to zero before matching, there
is no way to distinguish, as a result of matching, whether the subject string
starts with a blank or simply contains no blanks at all. This problem may be
resolved by using another cursor assignment to note the position after blanks:

NEXTBL =  BREAK(' ') GL SPAN(' ') @M *NEXTBL

Furthermore, both | and M can be initialized to zero at the beginning of the
pattern match, and the value of M tested at the end:

LOCBL = POS(0) @L @M NEXTBL | *GT(M,0)

After the first alternative fails (as it must), the value of Mis checked. If it is
greater than zero, at least one span of blanks must have been found, and the
value of L is the position of the last span of blanks. If Mis zero, there are no
blanks in the subject string. LQCBL now succeeds if blanks are found and
fails otherwise.

This kind of programming—writing pattern procedures—appeals to some
programmers and repels others. It offers the advantages of compactness,
efficiency in some situations, and intellectual challenge. On the other hand,
such programming methods tend to be difficult, obscure, error-prone, inef-
ficient in some situations, and particularly susceptible to idiosyncrasies in
the pattern-matching algorithm.

EXERCISES

1.14 What happens if the pattern VERTICAL is used in the quickscan mode?
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1.15 What happens if the pattern ROUT is used directly, without anchor-
ing the pattern match?

1.16 Write a pattern that prints the location of all spans of blanks in a
string. Generalize the pattern so that the characters in spans of in-
terest are not limited to blanks, and may be specified at the time
pattern matching is performed.

1.17 Write a pattern that divides a string at its last (rightmost) span of
blanks, assigning the part before the span to one variable, and the
part after the span to another.

1.18 Write a pattern to print the items of a list as described in Section 1.1.1.
1.19 Write a pattern to print the words in a string of text.

1.4. STRUCTURING DATA TO UTILIZE PATTERN MATCHING

One of the most difficult problems in programming is the selection of
good representations for data. SNOBOL4 offers many possibilities, especially
in data structures. A good part of Chapter 3 is devoted to this subject.
Since SNOBOL4 has so many string-manipulation facilities, it is tempting to
represent all kinds of data as strings. Succumbing to this temptation is per-
haps the most frequent cause of poor SNOBOL4 programs. Nevertheless,
there are some natural uses of strings for representing data. In addition to
data that is inherently string-structured, such as written text, there are situa-
tions in which mathematical expressions are best handled as strings. This
matter is discussed in Chapter 4.

Occasionally the possibility of a string representation of data occurs in
unexpected contexts. Consider, for example, the question of patterns of
occurrences of integers with certain properties [14]. Let the characters of a
string represent the positive integers by position. Suppose that X is used to
indicate an integer having a specified property, and 0 is used to indicate an
integer that does not have the property. A “property string’’ corresponding
to the odd integers is

0XOXOXOXOX0XOXOX0X0X ...
Similarly, the primes are represented by

XXX0X0X000X0X000X. . .

Alternatively, discarding the lone even prime, the primes among the odd
integers are represented by

XXXXOXXO0XX0X00XX00
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A little knowledge of number theory suggests that one would not expect to
find regular patterns in such sequences. In any event, the strings of interest
would be too long to manipulate in a program. Nonetheless, this approach
provides an interesting, if somewhat unconventional, way of considering
such data.

Another example of the use of string representation is afforded by the
familiar game of tic-tac-toe. One of the more common demonstrations of
interactive computing is a program that plays this game against a human op-
ponent. The game itself is simple, and the program is not difficult to write.
One of the first considerations is the representation of the board on which
Os and Xs representing the player’s moves are to be placed. The board is
usually pictured geometrically as shown by a game illustrated in Figure 1.1.

0 X
X 10 |)
0 )

Figure 1.1 A Tic-Tac-Toe Board

A program representation, analogous to this illustration, is a 3-by-3 array.
To obtain symmetry, the array might have its center at zero:

BOARD =  ARRAY('-1:1,-1:1")

There is no question that such a representation is natural. Examination of
the operations involved in playing tic-tac-toe shows that such an array repre-
sentation presents some clerical difficulties. The essence of the game in-
volves adjacencies. Any three similar marks along a line constitute a win.
Two marks along a line containing an empty space represent a potential win
(or loss, depending on whose turn it is). While it is no technical problem to
write a program to determine such configurations, there are many combina-
tions to be tried, even for such a small board.

In SNOBOL4 it is natural to think of such configurations as patterns.
Unfortunately, SNOBOL4 does not provide two-dimensional strings. The
two-dimensional structure can be easily ‘‘unfolded’’, however, into a one-
dimensional string of nine characters. Suppose the board positions are iden-
tified by numbers as shown in Figure 1.2.

01112
31415
6718

Figure 1.2 A Numbered Board
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Then a string of nine characters, corresponding by position to the numbers
above, represents the board. The reason for starting the numbering at zero,
rather than one, will become apparent in the subsequent discussion. An
empty board, corresponding to the beginning of the game, is created by a
statement such as:

BOARD = '"......... !

Dots instead of blanks are chosen to represent empty positions in order to
provide visibility to the board.

Consider some typical operations that occur during a game. One is
placing a mark at a given position. A pattern that can be used is

PLACE = TAB(*N) . H LEN(1)
and the statement to perform the operation is
BOARD PLACE = H MARK

where the value of N determines the position, as indicated in Figure 1.2, and
the value of MARK determines which type of mark is made. Starting the num-
bering at zero avoids the necessity for constantly subtracting one when lo-
cating the position.

The center of a tic-tac-toe board is crucial in the game. A pattern to
determine whether the center is empty is

CENTER = TAB(4) '.'

More complicated board positions require more elaborate patterns. The rows
are described by three consecutive characters beginning at positions 0, 3,
and 6. If C1, C2, and C3 are three consecutive marks of interest, a pattern to
determine if such a row exists is given by

ROW = (TAB(0) | TAB(3) | TAB(6)) C1 C2 C3

Anticipating the need for such patterns in more general contexts, the follow-
ing function might be useful:

DEFINE('ROW(C1,C2,C3)")
R = TAB(0) | TAB(3) | TAB(6)

ROW ROW = R ClC2C3 - (RETURN)

ROW returns a pattern that successfully matches a board that has a row con-
sisting of C1, C2, and C3 (in that order). An example is

ROWX = ROW('X','X','X")

which produces a pattern that matches a row of Xs.
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Columns start at positions 0, 1,and 2. A function COL, similar to ROW, is
given by

DEFINE('COL(CT,C2,C3)")
C = TAB(0) | TAB(1) | TAB(2)

COL coL = ' C1 LEN(2) C2 LEN(2) C3 : (RETURN)

A function to create a diagonal-matching pattern is:

DEFINE('DIAG(C1,C2,C3)")

DIAG DIAG = TAB(0) C1 TAB(4) C2 TAB(8) C3
+ TAB(2) C1 TAB(4) C2 TAB(6) C3 :(RETURN)
A losing board position for the player with the mark X is described by
LOSEX = ROW('0','0','0") l coL('o','o','0") |
+ DIAG('0','0','0")

Note that the patterns created by these functions are naturally thought of as
pattern procedures that go through a series of alternatives during pattern
matching.

Another use of patterns is illustrated by the problem of printing the
board. Printing involves ‘‘folding’’ the string that represents the board. A row
of the two-dimensional representation of the board is printed by the pattern

ROW = LEN(3) .- OUTPUT
A pattern to print the entire board is
PRINT = ROW ROW ROW

The printing statement is simply

BOARD  PRINT

If blank lines are needed above and below the printed board to set it off
from other output, PRINT can be rewritten as follows:

SKIP = NULL . OUTPUT
PRINT = SKIP ROW ROW ROW SKIP

where the value of NULL is the null string.

