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ABSTRACT

This work is a study of two topics in the development of an extensible
programming language, i.e., a high level language with powerful defi-
nitional facilities so designed that the language can be extended and
thereby tailored for use in a wide variety of computer applications.
The first topic is a theoretical treatment of an extension facility for
syntax. It generalizes the notion of context-free grammars to allow
the syntax of a language to be a function of its generated strings. It
studies the formal properties of such grammars and presents an
efficient algorithm for parsing their languages. The second topic of
this work is a study of the design and formal specification of a base
language on which an extensible language system can be built. It
employs a formal definition to present a base language, examines the
constraints on the design of such language, and discusses how these
constraints shape the language. The language includes one extension
facility, that for data types; the facility, its design, and its relation
to similar facilities in other languages are analyzed.
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. a good notation has a subtlety and
suggestiveness which at times make it
seem almost like a live teacher . . .
a perfect notation would be a substitute

for thought.

Bertrand Russell
in the introduction to Wittgenstein's

Tractatus Logico-Philosophicus
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Chapter 1

INTRODUCTION

High-level problem-oriented programming languages were proposed
to reduce the time and cost of programming by enabling the programmer
to specify procedures in a concise language appropriate to some problem
area (e.g., cf. [Back57]). Initially, this was simple enough: there were
numerical scientific problems and there were business data processing
problems. In time, however, the set of application areas grew larger;
a list would now include discrete simulation, algebraic manipulation,
artificial intelligence, string and text processing, machine tool control,
civil engineering, information retrieval, and computer graphics. There
is no reason to believe that the growth in areas of computer applications
has come to an end. Further, specific problems frequently fail to fall
neatly into a single application area. It is sometimes necessary to per-
form algebraic manipulation followed by numerical calculation, discrete
simulations with results displayed graphically, or business data process-
ing coupled with text processing and report preparation. In the future,
such sprawl of problems over several application areas will increase and
may even become the rule.

Traditionally, computer science has attempted to provide one or
more languages for each application area. This is expensive. Expensive
in language design, implementation, and maintenance; expensive in
programmer training; expensive in system overhead. Further, this
leaves unsatisfied the project or programmer whose problem involves

more than one of the recognized areas.




More recently, the solution has been to provide a language which
serves several applications. For example, PL/I attempts "to encompass
among its users the scientific, commercial, real-time, and systems
programmers' [Rad65]. CPL was developed with similar objectives
[Barr63]. There are two difficulties with this approach.

(1) Such languages are large. To quote from a tutorial paper on PL/I by
D. Beech of IBM: ''Perhaps the most immediately striking attribute of
PL/I is its bulk" [Beech70]. The bulk is hardly surprising, for such
languages are essentially created by agglutination of facilities for the
several intended application areas. While not surprising it is, however,
expensive: in language design, implementation, and maintenance, in
programmer training, and in system overhead.

(2) Only a limited, fixed set of application areas is provided for. The
programmer who requires significant use of an area not explicitly included
in the package is no better off than before. For example, PL/I provides
character strings as a data type and has builtin certain simple operations
on strings. However, if it is necessary to carry out a pattern-matching
and replacement algorithm, e.g. as in Snobol [Garb66], PL/I provides
little help. There is no notation other than procedure calls in which to
express patterns, so that representation is very clumsy; storage manage-
ment is awkward; in general, the language serves as a poor host.

Extrapolating into the future, one might expect the next generation of
conglomerate languages to provide for combinations such as scientific
calculation, data processing, string manipulation, and discrete simulation.
Machine tool control and information retrieval might be added in the gener-
ation after that, with no end in sight. On the other hand, the continued
proliferation of new languages, one or more for each application area, is

no better.