As mentioned before, the use of pattern matching to this extent is a mat-
ter of taste. This example is designed to illustrate the systematic application
of pattern matching to procedural problems.
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EXERCISES

1.20 Write a program to print
(a) The positions of interest in property strings.
(b) The distances between positions of interest in property strings.

1.21 A palindromic number is one that reads the same forward and back-
ward. An example is 8135318. Generate property strings for
(a) The palindromic numbers among the first 500 positive integers.
(b) The odd palindromic numbers among the first 500 positive integers.
(c) The palindromic numbers among the first 500 squares.
Apply the results of Exercise 1.20 to these strings.

1.22 Write a pattern that locates a free corner on a tic-tac-toe board.

1.23 Write a complete program to play tic-tac-toe. Design the program to
operate interactively to play against a human opponent. Use the string
representation of the board and employ pattern-matching techniques
wherever possible.

1.24 Describe how to minimize the size of the patterns needed in the so-
lution to Exercise 1.23.

1.25 Perform Exercise 1.23 using an array representation of the board.
Avoid the use of pattern matching as far as possible. Compare the
two programs.



2 DEFINED FUNCTIONS

Defined functions serve many purposes in SNOBOL4 programs. They
provide a mechanism for isolating commonly used sections of a program in
one place, they serve as mnemonic aids in identifying certain operations with
common notation, and they are a vehicle within which recursion may be
performed.

In a sense, the use of functions is a programming discipline—a way of
thinking and a framework for problem solving. No other technique is as
important. The proper use of functions often makes feasible a program
solution that otherwise would be intractable.

The virtues of the use of functions are generally well understood, al-
though they receive more lip service than practice. We will assume that the
virtues of functions are not arguable, and focus attention instead on different
contexts in which functions are important, describe good programming
practices with respect to functions, and give a number of examples of func-
tions, some of which will be useful later in the book.

2.1. DEFINED FUNCTIONS AS A MECHANISM FOR LANGUAGE EXTENSION

Defined functions provide the major facility for extending the SNOBOL4
language. SNOBOL4 has a number of built-in functions (about 60—the num-
ber varies somewhat with the particular version). The syntax for all these
functions is the same; the difference is in the name of the function and the
number of arguments, but not in the form. Defined functions use the same

20
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syntax. There is no general way of telling, from a function call itself,
whether the procedure being called is built into the SNOBOL4 system or is
part of the particular SNOBOL4 program. A defined function is used in a
program in the same way that a built-in function is used. Thus, the defini-
tion of a function can be thought of as an extension of the SNOBOL4 lan-
guage. Defined functions, for the most part, could just as easily be imple-
mented as built-in functions; the program would be written the same way
and the results of execution would be the same. (Recursive functions,
whose definitions involve calling the functions themselves, are not as natural-
ly thought of in this way.)

2.1.1. Basic Extensions

When a language like SNOBOL4 is designed and implemented, certain
operations are included in the form of built-in functions and operators, and
other operations are left to be defined if they are needed. The considera-
tions that apply are:

(a) Generality of the need for a particular operation. SIZE, for ex-
ample, is an operation that has general use. If an operation is fre-
quently needed, a built-in function provides convenience and
efficiency.

(b) Relative efficiency of a built-in procedure as opposed to a defined
procedure. SIZE, for example, can be implemented as a defined
function using pattern matching. This defined function is awkward
and extremely inefficient compared with the built-in function.

(c) The impossibility of defining the operation. REWIND, for exam-
ple, cannot be defined in terms of other built-in operations.

Working against the inclusion of an operation in the built-in repertoire is
the cost associated with each built-in function. Cost can be measured in
terms of

(a) Implementation effort.

(b) Increased size of the resulting system.

(c) The documentation required.

(d) The burden imposed on the user of an increasingly large and com-
plex language.

Working within the framework and philosophy of a particular language,
the designer makes decisions based on the contending factors listed above.
The result is inevitably a compromise, and experience usually shows that
some of the decisions are incorrect. In any event, the repertoire of built-in
functions suits some users in some situations, but not others. In most cases
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it is easy to extend the repertoire of built-in functions by adding defined
functions. Consider the following example.

SNOBOL4 has few facilities for automatic formatting on output. When
printing columns on a page, it is necessary to pad with blanks in order to
place strings in their appropriate places. This is generally done using DUPL.
For example, to print a string left justified ten spaces from the left margin,
the following statement might be used:

OUTPUT = DUPL(' ',10) STRING

Similarly, to print the string right justified at column 20, the following state-
ment might be used:

OUTPUT = DUPL(' ',20 - SIZE(STRING)) STRING

If several columns are to be printed side by side, this method becomes cum-
bersome. For such situations, two functions, LPAD and RPAD, are useful.
Some implementations of SNOBOL4 have these functions built in. LPAD
and RPAD, in their simplest forms, have two arguments: a string and an in-
teger. The value returned is the string with blanks added on the left or right
respectively so that the length of the string returned is the specified integer.
Simple definitions of these functions follow.

DEFINE('LPAD(S,N)")
DEFINE('RPAD(S,N)"')

LPAD  LPAD " DUPL(' ' N - SIZE(S)) S :(RETURN)
RPAD  RPAD S DUPL(' ',N - SIZE(S))  :(RETURN)

With these functions, the SNOBOL4 language is extended to provide padding
with blanks. Such functions can be used to build up a library for use with
other programs.

The procedures for LPAD and RPAD given above illustrate some general
principles that should be followed in writing functions. These principles are
especially important when functions are used with language extension in
mind and are intended to form part of a library. Such functions should be
carefully designed to produce meaningful results or error indications if an
unexpected or erroneous situation is encountered. For example, suppose
that N is less than SIZE(S). In the functions above, the call of DUPL fails
and a null string is returned as value. Return of a null string without any
indication of a problem is probably not what a user of these functions would
want. One solution is to signal failure in such cases as illustrated by the fol-
lowing alternative procedure for LPAD:

LPAD  LPAD = DUPL(' ',N - SIZE(S)) S  :S(RETURN)F(FRETURN)
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This solution has the intrinsic merit of causing the padding function to treat
an impossible situation in the same way that the built-in function DUPL does.
When thinking of defined functions as extensions of the language, it is
usually desirable, for consistency, to have defined functions behave in the
same general way that built-in functions do.

There is always the question of how far to carry error checking and what
to do if an error is detected. Suppose, for example, N is erroneously given as
a (nonnumeral) string. This results in an argument for subtraction that has
an illegal data type. The procedure could test the data type of the argument
before executing the padding statement. This is cumbersome and time con-
suming, however. There are two other approaches: (1) use &ERRLIMIT to
have the error cause failure, or (2) let the error occur. Both methods have
their advantages and disadvantages, and a particular situation or programmer
preference may dictate the choice. The second alternative is simpler and has
the virtue of treating such errors with essentially the same philosophy that
SNOBOLA4 itself uses.

Some individuals prefer to provide error exits for erroneous situations.
This technique is particularly useful during program debugging. For example,
the procedure above might be changed to

LPAD  LPAD = DUPL(' ',N - SIZE(S)) S :S(RETURN)F (ERROR)

If the string cannot be padded, a branch to ERROR occurs. A statement at
ERROR could print an error message and then return, successfully or signaling
failure, depending on preference. Alternatively, in the debugging stage, it
may be convenient not to provide a statement with the label ERROR. Ifa
branch to ERROR occurs, program termination results. This pinpoints the
location of the problem and has the additional advantage of leaving the
values of formal arguments (and local variables, if any) of the function in-
tact and available for inspection in the string dump. A statement with the
label ERROR can be added later when the debugging phase is complete.