The solution is to be found within the milieu of programming.
Traditionally, programmers have chosen notation and structure to sup-
press the constant and display the variable. Subroutine calls, iteration
loops, recursion, data description units, and indirect references to data
and control are all devices to collect invariants while simultaneously
exhibiting the points of variability. Programming languages, at least
good programming languages, are designed to give concrete realization to
these representation schema. In viewing the flood of application areas, it
is clear that the application area is a legitimate variable. Hence, we need
a programming language which is itself variable over a comparable range.
That is, we should like a language which can be extended, modified, and
thereby tailored for use in a wide variety of application areas.

What is constant in such a language is the ability to change. That is,
various language facilities are required to allow variation: to accept the
definition of extensions and act on them to produce a modified language.
These facilities constitute the core of a variable or extensible language
and it is precisely these constants which must be provided in the language.

In one sense, Algol 60 is a start at such a language. The numerous
proposals of the form: 'An Extension to Algol for 2" for
Z € {string manipulation [Smith60], formula manipulation [Perlis66],
discrete simulation [Dahl66], synchronous systems [Parn66], . .. }
testify to the mutability of Algol 60 and the durability of the Algol strain
under mutation. However, in each case, the authors of the extension
were required to go outside of the Algol language, indeed outside of their
Algol system, to define and implement the extension. The definition was
an English-language report or paper; the implementation required re-

writing the compiler. Further, each of these projects was undertaken




separately: there was little realization of the commonality of all projects
in extending Algol. Hence, there was little done to find unifying principles
or mechanisms which would aid in the n+ ISt extension.

To outline the envisioned scenario and establish some notation, it will
be useful to investigate how a unified extension schema could have been
produced. That is, suppose these extensions were to be realized in a uni-
fied manner from within the language; what would be required to carry this
out? We might accept Algol 60 as defined in the revised report [Naur63]
as a base language from which to start our construction. Since Algol 60
does not contain extension mecha.nismsJr these must be added by rewriting
the compiler and issuing a new report: "An Extension to Algol for
Creating Further Extensions.'" This language — call it Algol* — differs
from the other augments mentioned above in that it is expected to contain
them all, in posse. Hence, it is said to be a language core. That is, a

core language consists of a base language plus extension facilities. Using

the extension facilities, one can define a variety of extension sets, each

set creating a new extended language. Pictorially,

%
extension se‘c1 Algoly
o Algol,
Algol Algol% extension set,
+ extension facilities ‘
extension seti
%
Algoli

%
The key point is that the extension sets are legal forms in Algol .

TThe sole exception is the fluent but weak device of procedure call,




There is little new in this proposal. As early as 1960, J. Smith
observed [Smith60] that languages properly belong to language-systems
containing a "'nested 'continua' of languages. In such systems, new
languages may be embedded, appended, extracted at will.,"! The idea was
periodically rediscovered. For example, at the Symposium of the Inter-
national Computation Center, Rome 1962, van der Poel [vanD62] proposed
that ''what is needed is an extremely powerful and generalized language,
but stripped down to the utmost, stripped down to the possibilities that it
can, in itself, by a sort of procedure declaration, declare the rest of the
mechanism needed." Later in the conference, C. Strachey [Strac62] spe-
cifically observed that "it is absolutely essential that this general language
should have the facilities of using new syntactic forms."

For a number of years, the idea remained an orphan: born but not
adopted. Around 1966 a number of papers appeared, proposing either core
languages or particular extension mechanisms which could be grafted onto
existing base languages. For the most part, these were paper designs —
unimplemented or only partly implemented. However, a brief review of
this early work will serve to illustrate the sort of extension facilities
envisioned for an extensible lza.ngua.ge.T

Leavenworth [Leav66] discusses application of the macro concept,
familiar in assembly languages, to high-level languages. Taking as illustra-
tive base language a subset of Algol 60, he proposes that macros be used to
extend the possible forms for two syntactic types: (statement) and

(primary). For example, a macro which defines a simple type of

TIn section 2.2 of chapter 3, we discuss in detail more recent proposals
for extensible languages.