For functions that serve as language extensions and are likely to be
placed in a library or distributed to other programmers for their use, error
messages as described above may prove annoying. For example, error mes-
sages printed in an otherwise acceptable output are likely to be intrusive.
This situation essentially amounts to a question of control. In general, the
less a function does to take control away from the user, the better. Nothing
essential is lost, for example, if a function simply fails without printing an
error message. The failure of the function call can be sensed and an appro-
priate message printed, if desired, by the routine that made the call. Such a
situation is illustrated in the following statement:

OUTPUT =  LPAD(S,20) :F(ERROR)

In some cases it may be more desirable not to treat the inability to pad a
string as an error at all. The padding functions can simply return the string
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unmodified if it is too long. This behavior can be obtained without extra
programming by using a simple device that is useful in many similar contexts.
Rather than thinking of the padding functions as having two arguments from
which a value is computed, think of the padding functions as modifying a
string. Let the first argument of L PAD be LPAD itself:

DEFINE('LPAD(LPAD,N)")

LPAD LPAD = DUPL(' ',N - SIZE(LPAD)) LPAD :(RETURN)

When LPAD is called, the value of the variable LPAD is the string to be modi-
fied. If DUPL fails, LPAD is unchanged, and the string is simply returned,
unmodified, as value.

Another matter that should be kept in mind in writing functions is gen-
erality. Often, if a little care is taken in design, a function can be made
general enough to use in a variety of situations, whereas if a function is writ-
ten only for a specific situation, other similar and essentially repetitive func-
tions must be written whenever a new situation arises. The padding functions
given above illustrate this point. While it is generally true that padding is
done with blanks, sometimes other characters are used for padding; periods
and dashes are most typical. The functions as written above are useless for
such situations, although a minor change would provide the desired general-
ity. Using the form of LPAD where failure is signaled if the string cannot be
padded, the result is:

DEFINE('LPAD(S,N,C)")

LPAD  LPAD = DUPL(C,N - SIZE(S)) S : S(RETURN)F (FRETURN)

Here the third argument provides the padding character. A further touch of
elegance can be obtained by considering that most padding is done with
blanks, and that having to specify this in every call is cumbersome. There-
fore establish blank as the default value for C as follows:

LPAD C = IDENT(C) ' °
LPAD = DUPL(C,N - SIZE(S)) S :S(RETURN)F (FRETURN)

Not only does this technique obviate the explicit writing of the third argu-
ment when blank padding is desired, but it is also an ‘“upward compatible”
generalization of the previous version of LPAD. No matter how much care is
taken to design functions with generality, it is frequently the case that hind-
sight suggests better methods. Where new procedures can be added without
requiring modification of existing function calls, that approach should be
taken. It might appear more logical, for example, to have the padding



Sec. 2.1 DEFINED FUNCTIONS AS A MECHANSIM FOR LANGUAGE EXTENSION 25

character as the second argument rather than the third. This choice has two
disadvantages, however: (1) if the padding functions with two arguments had
previously been used in programs, every call would have to be rekeyboarded,
and (2) for the most common case, padding with blanks, the second argu-
ment would have to be written with an explicit blank or would have to be
explicitly omitted using a second comma to indicate a null argument. Asa
general rule, extra, optional arguments are best placed in trailing positions.

When writing functions to extend SNOBOLA4, it is particularly important
that the procedures be as independent as possible of conditions in the pro-
grams in which they may be used. Since SNOBOL4 provides no facility for
local labels, it is obviously not possible to write functions so that they will
work in any program. Other global aspects of the program environment are
similarly beyond the control of a particular function. Since a function can
only achieve an approximation of independence from the context in which it
is used, there is always the question of how much effort should be expended
in this regard. In practice, the problem is not as severe as it may seem. Some
matters, such as specification of local variables, are simple. By selecting
labels that are unlikely to be used in other programs, the probability of the
collision of label names can be minimized. Such methods produce proce-
dures that are difficult to read, and hence are not used in this book. The
commonest cause of conflict is the anchored mode of pattern matching.
Consider a function COMPRESS(S,C) that compresses spans of characters.
A simple procedure is:

DEFINE('COMPRESS(COMPRESS,C)"')
COMPAT =  *C SPAN(*C)

COMPRESS COMPRESé COMPAT = C :S(COMPRESS ) F (RETURN)

This procedure requires the unanchored mode. If used in a program that is
operating in the anchored mode, COMPRESS does not work properly. One
rather awkward solution to this problem is to save the current mode on entry
to the function, establish the unanchored mode, and then restore the original
mode on exit from the function. Generally speaking, it is better practice to
write the procedure in a way that is independent of the anchored mode. An
alternative procedure is:

DEFINE('COMPRESS(S,C)H")
COMPAT =  BREAK(*C) . H SPAN(*C)

COMPRESS S  COMPAT =
COMPRESS
COMRET  COMPRESS

: F(COMRET)
COMPRESS H C : (COMPRESS)
COMPRESS S : (RETURN)
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EXERCISES

2.1 Write procedures for LPAD and RPAD allowing for a third argument that
specifies the padding character and taking into account the problem
that arises if a string more than one character long is given as the third
argument.

2.2 Write a function for centering a string within a specified width.

2.3 Write a function whose value is the result of interleaving the characters
of two strings. Take into account the possible situations that may arise
if the strings are not of the same length.

2.4 Write a function to reverse a string.
2.5 Write a function to rotate a string by n characters.

2.6 Write a function to delete all occurrences of a specified character from
a string.

2.7 Frequently there is a need to use arrays where the number of items to
be referenced is not known. Write functions to truncate and extend
arrays.

2.1.2. More Elaborate Extensions

The functions described in the preceding section are of a kind that could
easily have been included in the basic repertoire of built-in functions. In
reference to the criteria for determining whether or not a function should be
built-in, all of the defined functions listed above are at least reasonable
candidates for being built-in.

There are often situations where a given function or set of functions is
of considerable utility in a specific program or set of programs, but not of
sufficient general utility to warrant serious consideration for inclusion as
part of the language. Nonetheless, such a function or set of functions may
be a reasonably consistent extension within a limited context. Consider the
following example.

SNOBOL4 has facilities for representing and performing computations
on integers and real numbers. Some problems require the manipulation of
complex numbers, which consist of two parts: a real part and an imaginary
part (both parts are typically real numbers). The DATA function in SNOBOL4
provides a way for representing such objects. The statement

DATA('COMPLEX(R,I)")

creates a defined data type, COMPLEX, and three functions. COMPLEX creates
COMPLEX objects, and R and I are field functions referencing the real and
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imaginary parts, respectively. These three functions provide the capability
for performing complex arithmetic. For example, the following statements
create three complex numbers, the third of which is the (complex) sum of
the first two.

Cl = COMPLEX(1.3,-2.5)
C2 = COMPLEX(-4.1,6.0)
C3 = COMPLEX(R(C1) + R(C2),I(C1) + I(C2))

The three functions COMPLEX, R, and I do not, in themselves, provide any
complex arithmetic operations or functions. A natural extension for a pro-
gram that manipulates complex numbers is a set of functions for performing
complex arithmetic. Consider the addition of complex numbers:

DEFINE('ADD(N1,N2)")

ADD  ADD = COMPLEX(R(N1) + R(N2),I(N1) + I(N2)) :(RETURN)

With this function, any two complex numbers can be added.

When thinking of functions as a language extension for a specific use,
such as complex arithmetic, there is the question of what functions should
be provided. For complex numbers, ADD, SUB, MUL, and DIV are obvious.
Less obvious is the need for data-type conversion functions. There are a
variety of automatic conversions in SNOBOL4 for built-in data types. For
example, conversions among integers, real numbers, and numeral strings are
performed automatically in most contexts. Since data read into or output
from a program is necessarily in the form of strings, a natural extension is to
provide for conversions between STRING and COMPLEX data types. It is
necessary to decide how a complex number is to be represented as a string.
If the conventional printed form is taken as a guide, the first two complex
numbers given above might have the following string representations:

S1
\Y

'1.3-2.51"
'-4,1+6.01"

Thus, the real part is given first with an initial sign only if it is negative, and
the imaginary part follows, always with a sign and followed by an . Other
representations are possible; the choice is largely a matter of personal pref-
erence. It is desirable to select a representation that is natural, close to the
conventions used in other contexts, easy to read, and reasonably easy to
process.

Two functions, STRCPX and CPXSTR, for converting from STRING to
COMPLEX and vice versa now follow naturally:
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DEFINE('STRCPX(S)I,R")

DEFINE (' CPXSTR(C)"

CPLX =  (LEN(1) BREAK('+-')) . R BREAK('I') . I
STRCPX S CPLX .F (FRETURN)

STRCPX =  COMPLEX(+R,+I) : (RETURN)
CPXSTR CPXSTR =  LT(I(C)) R(C) I(C) 'I'  :S(RETURN)

CPXSTR = R(C) '+' I(C) 'I' . (RETURN)

In the first function, pattern matching is used to locate the two parts. The
unary + is used to convert these parts to numbers. If this were not done, the
two parts would be strings. Although they would have the correct numerical
values, and arithmetic would be performed correctly, constant conversion
would be performed. More seriously, a positive imaginary part would have
an initial plus sign which would complicate CPXSTR, because it would then
have to deal with both numeral strings and numbers. It is better to produce
COMPLEX numbers in ‘“‘canonical form’’ from the beginning. In CPXSTR, note
that the sign separating the real and imaginary parts must be given special
consideration.

With the functions given above, complex numbers can be read in, com-
plex calculations can be performed, and the results can be printed out. It is
nonetheless awkward to have to use function calls when performing arith-
metic. Consider the statement

C5 = SsuB(MuL(C1,C2),MUL(C3,C4))

If integers or real numbers, rather than complex numbers, were being op-
erated on, the statement could be written as

C5 = C1 *(C2-C3*C(C4

Operator notation is, in fact, a convenient shorthand. There is no basic dif-
ference between functions and operators except syntax. Operations that are
performed very frequently are represented by operators rather than by func-
tions; an operator expression is generally easier to read and is briefer.
Conventions about precedence and associativity of operators make most
parentheses unnecessary. If much complex arithmetic is being performed, an
operator notation would offer the convenience customarily associated with
integer and real arithmetic. In addition, complex arithmetic operations
paralleling integer and real operations could have the same form.

SNOBOL4, through the use of OPSYN, makes such extension of opera-
tors possible. For addition, the statement

OPSYN('+','ADD',2)
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changes the meaning of the binary + operator, making it equivalent to ADD so
that when + is used, ADD is called to perform the operation. Now it is pos-
sible to write

Cl = (2 + C3
instead of
cl = ADD(C2,C3)

If nothing except the QPSYN above is executed, however, an error results.
The OPSYN makes + and ADD synonymous. When ADD is called, + is en-
countered in the procedure for ADD. Since + is synonymous with ADD, ADD
is called again, this time with real numbers as arguments. Subsequent appli-
cation of field functions to these real numbers is an error. The basic problem
is that there are two kinds of addition: the defined one for complex num-
bers, and the built-in one for real numbers and integers. This problem may
be solved by first ‘“saving” the built-in operation for binary + by OPSYNing
another operator, say &, to it. This operator can then be used instead of +
in the ADD procedure. The resulting changes are

OPSYN('&','+',2)
OPSYN('+','ADD',2)

ADD ADD = .COMPLEX(R(Nl) & R(N2),I(N1) & I(N2)) : (RETURN)

Of course, any part of the program that performs integer or real addition
must be changed similarly. If complex arithmetic is to be considered an ex-
tension to SNOBOL4, requiring the use of & for + everywhere (and other
operators similarly) is extremely unattractive.

A further extension solves the problem. Since the occurrence of + now
calls ADD, the procedure for ADD can be extended to test the data types of its
operands and perform the appropriate kind of arithmetic accordingly. For
the purpose of example, we will assume that if either operand is COMPLEX,
both are.

ADD IDENT (DATATYPE(N1),'COMPLEX") :S(ADD1)
ADD = NI & N2 : (RETURN)
ADD1T  ADD =  COMPLEX(R(N1) & R(N2),I(N1) & I(N2)) : (RETURN)

Now + can be used anywhere in the main program and the correct operation
will be performed. Of course, some efficiency is lost, since any occurrence
of + results in a call to ADD, regardless of whether integer, real, or complex
addition is being performed.

Complex arithmetic is just one example of the use of functions for lan-
guage extension. There are numerous examples in other chapters.
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EXERCISES

2.8  Write a full set of functions for complex arithmetic as follows:
(a) First consider only complex operands.
(b) Then consider extension to integers and real arithmetic.
(c) Finally consider the case in which mixed forms of arithmetic may
occur.

2.9 Write functions corresponding to the unary + and - operators. Con-
sider all cases listed in Exercise 2.8.

2.10 Write a function that computes the absolute value of a complex
number.

2.11 Add error checking to STRCPX.
2.12 Extend STRCPX and CPXSTR to allow for operands of various types.

2.13 Generalize the built-in function TRIM so that the trailing character to
be trimmed can be specified.

2.2. RECURSIVE FUNCTIONS

The technique of recursive definition—defining a thing in terms of itself —
is a powerful and concise method commonly used in mathematics. Well-
known examples are the factorial:

n'=1 forn=0
n! = n*n — 1)! forn> 0
n! is undefined otherwise

and the Fibonacci numbers:

f(ny=1 forn=1, 2
f(n)=fn—1)+ f(n— 2) forn > 2
f(n) is undefined otherwise

Such definitions suggest a similar approach to the computation of values for
these functions. For example, the recursive definition of Fibonacci numbers
has a direct counterpart in the following function:

DEFINE('F(N)")

F LT(N,1) :S(FRETURN)
F o= LE(N2) 1 :S(RETURN)
F = F(N’- 1)+ F(N - 2) : (RETURN)
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The close correspondence between the recursive definition and the function
for computing values makes programming functions like these very easy in-
deed. Note that an argument for which the function is not defined causes
failure. Validity checking could be extended to assure that the argument is
of the correct data type.

Although recursion is often convenient, it may be inefficient, and is
certainly not the best approach to use if many values are to be computed.
There are several reasons for this. One is inherent in recursive function calls:
values of formal arguments and local variables are saved when a call is made
and are restored upon return. This process necessarily takes time and space.
There is, of course, computational overhead in the call itself. Another reason
for inefficiency results from the structure of some definitions themselves.
To compute F(5), for example, the recursive method requires the computa-
tion of F(4) and F(3). But F(4) requires the computation of F(3) and
F(2), and so on. Figure 2.1 shows all the values computed (and hence calls
made) in the process of computing F(5).

Figure 2.1 Calls in Computing F (5)

Thus, F(3) is called twice, F(2) three times, and F(1) twice, all in a single
computation of F(5). For these reasons, recursive procedures are usually
avoided in such computations. Iterative methods, without the inefficiencies
mentioned above, are sought instead.