(for statement) may be specified by the macro patte:c'nT

( statement) ::= for (variable) <«

(expression) to {(expression) do ( statement)

where (variable), (expression), and ( statement) are syntactic types
defined by the base (or extended) syntax. Whenever this pattern is found
in the source text during parsing, the matched substring is deleted and

replaced by an expansion of the macro definition which is

begin $1 « $2;
L1: if $1 < $3 then begin $4; $1 « $1+1; goto L1 end;

end
The expansion is performed by replacing each instance of $i by the sub-
string which matches the ith syntactic unit in the pattern. The expanded
string is then reparsed, so that multiple levels of definition can be cleanly,
if not efficiently, handled.

Cheatham [Chea66] proposes a system which generalizes this in three
areas.
(1) Macros may be called either during syntactic analysis, as proposed
by Leavenworth, or subsequent to analysis. In the latter case, expansion
corresponding to multiple levels of definition can be carried out once, at
definition time, rather than on each invocation of the macro.
(2) Also, post-analysis macros may have their meaning expressed in the
intermediate language of the translator, giving additional flexibility and

control over the semantic definition.

TWe have taken some liberties in changing the notation used by
Leavenworth to be closer to that of Algol 60.




(3) Finally, macros may be defined to be of any syntactic type in the

language, not just { primary) and ( statement) as proposed by Leavenworth.

Garwick [Gar67] discusses the definition of new data types and oper-
ators which act on objects of these new types. The core language has only

three types: real, integer, and byte. However, the data type complex may

be defined by the declaration

block complex {real re , im}

Here, ''block'' signals a certain class of data type declaration, ''complex"
is the name of the new data type which is defined to consist of two reals,

the first being named ''re", the second being named "im''. Subsequent to

definition of complex, variables may be declared to have that data type

complex w, z

The components of w and z are reals and may be referenced by sub-

scripts which use the component names. For example,T

w([re] := z[im]

' component of w equal to the value of the "im'' component of z.

sets the ''re'
Since it is awkward to explicitly denote all operations on complex numbers
in terms of their underlying structure, the various arithmetic operators
may be extended to operate on complex quantities as well as reals and

integers. For example, the assignment operator is extended by the follow-

ing definition.

TAgain, we have changed notation, bringing it closer to Algol 60. We there-
by avoid explaining several idiosyncrasies of Garwick's notation which are
irrelevant to the present discussion.
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operator a := b defined
if (real a V integer a) A complex b
then a := b([re]

else if complex a A (real b V integer b)

then begin a[re] := b; a[im] := 0 end

else if complex a A complex b

then begin a[re] := b[re]; a[im] := b[im] end

n "

Here, ":=" is the operator being defined; "

:='"' takes two actual operands
which are denoted in the definition by the formal operands "a' and "b".

The definition tests the types of the operands using real, integer, and

complex as predicates and selects the appropriate defining body. (Note

that the defining bodies use ':="

as defined prior to the extension.) In
similar fashion, Garwick exhibits definitions of the data types string
(character string), vector3 (3-space vectors), and poly (polynomials with
real coefficients) and constructs appropriate operations over these types.

Galler and Perlis [Gall67] take a further step. One observes that
operations on new data types are defined in terms of operations on their
components. Hence, to perform operations on instances of some defined
type, e.g. matrix, it is frequently necessary to sequence over their com-
ponents. For example, if A, B, and C are n by n matrices,

A := BXC

should have the result

begin integer i, j, k;

for i := 1stepl until n do
for j := 1 stepluntil n do

Ali, j] := innerproduct (B[i, k], C[k, j], k, n)

end




where innerproduct is defined in the usual fashion using yet another

iteraxtion.T Using the method of Garwick, the matrix statement

"A := B X C" would be interpreted as follows.

(1) The operator "X'" is called. Since the operands are matrices, the
matrix code is selected (at compile-time). Execution of this code pro-
duces a result matrix R defined R = B X C.

(2) The operator '':=" is called, the result being that R is assigned to A.

The point is that each operation is performed orthogonally to all others.

While this simplifies the processing, the generation of temporaries such

as R is logically unnecessary and wastes storage.