In spite of these problems, however, recursion has a very important
place in programming. The underlying motivations for using recursion are
its essential conciseness and the close relationship that often exists between
the statement or structure of a problem and its recursive solution. In this
sense, recursion is as much a problem-solving tool as it is a programming
tool. There are many programming problems for which it is so difficult to
formulate any solution at all that the simplicity of a recursive formulation
may provide the only method.

Consider the following well-known recursive function due to Ackermann
[16,17]:
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a(myn)=n+1 form=0,n>0
a(m,n) = a(m— 1,1) form>0,n=0
a(m,n)=a(m—1,a(m,n — 1)) form>0,n>0

a(m,n) is undefined otherwise

While this function is of theoretical, not practical, interest it nevertheless
provides an example for which a recursive solution is easily formulated by
mimicking the definition. An iterative solution is another matter.

The structure of data in a problem may suggest a recursive solution.
Consider the case of an arithmetic expression containing, for sake of example,
only binary operators. Usually such expressions are written in infix notation
with the operators between the operands. An example is

((7+X)-(Y*(N+3)))/2

An alternative form uses prefix notation in which the operators precede
their operands. In this notation, the expression above is

/("(+(79X)9*(Y9+(Na3)))32)

While prefix notation is more difficult for human beings to read, it is often
easier to process in a program. Here we are concerned simply with the
problem of converting from one form to another. Assume that a function
PREFIX for doing this conversion is to be written. To further simplify the
problem, we will assume that infix expressions are sufficiently well paren-
thesized so that implied associativity and precedence do not have to be
considered. To convert from infix to prefix form, an expression can be
considered to be a string in which an operator stands between two operands.
Of course, the operands may contain expressions themselves, but the entire
string consists of an operator separating two operands. Assuming the four
most frequently encountered operators, for sake of example, a pattern to
match an expression is:

INFIX = POS(0) BAL . L ANY('+-*/') . OP BAL . R RP0S(O)

The use of POS and RPQS assures that the entire string is matched, and BAL
assures that the operands are correctly matched according to their paren-
thesization. INFIX matches correctly unless the entire expression is an
operand. This may occur either because there is no operator at all, or be-
cause the entire expression is surrounded by parentheses. Examples of
these cases are:

X
(Y+2)

The first case does not require conversion to prefix form, and the second
case can be resolved by removing any parentheses that surround the entire
expression. Assuming that these matters have been taken care of, the
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pattern INFIX can be used to identify the operator, and to assign operands
to L and R. Both L and R are, necessarily, infix expressions. Since PREFIX
is a function for converting from infix to prefix, it can be applied to L. and R.
The transformation is:

EXP INFIX = OP '(' PREFIX(L) ',"' PREFIX(R) ")'

Of course this statement is itself a part of PREFIX. At this point, recursion
enters the picture. A complete function, including the handling of expres-
sions that are operands, follows:

DEFINE('PREFIX(EXP)L,R,0P")
STRIP = POS(0) '(' BAL . EXP ')' RP0OS(0)

PREFIX EXP STRIP :S(PREFIX)
EXP INFIX = OP '(' PREFIX(L) ',' PREFIX(R) ')
PREFIX = EXP - (RETURN)

The first statement of PREFIX removes any parentheses that may surround
the entire expression. Note that the result within parentheses is assigned to
EXP, and hence transforms EXP. If INFIX fails to match, EXP is not trans-
formed. In either case, the expression is assigned to PREFIX which is re-
turned as value.

One problem that frequently arises is how to detect when a recursive
solution should be employed. It is not possible to give a simple recipe to
follow, but the presence of one factor may suggest the possibility of a recur-
sive solution: if the data to be processed can be described recursively, recur-
sive processing is usually feasible. The expressions processed above have this
quality. That is, an expression may consist of an operator separating two op-
erands, but an expression is also an acceptable operand for another operator.

One final word of caution about the use of recursion is in order. Most
implementations of SNOBOL4 have a fixed amount of space reserved for
saving the values of formal arguments and local variables. The maximum
depth of function call therefore depends on the number of values that have
to be saved and in some cases on other processes, such as storage regeneration,
that may share the space used for saving values. A maximum depth of 30 to
50 is typical. This limitation may impose very real restrictions on the use of
recursion in some instances.

This section merely touches on the use of recursion. Many of the pro-
grams given in subsequent chapters use recursion in one way or another.
Some individuals find recursion natural and appealing while others have dif-
ficulty understanding it and using it. Since recursion is an essential part of
much of the subsequent material in this book, the reader who is uncomfort-
able with recursion should spend some time studying the concept of recursion
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and attempting specific examples before proceeding. The best method for
gaining practical insight is to actually run some simple programs containing
recursive procedures and to observe the results. In particular, use & FTRACE
to obtain a printed record, in sequence, of calls and values returned.

EXERCISES

2.14 Write both recursive and iterative definitions for the factorial function.
Compute n! for several (reasonably small) values of n, using &FTRACE
to explicate the processing performed by the two procedures.

2.15 Write an iterative procedure for computing Fibonacci numbers. Com-
pare this procedure to the recursive one given in the text.

2.16 Write a (recursive) procedure for computing Ackermann’s function.
Compute a(1,2), a(2,3), and a(3,2). Use &FTRACE to print the course
of the computations.

2.17 Modify the solution to Exercise 2.16 to print a histogram of the depth
of recursive call during the computation of Ackermann’s function.

2.18 Use the suggestion given in Section 2.1.1 and make the formal argu-
ment of PREFIX the same as the function name.

2.19 What would be the effect if PREFIX were not defined with L, R, and
OP as local variables?

2.20 Write a recursive procedure for reversing strings (see Exercise 2.4).
Compare the iterative and recursive solutions.

2.21 Describe how the structure of an infix expression is related to the
maximum depth of recursive call in PREFIX.

2.22 Write a function that converts expressions from prefix form to infix
form.

2.23 Write a function that evaluates expressions written in prefix form.
Assume that all operands are integers.

2.3. GENERATORS AND SUCCESSORS

In a number of situations, it is necessary to generate, on demand, suc-
cessive values according to some set of rules. The most familiar example is
the generation of pseudo-random numbers.
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2.3.1. Random Number Generation

The generation of pseudo-random numbers has been the subject of a
great deal of investigation, both theoretical and practical. Discussion of the
properties of pseudo-random number generators is beyond the scope of this
chapter. For excellent coverage of this subject, see Reference 18. The
process can be conceptualized as the selection of successive integers R, R, ,

. R;, ... from a set of integers as shown in Figure 2.2.

Figure 2.2 Successive Integers

The process of generating successive integers has two fundamental properties:
(1) the jth number, R;, is derived from the (j — 1)st number, R;_, , according
to some fixed set of rules, and (2) the rules are designed to provide properties
desired of the set of numbers. In the case of pseudo-random numbers, rules
are chosen so that the set of numbers generated has the statistical properties
that would be expected of truly randomly-chosen numbers. In most cases,
the rules are the same regardless of the value of j and the time that the rules
are applied. Such rules constitute a successor function that can be applied to
any generated number to get the next number.

One of the best methods of generating pseudo-random numbers is the
use of a linear congruence sequence which has the form:

R, =p*R; + ¢ mod m forj> 0
Where

R, initial value R,>0

D multiplier p=0

c increment c=0

m  modulus m>R;,m>p,m>c

An example is provided by choosing R, = p = ¢ = 7and m = 0. The result-
ing sequence is 7,6,9,0,7,6,9,0,... which is periodic with period four. Ob-
viously this sequence does not produce pseudo-random numbers of good
quality. Reference 18 gives recommendations for selecting values to produce
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a pseudo-random number generator of high quality. For our purposes, we
will use

R,=0
p= 12621
c= 21,131
m = 100,000

Given a number R, the next number is computed by

R = REMDR(R * 12621 + 21131,100000)

Usually, random numbers are desired within some range that is small com-
pared with the value of m given above (in fact, m should be chosen to be
large compared with the maximum number desired). Therefore, the numbers
are scaled down. Suppose numbers are desired in the range of 0 to n — 1.
For the sequence above, the best results are obtained by multiplying the
number generated by n and then truncating the result. A complete tandom
number generator is:

DEFINE('RANDOM(N)")

RANDOM RANVAR REMDR (RANVAR * 12621 + 21131,100000)
RANDOM RANVAR * N / 100000 : (RETURN)

This procedure illustrates an important aspect of generators: the modi-
fication of the value of a global variable (here RANVAR). The value returned
is computed from the new value of the global variable. The value upon
which the computation is to be made cannot be provided as an argument;
the function can only change the value of a formal argument or local variable
during the period in which it is invoked. Once a function returns, the former
values of all such variables are restored. When a function such as RANDOM
requires a global variable, care must be taken to assure that this variable is
not modified inadvertently elsewhere in the program. Usually the name for
a global variable can be chosen to minimize the likelihood of such an error.
Note also that the previous value of RANDOM cannot be used to compute the
next value. The mapping from RANVAR to RANDOM is many-to-one in general,
and information is consequently lost.

2.3.2. Generation of Strings

Sometimes it is necessary to proceed systematically through a set of
strings that have some property of interest. For example, one may wish to
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determine whether or not any one of a class of strings is contained within
another string. In some situations, this kind of problem can be characterized
in terms of a pattern that matches substrings with the specified property. In
other situations, it may be necessary to generate all the strings of interest.
SNOBOLA4 is substantially more powerful in its analytic facilities than in its
synthetic facilities. For example, only a few statements are required to con-
struct a pattern that will match an algebraic expression. Writing a procedure
to generate algebraic expressions in any generality is a much more difficult
task. We will start here with some fairly simple cases and return to the
problem of generation in more generality in Chapter 7.

An ngram is simply a string of n characters. Usually, the character set
from which ngrams are composed is restricted. Thus, 2grams (digrams) of
letters might be of interest. Consider the problem of generating such strings
systematically. A first attempt is given by a function GRAM(N,CSET) where
N is the length of the ngram and CSET is a string of characters from which
ngrams (specifically, Ngrams) may be composed. A procedure is:

DEFINE('GRAM(N,CSET,HEAD)C,TEMP')
ONECH = LEN(1) . C

GRAM  OUTPUT =  EQ(SIZE(HEAD),N) HEAD : S(RETURN)
TEMP = CSET

GRAM1 TEMP  ONECH = : F(RETURN)
GRAM(N,CSET,HEAD C) : (GRAMT)

A typical call is GRAM(5, 'ABC' ) which provides

AAAAA
AAAAB
AAAAC
AAABA
AAABB
AAABC
AAACA
AAACB
AAACC
AABAA

The key to this function is the third argument, HEAD, which does not appear
in the specification of GRAM as given above. HEAD is null, by virtue of being
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omitted, when GRAM is called initially. GRAM builds up HEAD through suc-
cessive recursive calls. If HEAD is not of the desired length (N), the loop at
GRAM1 adds a character from CSET to HEAD and calls GRAM (recursively).
Output occurs when HEAD is of the desired length.

The utility of a function like GRAMis quite limited. What is produced is
an ‘“‘ngram dump’ without any possibility of intervention between succes-
sively generated ngrams. While such ‘““wallpaper” may be useful in gaining
insight about the properties of some classes of strings, a more controlled
generation, in the fashion of random number generation, is needed. Visu-
alizing the ngrams in the way used in Figure 2.2 for the generation of suc-
cessive integers illustrates that the ngrams can be considered to be strings in
an ordered set. See Figure 2.3.

AAAAA AAAAC AAABB —__

AN i N e T~

AAAAB AAABA CCCCC

X

Figure 2.3 The Set of S5grams

Note that the first member of the set is AAAAA and the last is CCCCC. This
choice is arbitrary, but natural, and uses the order of characters in CSET as a
basis. Such a set of strings can be characterized by a successor function
similar to that used for the generation of random numbers. A function
NEXTG, for generating successive ngrams, follows:

DEFINE('NEXTG(GRAM)C")

LAST = RTAB(1) . GRAM LEN(1) . C
SCSR = BREAK(*C) LEN(1) LEN(1) . C
CSET  LEN(1) . F

NEXTG GRAM  LAST . F(FRETURN)
CSET  SCSR LF(NEXTG1)
NEXTG GRAM C . (RETURN)

NEXTG1 NEXTG NEXTG (GRAM) F :S(RETURN)F (FRETURN)

Here N, F, and CSET are global variables, serving much the same function that
RANVAR serves in random number generation. NEXTG, given an ngram as an
argument, returns the next ngram as value, failing only if the last ngram is
given as an argument. So long as the last character of the ngram is not the
last character of CSET, the last character is replaced by its successor in CSET.
When the last character is encountered, NEXTG is called recursively with the
first N - 1 characters as an argument, and the first character of CSET, F, is
appended to the result. This type of formulation is possible, where it was not
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possible in RANDOM, because all the information necessary to compute the
next value is contained in the current value.

While the function above fails if given the last ngram as an argument, it is
possible to make the generation circular, returning the first ngram if the last
ngram is given as value.

EXERCISES

2.24 What limits the size of the modulus, increment, and multiplier in the
function RANDOM?

2.25 In most uses, a random number generator is associated with some
process. In some situations, there are several concurrent, but inde-
pendent, processes, each of which requires an independent sequence
of random numbers. Devise a method for implementing this without
writing separate random number generating procedures.

2.26 Write a function that generates a sequence of randomly selected
characters.

2.27 Write a function that generates random strings whose lengths are ran-
domly distributed between 0 and n.

2.28 Introduce an element of randomness into the play of the tic-tac-toe
program developed in the solution of Exercise 1.23.

2.29 Specify an appropriate default value for the second argument of
GRAM.

2.30 Write a function to generate the set of all alphabetic strings.
2.31 Write a function that returns the successor of any string.

2.32 Write a function that generates palindromic strings.

2.33 Modify NEXTG to make it return the first ngram, given the last.

2.34 Write a function to shuffle a deck of playing cards. Choose a repre-
sentation for the cards that is mnemonic.

2.35 One method of forming acronyms is to select the initial letter of each
word of a phrase. A more general method is to select any characters
from the phrase, provided that the letters occur in order in the phrase.
An example is: StriNg Oriented symBOlic Language. Write a function
to generate acroynms in this way.
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2.4. USE OF FUNCTIONS IN PROGRAM DESIGN

One of the natural results of the systematic use of defined functions is
program modularization. The advantages of modularization are well known,
especially with respect to the ease of program modification and maintenance.
Thinking of the components of a program as functions may also provide a
substantial additional benefit in terms of problem solving and implementa-
tion of the program. Separating a program into functional components
requires sorting out ideas, isolating and specifying operations, and generally
getting a clear logical understanding of relationships.

As an example, consider the problem of generating a simple concordance
that lists the line numbers of a text in which each word appears. With only
this statement, the problem is poorly defined, as is typical of most problems.
One of the first steps in the solution is to determine what operations have to
be performed and how the data is to be organized.