The paper by Galler and Perlis is concerned principally with a method
for automatically generating expansions such as that given above. The
method consists of two steps.

(1) Replacement of operator /operand units by their definition using a
scheme much like the syntactic macros of Leavenworth and Cheatham, the
difference being that a parse tree rather than string text is used as the

program representation.

TFor example, using the Jensen device [Ruti67] in a type procedure, a
possible definition is

real procedure innerproduct(x, y, k, n) ;

value n;

real x, y; integer Kk, n;

begin real sum;
sum := 0;
for k := 1stepl until n do sum := sum +xXy;
innerproduct := sum;

end innerproduct




(2) Rearrangement of the resulting parse tree in an attempt to optimize
the amount of temporary storage to be allotted. This is carried out by a
top-down search of the parse tree, applying a set of transformation rulesT

repeatedly, according to certain cyclical orderings.

While most proposals for extension facilities have been devoted to
one or more of the three areas discussed above — syntax, data types,
and operators — various other areas have been put forth as candidates
for variability (e.g., cf. [Perlis66] and [Stand69]). Most important of
these is control, i.e., allowing definition of control structures such as
co-routines, pseudo-parallel processes, clock-driven simulation, back-
tracking, and monitoring with interrupt capabilities. Related to this is
the notion of specifying evaluation rules of special forms, possibly in
terms of special control structures.I

In addition to those papers cited, a host of others has appeared in
recent years.§ Despite an abundance of research, a satisfactory extensible
language has yet to be designed. That is, while there are languages, even
working languages, which exhibit one or more extension mechanisms, no
language handles extension with the same completeness and success as,

for example, Algol 60 handles the expression of numerical algorithms.

TThe analogy between this and the transformation rules on deep structure
hypothesized by linguists [Chom65] invites investigation. While such
investigation lies outside the scope of this work, we feel it may be quite
significant and intend to pursue it elsewhere.

IFor example, one might introduce the notion of a parallel case
expression in which the selection produces a set of integers (instead of
the normal integer) in which case, all the corresponding statements are
evaluated in parallel, producing as result a list of the individual results.

§In chapter 3, section 2.2, we give a reasonably complete list of extensible
language projects.
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In many respects, the field is in the same state as was the field of
languages for numerical algorithms around 1954, 1955. There are languages
which can claim the appelation ""extensible', but the claim is weak and it
is clear that these languages are but first steps. To quote again from
Strachey [Strac62], ""This proposal [an extensible language] is not one that
can be laid down in advance, which can be worked out by an international
committee, is is really a difficult problem."

It is our contention that even now, a really satisfactory extensible
language is several years away. Much research remains to be done in
each of the three principal components which constitute an extensible
language:

(1) the base language, its theoretical foundations, its design, and

its specification,

(2) the extension facilities, their mechanism, and their theory,

(3) the definition sets, their creation and interaction.
While some of this work can be carried out in conjunction with a language
development and implementation project, other topics may be pursued in
purely theoretical investigations.

This thesis is a study of two specific issues in extensible languages:
(1) formal syntactic specification, and (2) design and formal specification
of a base language. The thesis does not attempt design of a complete
extensible language and system, nor does it attempt to integrate the two
issues into a partial extensible language. The issues are largely orthogo-
nal and we have chosen to treat them independently. Consequently, the
two studies are autonomous; each is presented in a separate, self-

contained paper.
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In the formal syntactic specification of an extensible programming
language, the salient characteristic is that the language must be allowed
to grow. Assuming that the language is specified by a context-free
grammar, this is equivalent to requiring that the grammar be permitted
to grow. Additions to the grammar are derived from extensions state-
ments made in the language. For example, the macro pattern of

Leavenworth,
(statement) ::= for (variable) « (expression) to (expression) do (statement)

which is a declaration permitted in a (blockhead), may be interpreted as a
new production to be added to the grammar. To generalize, one might
consider a class of grammars in which the production rules used in the
derivation of a string are determined in part by the string itself. Note that
this requires that the initial grammar must allow the generation of strings
which contain substrings interpretable as productions.

In chapter 2, we study the theory and application of such grammars,

which we term extensible context-free. We first examine formal proper-

ties such as structural results, closure, undecidability results, restricted
cases, and relation to other models in formal language theory. Subse-
quently, we discuss the parsing of languages specified by extensible
context-free grammars, we state and prove the validity of a recognition
algorithm, and we outline how this may be converted to a parse algorithm.
We conclude the chapter with a discussion of the extensible context-free
formalism, some open problems in its theory, and its application to the
broader issue of constructing extensible programming languages.

Study of the design and formal specification of a base language
perhaps requires some justification. It might, for example, be argued

that any language can be made extensible by grafting on extension facilities;

12




hence, one might (erroneously) conclude that the question of a base
language is vacuous. It is true, of course, that many languages can be
improved by such grafting. Further, in some circumstances desire for
compatibility may dictate that a language in extensive use be so upgraded
rather than replaced. However, where such considerations are not over-
riding, it seems decidedly advantageous to employ a base language
designed with extensibility in mind. Conventional programming languages
lack, often explicitly deny, the generality required of an extensible base.
At the same time, such languages are frequently far more complex than a
base language should be. One could, in principle, start with a conventional
language, generalize by removing restrictions, simplify by removing
special case mechanisms, and arrive at an acceptable base. It seemed
easier, however, to start afresh. It was our belief that by so doing, we
could improve considerably upon existing languages and produce a language
more simple and parsimonious, yet more general and powerful. We have
designed such a base language, named "EL1". Chapter 3 discusses its
design and formal specification.

Concern with a formal specification perhaps also requires justification.
In describing a programming language, the main goal is to explain how to
write programs in it and what such programs mean. The former is
syntactic specification, the latter, semantic specification. With relatively
unimportant exceptions, syntax is satisfactorily specified in the frame-
work of context-free grammars. These are suitable not only for human
consumption but also as the basis for mechanical parsing. Further, as
discussed in chapter 2, they can be cleanly augmented to handle languages
which grow by the addition of new syntax rules. By and large, we have a

good handle on syntactic specification. However, turning to semantic

13




specification, we find no parallel success. Most programming languages
have their semantics specified by natural language descriptions (usually in
English). These are generally imprecise, ambiguous, lacking in detail,
and otherwise unsatisfactory. Even after careful reading of such a defining
report, uncertainty as to the meaning of one or more constructions is
generally the rule rather than the exception. On the other hand, repeated
attemptsT to define programming languages in terms of semantic formal-
isms such as the A-calculus or Markov algorithms have fared no better.
Hence, the formal semantic specification of programming languages is a
nontrivial matter of considerable importance.

We wish to emphasize that this thesis embraces only two topics of a
potentially far larger study of extensible languages. Several important
issues still require solution, many others invite investigation, and doubt-
lessly still others will be uncovered as simpler problems are solved. Two
that seem important at this point are (1) relating a simple facility for oper-
ator definition to the syntax mechanism, and (2) global resolution of
meaning. We will outline these in turn.

While an extensible context-free grammar provides complete control
over the syntax, it may prove more powerful than appropriate and hence
somewhat awkward to use for simple cases. For example, a new arithme-
tic infix operator "op', with binding strength between "+'"' and "*'", could

be added to Algol 60 by redefining the necessary pr'oductions;:t however, it

TThese various attempts are reviewed in section 2.1 of chapter 3.

ISpecifically, in section 3.3.1 of [Naur63], we delete

(term) ::= (factor) | (term) {multiplying operator) {factor)
and add

(term) ::= (term2) |{term) op (term2)

(term2) ::= {(factor) |{term2) (multiplying operator) {factor)

14




would be preferable to simply define

operator op priority + < op < X means . . .

and have the appropriate changes to the syntax generated automatically.
Allowing this facility and generalizing it to the various syntactic forms
which may be regarded as ''distributed" operators (e.g., Algol's
if-then-else) requires some study. In general, the construction of face-
plates which make complicated mechanisms easily available for simple
uses is a matter which deserves attention.