We may presume that the text to be processed is on a sequential data
file, since the problem mentions line numbers. There is, however, no indica-
tion of how these lines have been prepared. Assuming that the text is pre-
pared in a manner closely resembling printed text, there is still the question
of how the text is split between successive records. Perhaps a long stream of
text has been split into records at regular intervals. On the other hand, the
text may have been prepared with an explicit continuation convention that
indicates when a word is continued on the next record. The easiest situation
to handle is when the text is prepared so that words are not split between
records at all. Each record then ends with blanks if there is not enough room
for the next word.

The definition of a word is, in itself, a substantial problem. A simple
approach is to define a word to be a span of letters. An alternative approach
1s to consider words to be whatever occurs between blanks and punctuation
marks. Then questions arise about hyphenated compound words, abbrevia-
tions, various nonstandard constructions, and so on. In any event, a precise
definition of a word is a hopeless task; the problem is to make a definition
suitable for a particular situation and to write a program that will break up
the text accordingly. The method used in Section 1.1.2 will be followed here.

Developing a concordance requires some type of symbol table mechan-
ism. Since a word may appear several times on several different lines, it is
necessary to be able to look a word up in a table in order to add a new line
reference. Since the words in the text cannot be determined in advance, the
mechanism must be general enough to accommodate any specific words and
any number of different words that may occur. The TABLE data type is
designed for just this kind of situation.

After all the text has been processed, the table will contain lists of line
numbers associated with each word. Printing the results remains. Again the
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problem is vague. In what order should the results be printed? A natural
order is alphabetical. Other possible orderings are by first occurrence, by
length, by number of occurrences, and so on. It is reasonable to expect that
ordering the table will present programming problems.

The discussion above is rather detailed; more detailed than similar dis-
cussions elsewhere in this book. Such a discussion is typical of the first
thoughts about solving a programming problem. The reason for going to such
length here is to study an approach to program development rather carefully.
It is not uncommon for a programmer to start with a poorly defined problem
and start programming at once. This is particularly likely if the problem is
apparently as simple as the one given above. Some difficulties are resolved
naturally in the course of programming, but others get swept under the rug.
Still other problems may not be recognized until the program has been run
on a variety of data. Unless substantial care and effort are taken to assure
flexibility, the program may have limited utility or may require substantial
rewriting if requirements are changed. Suppose, for example, that an alpha-
betic listing is programmed, but that it is later decided that the listing should
be by number of occurrences.

Many such difficulties can be avoided if the problem is broken down into
functional components, isolating operations logically and physically, and
thus making debugging and revision easier. In the problem above, several
functions can be specified, with operations as follows:

(1) GET: a function that returns the next word from the text each time
it is called, and fails when the text is exhausted. Input and output
of text and the assigning of line numbers are the responsibility
of GET.

(2) CITE: a function that updates the symbol table, adding the asso-
ciation of a line number with a word.

(3) SORT: a function that orders the symbol table in the desired way.

(4) PRINT: a function that prints the symbol table in the desired
format.

These four functions amount to specifying the vertical organization of the
program. Depending on specific approaches, some of these functions may
call other functions, providing horizontal organization. The concordance
program, stripped of initialization and lacking procedures for the functions
above, is quite simple:

NEXT  CITE(GET(),LINE.NO,T) :S(NEXT)

PRINT(SORT(T))
END

Here T is presumed to be the symbol table containing the words and line-
number references. This program may appear somewhat mysterious and
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could give the impression of slight of hand, since none of the functions has
yet been written. Nevertheless, a person with some experience in writing
programs in SNOBOL4 will recognize that the four functions can be written
without great difficulty, and that they are substantially independent of one
another. We will go through the programming details to provide an illustra-
tion that the overall program organization can be addressed first and details
can be left until later.

GET presents the greatest conceptual problems. This function must
handle any problems concerning the representation of the text and must
isolate the words. As a start, we will take the simplest of the alternatives for
the form of the data and assume words are not broken over record boun-
daries. The more difficult cases are left as exercises. An important aspect of
program organization is isolating the input of text within GET. GET can be
thought of as a generator in the sense used in the preceding section. Each
time GET is called, it returns a word, regardless of the form of data on the
text file and, in fact, independently of the existence of a data file at all.
Words might as well be coming from a word generator. When the source of
words is exhausted, GET fails. In the program being developed here, GET will
operate on a global variable which is the last line read. GET will, in general,
be called several times to generate the words from a line of input. Only
when a line is exhausted is another line read. The procedure for GET is:

DEFINE('GET()"')
WORD =  BREAK(LETTERS) SPAN(LETTERS) . GET

GET LINE  WORD = :S(RETURN)
LINE.(NO = LINE.NO + 1
LINE = INPUT :F (FRETURN)
OUTPUT = LINE LINE.NO : (GET)

LINE and LINE.NOQ are global variables. GET prints the text, numbering the
lines, to provide the initial part of the listing that results from executing the
program. Observe that GET is self-initializing. L INE is null when GET is called
the first time, and LINE.NO is zero (or null). Therefore, WORD fails to match.
As a result, a record is read.

CITE is a simple function, so simple that it is unnecessary except for
organizational purposes.

DEFINE('CITE(WORD,N,TABLE)")

CITE  TABLE<WORD> TABLE<WORD> N ','  :(RETURN)
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A list of line numbers is built up using commas as separators. Note that
TABLE and N are formal arguments. This is not necessary, and is largely a
matter of style. The table and line numbers could be global variables and
could be transparent to the main program. The advantage of including them
as formal arguments is that the functions developed in this program can be
used in other contexts where these values might have other meanings. Ideal-
ly it would be desirable to have LINE,NO more visible, but our organization
precludes that, since a function can return only a single value unless tricks
are employed.

SORT is a trivial or a substantial problem, depending on what kind of
sorting is to be done. In the spirit of starting with a simple solution to get
the program running and later making revisions to handle more realistic
situations, a sort by order of first occurrence will be used.

DEFINE('SORT(TABLE)")

SORT ~ SORT = CONVERT (TABLE, 'ARRAY") :S(RETURN)F (FRETURN)

The purpose of converting the table to an array is to produce a structure that
can be easily accessed in an orderly fashion. The array produced by CONVERT
is ordered by first occurrence simply because of the way that SNOBOL4
works. Such an ordering is called ‘““chronological’.

This procedure brings a new problem to light: If there are no words in
the table, the conversion fails. This might happen because there is no input
text, because there are no words in the text, or because of an error in the
program. In any event, this situation must be recognized and handled prop-
erly. The failure return from SORT provides the necessary information to
the calling statement without making any presumption that an empty table
is erroneous. A minor modification of the main program will provide for an
appropriate error message.

Unfortunately, chronological order is usually not sufficient, and a more
elaborate sorting procedure is called for. Methods of sorting, like random
number generation, have been the subject of a great deal of study. Such con-
siderations are beyond the scope of this book. A simple sorting procedure
follows for reference and use in test programs. The method used is a
version of the Shell sort [19]. The interested reader is referred to Reference
20 for an extensive discussion of sorting. As a general rule, the sorting
of a large number of items should not be attempted in a SNOBOL4 pro-
gram, regardless of the specific method used. The time required may be
astronomically large. Highly efficient system utilities are available for pro-
duction sorting.
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DEFINE('SORT( TABLE) ,J K G,N,M,T1,T2")
ALEN = BREAK(',') .