Global resolution of meaning refers to a possible generalization of
the Galler-Perlis paper discussed earlier. Given an expression composed
of objects of some defined data type and operators acting on these objects,
e.g.,

Ay op; (A, op, A,)

it is frequently the case that direct application of operators to operands is
wasteful of some computer resource. We should like to allow the action of
opy to be nonorthogonal to op;,. In general, we should like to allow the
meaning of a form and its evaluation to depend upon the context in which it
appears. Galler and Perlis treat the case where the interaction is a parse-
tree rearrangement intended to optimize the amount of temporary storage
required. As noted in a codicil to their paper, certain circumstances
require the optimization of other resources (e.g., time), which may be
carried out by different sets of transformation rules. They point out:
"The important lesson here is that one should have available not only a
variety of definitions, but a variety of substitution and tree-arrangement

1

strategies." Investigation of such strategies and their generalization in a

system which allows the programmer to specify transformation rules

15




requires considerable study. While this area is presently ill-defined and
ill-developed, we believe it will eventually prove a source of significant

power in extensible programming languages.
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Chapter 2

EXTENSIBLE CONTEXT-FREE LANGUAGES

Section 1. INTRODUCTION

In this chapter we present a class of grammars designed for
the syntactic description of extensible programming languages. These
grammars employ a departure from conventional syntactic formalisms
in that their syntax is not fixed, but rather is made variable.

This notion is best introduced by a review of the simpler case.
In a conventional grammar, there is a fixed body of syntax rules and
a set of instructions for using these rules to generate the legal strings
of the language. Various types of syntax rules and various sets of
instructions for using these rules form classes of grammars. The
most familiar instance of this descriptive method is Algol [Naur63],
whose grammar is of the class '"context-free'. Its syntax rules are all
rewriting rules (a— ) with a single symbol on the left-hand side of the
replacement arrow. The single, implicit instruction is a replacement
rule: if oA B is an intermediate string and A - v is a rule, then avB is
an intermediate string. Many other classes of grammars have been
proposed for the description of programming and natural languages.
All share a common trait: for each grammar, the set of syntax rules
is a fixed, finite set. This is satisfactory so long as the language has
a fixed, predetermined syntax.

We assume the reader is familiar with the notion of an extensible

programming language, e.g., [Bell68], [Chea66], [Chea68], [Gall67],

19




[Gar68]. By this term, we mean a higher level language which includes
mechanisms with which the user can extend the language to facilitate its
use in various application areas. One useful facility of such a language
is a means whereby new syntactic forms can be added to the language for
local use. To take a concrete — and somewhat restricted — example,
suppose such a facility were added to Algol, resulting in a new language
called Algol-E. In Algol, one may declare new variables and new pro-
cedures in the blockhead of each block. In Algol-E, one may addition-

ally declare new syntax rules whose scope is that block and all blocks it

contains. It might be useful to allow deletion of existing productions as
well as addition of new ones, so that for each block the set of production
rules, Pi’ is given by:

P; = PioU Pia = Piq:
where Pio is the production set of the immediately containing block,
Pia is the set of productions declared in the blockhead as added, and
Pid is the set of productions declared as deleted.

For example, a block with a restricted for statement might contain

a declaration:

production [[(for list element) — (arithmetic expression) to

(arithmetic expression) ],

[{for list element) / (arithmetic expression) step
(arithmetic expression) until (arithmetic expression) ].

Each production is enclosed in the brackets "["" and " ]]"; a right arrow

indicates a rule is being added; a slashed arrow indicates a rule being

deleted from the production set. Within the block, forms like
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"for i:=1to n do..." are legal, while the more general form

" is not.

"for i:=1 step s until n do. ..

For new forms to be useful, it is necessary to specify semantics as
well as syntax. Associated with each production being added would be a
definition of its meaning expressed in terms of the semantics of the en-
closing block. This raises a set of issues concerning semantic vari-
ability. We will not deal with these issues in this chapter. Our interest
here is in syntactic variability: how this can be formalized, what
properties are thereby obtained, and how strings with variable syntax
can be parsed.

While our primary interest is in the variability of syntactic forms
per se, one special case is of particular interest. It will be recalled
that the form of a legal Algol program is only partially specified by its
context-free grammar; other restrictions are described by the English
text. It has been shown that some of these restrictions cannot, even in
principle, be expressed by a context-free grammar. In particular, the
requirement that all variables be declared is such a restriction. It has
been suggested, [DiFor63], that a declaration (e.g., real temperature ;)
may be regarded as specifying a new syntax rule (e.g., production
II(variable identifier, - temperature];). If this convention is adopted
and the rule "( variable identifier) - (identifier)" is deleted from the
syntax of Algol, then it is guaranteed that only declared variable names
may be used in block bodies. It should be noted that such conventions
cannot be used to specify all of the non-context-free restrictions. We
have not, for example, made the necessary provision that a variable

may not be declared in two conflicting ways. However, it is of interest
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to note that a partial solution to a standing problem in language specifi-
cation drops out as a special case of syntactic variability.

There is a substantial body of research by others (e.g., [Aho68],
[Aho69a], [Aho69b], [Fisch68], [Gins67], [Gins68b], [Greib68], [Ros69],
[Whit68a], [Whit68b], [Whit68c], [Whit69]) into classes of grammars
which generalize the context-free. Much of this work has been motivated
by a desire to model non-context-free restrictions on conventional pro-
gramming languages. However, there has been little research into the
formal properties of extensible languages. Bell [Bell68] describes an
extensible language defined by a grammar belonging to a class he terms

priority BNF. However, since priority BNF grammars generate the

. * . . . .
recursively enumerable sets, most questions of interest, including

membership, are undecidable.

&

Although this is not discussed in Bell's work, it is entirely straight-
forward to show that any Turing machine can be imitated by a priority
BNF grammar.
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Section 2. THE FORMALISM

2.1 PRELIMINARY REMARKS

We now turn to a specific formalism which embodies the notion
of variable syntax. We will define a class of grammars, the extensible
context-free (ECF), which contains grammars such as those discussed
in the previous section. Before doing so, however, we wish to gener-
alize these examples somewhat.

The definition of local syntax in terms of a local production set
for each block is clearly dependent upon Algol's block structure. In
other languages, the block structure might be substantially modified,
or entirely absent. To obtain a formalism which does not depend on
language idiosyncrasy, we adopt the convention that string "'structure"
will be ignored, and new productions may be used anywhere in the string
to the right of the point at which they are declared. This is made well-
defined if rewriting rules are applied only to the leftmost nonterminal.
(This is, of course, no restriction on the weak generative power of
context-free grammars.) Hence, at any stage of a derivation the string
will have the form xA«e, where x is a terminal string, A is a non-
terminal, and « is an arbitrary string of terminals and nonterminals.
The local production set is determined by the productions initially in
the syntax and by those which appear in the string x. The local pro-
duction set, in turn, specifies in what ways A may be rewritten.

The second generalization we shall make is that the new pro-

ductions need not appear explicitly in the terminal string, so long as
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they canbe derivedfrom it. Part of each ECF grammar will be a finite

state machine with output, or finite state transducer. The finite state

transducer (FST) takes the terminal string as input and outputs the
associated set of productions. This mapping serves several functions,
the most important of which is to allow the specification of productions
involving nonterminal symbols by means of a string of terminals. For,
by definition, a nonterminal cannot appear in a terminal string; yet
ecach production must contain at least one nonterminal. The mapping
also permits the formalism to cover extensible languages in which syn-
tactic extensions are not stated explicitly as productions, but rather by
means of macro forms or operator definitions. The latter forms may
be distinctly preferable to some classes of users.