SORT  SORT = CONVERT(TABLE, 'ARRAY") : F(FRETURN)
PROTOTYPE(SORT)  ALEN

N
SORTG ST(Gé]) G/ 2 :F(RETURN)
SORTK 0
1

CHXZOM

I +G
LGT( ORT<I,1>,SORT<J,1>) :F(SORTI)
= SORT<I,1>

T2 = SORT<I,2>

SORT<I,1> SORT<J,1>

SORT<I,2> SORT<J,2>

SORT<J,1> Tl

SORT<J,2> T2

K = K+
SORTI I = LT(I,M) I + 1 +S(SORTJ)

GT(K,0) :S(SORTK)F (SORTG)

The difficulty in writing the procedure for PRINT depends, again, on

how elegant the solution is. A very simple procedure is sufficient for a first
attempt.

DEFINE('PRINT(A)I')

SORTJ

S

— 1 nn

PRINT I = I +1
OUTPUT = A<I,1> ' : ' A<I,2>  :S(PRINT)F(RETURN)
To make the listing more attractive, a few lines to print identifying in-
formation and spacing can be added to the main program. The complete
main program, with initialization, follows:

LINE.NO = O

LETTERS = 'ABCDEFGHIJKLMNOPQRSTUVWXYZ'
WORD =  BREAK(LETTERS) SPAN(LETTERS) . GET
T = TABLE()

DEFINE('GET()"')
DEFINE('CITE(WORD,N,TABLE)")
DEFINE('SORT(TABLE)I,J,K,G,N,M,T1,T2")
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DEFINE('PRINT(A)I")

OUTPUT = 'LISTING OF TEXT';  OUTPUT =

CITE(GET(),LINE.NO,T) :S(NEXT)

OUTPUT =; OUTPUT = 'CONCORDANCE';  OUTPUT

PRINT(SORT(T)) :S(END)

OUTPUT = 'NO CITATIONS' : (END)
EXERCISES

Modify GET to handle input text in which

(a) Words are broken arbitrarily at fixed intervals (i.e., words are split
at the ends of records).

(b) Words which are broken at the end of a line are indicated by
hyphens (dashes) in the conventional manner used for typing.

Write a program to produce a concordance of ngrams rather than
words. Assume ngrams consist only of letters, but provide a way of
specifying the value of n at run time.

Write a program to produce a concordance of numbers that appear in
a text.

Write a program to produce a concordance of punctuation marks.

Write a program to count the number of times each different word
occurs.

For many purposes, words such as “a”, ‘“the’’, and so forth are of no
interest in a concordance. Add a facility to the concordance program
to suppress specified words.

Thinking of GET as a generator, use the concordance program as modi-
fied for Exercise 2.40 to tabulate randomly generated strings.

Modify CITE to avoid duplicate line numbers in cases where a word
occurs more than once on a line.

Modify CITE so that only four-letter words are cited.
Write a program that tabulates word lengths.

Write a program to produce both a concordance of all words and also
a list of words that begin with the letter A.

Write a program to produce concordances of assembly-language pro-
grams. Select a locally available assembly language.
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Write a program to produce concordances of SNOBOL4 programs.
Test the program on itself.

What are the reasons for putting the output statements for titling and
spacing in the main program rather than in the functions GET and

PRINT?

Generalize SORT so that the predicate used for sorting and the column
on which the sort is performed can be specified when SQRT is called.

Use the results of Exercises 2.40 and 2.50 to produce a listing of words
in order of number of occurrences.

Expand PRINT to improve the appearance of the output listing as

follows:

(a) Remove the terminal comma from the list of line numbers.

(b) Indent the line number listings so that the words occupy columns
1 through 20 and the line numbers start at column 21. In casea
line number listing is too long to print on one line, indent subse-
quent lines to column 21 also.

(c) Format the listing as for (b), but assure that the listings of line
numbers are broken at commas, not in the middle of numbers.

(d) Provide a way of specifying the columns for formatting and the
width of the listing.

Write a function to sort a hand of playing cards. See Exercise 2.34.



3 STRUCTURES

Data to be manipulated by a program frequently is complex, and there
may be a variety of relationships among parts of the data that must be repre-
sented. Many kinds of processing require storing and accessing data in a
structured way according to specified rules.

SNOBOL4 provides a number of ways of structuring data. An array is
one of the most commonly used structures. Elements of an array are ref-
erenced by integer subscripts and an array represents a rigidly structured
aggregate of values. Other structures are more loosely organized or have
different facilities for referencing their values. In addition to the built-in
data types of SNOBOL4, new data types can be created. Even more impor-
tant is the ability to link objects together to form structures that are more
complicated.

This chapter begins by discussing the kinds of values and objects that are
available in SNOBOL4 and progresses to a discussion of structures that can
be built from the basic components.

3.1. VALUES AND OBJECTS IN SNOBOL4

For the most part, programming in SNOBOL4 can be done with only a
vague idea of how the various features are implemented. In order to be
facile in the manipulation of structures, however, it is necessary to have a
good grasp of the relationships among objects and how they are created and
modified. A method for visualizing relationships, with the aid of diagrams, is

47
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particularly helpful. The discussion that follows is somewhat of a digression,
but it is included because misunderstandings are common. It is designed to
provide a system for depicting such relationships which parallels an actual
implementation of SNOBOL4 [21] fairly closely, but suppresses unneces-
sary detail. There are, of course, many alternative ways of implementing
SNOBOL4. The system that follows is adequate and self-consistent, even if
it does not correspond, in all cases, to every implementation.

3.1.1. Built-In Data Types

All structures that can be created in a program are necessarily con-
structed out of the objects that can be created by language operations.
SNOBOLA4 has a variety of built-in data types and the ability to define others
during execution. Every kind of value that can occur in a program has a
distinguishable data type. For the purposes of visualization, values can be
thought of as occupying cells, and a cell can be thought of as having two
parts: a data type designation and a representation of the value itself. There
are two basic representations for values: numbers and pointers. The values
of integers and real numbers are numbers. Figure 3.1 illustrates the integer
734 and the real number 2.0.

I 734 R 2.0

Figure 3.1 Integer and Real Number Values

The letters I and R indicate INTEGER and REAL data types respectively.
A similar method of abbreviation is used for other data types.

The values of all other types of data in SNOBOL4 are pointers to ob-
jects. A pointer is an address that identifies the location of the object in the
memory of the computer. The term pointer is used because of the connota-
tion that suggests an arrow, which in turn provides a convenient way of dia-
gramming the relationship. Figure 3.2 indicates how this may be visualized
for an array of five elements.

A o~ >

Figure 3.2 An Array Value
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The cell at the left represents the array value. The arrow is a pointer to the
location where the five array elements actually exist.

Arrays

As indicated in Figure 3.2, each element of the array is, in itself, a cell.
Consider the following statement:

X = ARRAY(5,0,0)

Figure 3.3 illustrates the data resulting from executing this statement.

X A ® Can

pelirvlirvlprvle)
OIO|OO|O
o/lol o] o]l

Figure 3.3 An Array

The symbol X indicates that the value of X is a cell that points to an object
consisting of an array of five elements. In this situation, X is a variable,
which may be thought of as the name of a location where the value is placed.

It is important to understand that the value assigned to X by the state-
ment above is not a block of five cells, but rather a pointer to such a block.
This concept of a cell containing a pointer makes it possible for all values to
be represented uniformly by a single cell. If the object represented by the
value requires more space than is available in a cell (as in the case of an ar-
ray), the object is located elsewhere and is pointed to. Now consider the
statement

Y = X
The relationships established by this statement are shown in Figure 3.4.
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Figure 3.4 Two Variables with the Same Value

Assignment simply copies the cell that is the value of X and stores it at Y.
Both X and Y point to the same object. Assignment does not copy the ob-
ject that is pointed to. In fact the (cell) values of X and Y are identical, and













































































































































































































































































































































































































































































































































































































































































































