To coordinate the two activities — generation via the syntax rules
and change of syntax rules due to the output of the FST — we amend the
above description as follows. At any stage of derivation, let the string
be xAa. The local production set is given by: (1) the initial productions,
and (2) the output of the FST given x as input.

An example may help make this clear. Consider a grammar with
terminal vocabulary {a,b, c}, nonterminal vocabulary {X, F, S}, and
initial production set:

X - FcS

F - aF|bFlalb
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The finite state transducer is specified by its state transition diagram:

/8 a/e

a/[S— a Q c/ 1

Yo b/[S~b
b/b b/e

where 9, is the start state and all transitions not explicitly specified
lead to a ''dead" state. A sample derivation by this grammar is:
X = FcS = aFcS = abFcs =5 abaaabc$
At this point, the FST acting on the initial terminal string has output a
complete production: [S - abaaab]]. Hence, the local production set is:
X = FeS
F - aF|bFlalb
S — abaaab
The derivation concludes with a final step
abaaabcS = abaaabcabaaab
Clearly, the language generated by the grammar is {wew|we {a,b}+},

which is known not to be context-free.

13

"A state transition diagram is interpreted as follows. The nodes repre-
sent states; the arcs between them represent transitions. Consider, for
example,

b/p
O O

q; 13

This is read: when in state q, if the input is "b'" then output "B" and go
into state dg-
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One final generalization is required. In the above example, the
nonterminal vocabulary was fixed, and the single new production
employed one of these nonterminals on its left-hand side. A character-
istic property of grammars is that they use a finite vocabulary, and in
particular a finite number of nonterminals. For any language having
a fixed syntax, this is quite acceptable: The set of productions being
finite, the number of nonterminals is a fortiori also finite. However,
if the production set is allowed to grow, any given finite set of non-
terminals may be found to be too small. We wish to consider languages
whose local syntax may be of arbitrary complexity; this, in general,
requires an unbounded set of nonterminals. (We show, in Appendix I,
that given a terminal vocabulary of more than two symbols and any
integer Kk, there exists a context-free language such that any context-
free grammar which generates the language uses at least k nontermi-
nal symbols.)

To provide for an unbounded set of nonterminals and still work
within a finite vocabulary, it is necessary to use some sort of encoding.
This is, of course, precisely what is done in the Algol report. We may

regard a syntax rule '(letter) ::=a"

either as a context-free production
with right-hand side "'a'" and left-hand side the single nonterminal
"(letter)", or with equal validity as a Type-O production whose left-
hand side consists of the eight symbols: " (", n]n, men ngn ngn nen nwpn nin
We shall take the latter viewpoint.

For any given ECF grammar, let the terminal vocabulary be Z,
let the total vocabulary be V, and let the F'ST have output vocabulary A,

with £ C A. We assume that A includes a set of six distinguished symbols

r={[, 1, —, /&, (, )} and that I is disjoint from Z. Let VN=v-z-r,
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let Vo, = {{w)| we Z+}, and let I = V /(U V,,. New productions are

taken to be those substrings of the FST output having the form

[Apa]] where A€l

peq{—, 7‘—}, and
ae QUD"

We thereby place strict requirements on the form of substrings which
may be rewritten. This guarantees that generation behavior is essenti-
ally context-free in the sense that information may not be passed along
in the string. In accord with common parlance, we refer to I as the

set of intermediate symbols, with the understanding that a member of

I may actually be a character string.

2.2 FORMAL DEFINITION
In the preceding discussion, we made use of a number of notions
in an informal fashion, depending on the reader's intuition for their
meaning. We now proceed to give precise definitions of these notions.

Our goal will be a formal definition of ECF languages.

Definition 2.2.1. A finite state transducer with accepting states (FST)

is a 7-tuple T = (K, Z, A, 8, \, . F), where K is a finite set of states,

F C K, where Z and A are finite input and output vocabularies,
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