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Abstract

This thesis is concerned with investigating an approach for adding problem notation
to a computer language. A method is proposed for modifying a programming language
to fit problem notation by including the capability of defining a problem specific set
of symbols or operators in the language.

The proposed method for extending a language uses operator overloading to map
language operations to the problem notation. This method is shown to be feasible for
the case where the language is defined through a context free grammar and where the
problem abstractions are implemented through object services or functions. We also
show how generalized operator overloading can be used to resolve some of the language
difficulties implicit in C, which cannot be done through C++ operator overloading.

A preprocessor for C was built to study the problems and effects of adding general-
ized operator overloading to a language. Experience with this method suggests that
problems may occur when encoding the semantic variations for a problem service,
selecting unambiguous operator symbols, and implementing general language exten-
sions for assignment operations and identifier references. Host language support for
reference variables is necessary.

Our results indicate that generalized operator overloading can be used to provide

a domain specific problem notation that is user defined, but processed by C code.
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Chapter 1

Introduction

“I would have wished to present it to you naked and unadorned, without
the ornament of a prologue or the countless train of customary sonnets,
epigrams, and eulogies it is the fashion to place at the beginning of books.
For I can tell you that much labour though it cost me to compose, I found
none greater than the making of this preface you are reading. Many times
I took up my pen to write it, and many times I put it down, not knowing
what to say.”

Don Quizotes, Cervantes



1.1 Programming Languages

A major difficulty encountered by every user of a programming language is that the
familiar is replaced by the unfamiliar. Programmers who already know the prob-
lem specification in their domain of understanding spend much time translating this
problem specification into a programming language specification [14, 20]. Yet most
programming languages are already much too complex, in their full implication, for
many programmers. Thus, they are more than unsuitable for casual use. Program-
ming languages are often designed to satisfy many poorly defined and often conflict-
ing objectives, such as efficiency, generality, problem-orientedness, machine indepen-
dence, compatibility, reliability, ease of programming, and so on. Not surprisingly,
a language’s ability to deal with problem oriented specifications is often less than
satisfactory.

Every programming language provides some capability for capturing problem do-
main semantics explicitly. A language that captures more of the problem domain
semantics is very significant, for the reasons of providing an underlying uniform rep-
resentation to the problem solution, reusability of functions, and improved maintain-
ability of application code [4, 18]. It is therefore remarkable that so little has been
written from a language independent point of view about user modification of the
language design; yet it seems reasonable to expect that investigation into how pro-

gramming languages might be systematically adapted will lead to better languages.

1.2 Language Notation

Language notation pertains to the formal specification of a language grammar and
the semantics of the terms used in the language vocabulary. Much work by Knuth,
Chomsky, Aho, and others [9, 10, 23] assisted in developing a formal basis for under-

standing language theory. However, our experience has shown that many languages



evolve over time to meet new needs. Various programming language extensions using
such techniques as preprocessors and macro facilities are often provided to program-
mers dissatisfied with their standard language facilities. In many cases, the intent of a
language extension is to define a notation which allows convenient expression not only
of concepts arising directly from a problem, but also of those arising in subsequent
problem analysis, generalization, and specialization.

For problem solving, mathematical notation provides perhaps the best known and
best developed example of language used to consciously express thought in a clear
and concise fashion [3, 11, 12, 17]. Unfortunately, mathematical notation suffers from
serious deficiencies through lack of universality and the need to interpret mathematics
differently according to the topic and immediate context. Programming languages,
however, represent precise and unambiguous language implementations because they
are designed specifically to direct the operation of a computer. They are often in-
tended to be universal (general-purpose), yet this universality constrains the language
in ways that make most programming languages decidedly inferior to mathematical
notation for concise expression of thought.

Two major weaknesses of language design are a strong tendency to repeat se-
mantically previous languages while making minor modifications in syntax, followed
by a tendency to limit syntax to the standards defined for similar languages. There
are good historical reasons for this, but the state of the art no longer needs such
restriction.

This thesis is based on the idea that the central functions of a programming lan-
guage are: to provide a language facility for the logical specification and execution
of code; to provide constructs for the declaration and maintenance of program enti-
ties or variables; and to perform expression evaluation. In the latter case, language
operators or functions are characterized by the problem and need not be restricted
to a predefined set of arithmetic, logical, and referential symbols declared within the

language. This thesis proposes to investigate a method of capturing problem domain



semantics explicitly by defining a problem syntax representation directly within the

programming language.

1.3 Language Adaptation

The utility of adapting a programming language, as we propose, is based on the idea
that an object is an entity which has meaning within the problem domain [5, 15,
21, 25]. Object oriented design is a discipline which focuses on the encapsulation
of data structure and methods in a single conceptual entity, the object. An object,
as an instance of its class declaration, is described in terms of its attributes and
services without consideration for the specific details of its implementation. When
an object is used as a program entity, it becomes an abstraction of some part of the
problem domain. The operations appropriate for the object can now be considered
as a concise notation or algebra specific to the problem. These operations should be
directly expressible within the programming language.

An object has services or functions which it can perform. Operator overloading,
considered as a method for mapping object services to language operators, is examined
as a solution to the problem of extending a programming language to include a
problem specific notation. Operator overloading is now in common use but often
in a quite restricted way. For instance, the C+-+ language cannot be extended by
creating new operators, operators cannot be redefined from unary to binary types,
operator precedence cannot be altered, operator associativity cannot be changed, and
operator meaning is defined by the language for built-in data types. These restrictions
limit the implementation of problem notation in the programming language.

This thesis is organized as follows. Chapter 2 is a review of language theory, and
provides the background of a language grammar and an algebra in which the prob-
lem notation is defined. The semantics of an operator symbol are defined in terms

of an interpretation function, and an operator precedence hierarchy is understood in



terms of a derivation tree. Chapter 3 describes our grammar for formulating expres-
sions in a language and presents our algorithm for evaluating expressions in terms
of the algebra semantic interpretation functions. Chapter 4 provides an overview of
operator overloading, with specific references to the limitations that currently exist
in the C language. Generalized operator overloading is discussed as an approach to
extending a language grammar. This chapter classifies C operators in preparation
for mapping the algebra of these operators to the restricted language grammar intro-
duced in Chapter 3. Chapter 5 discusses the implementation design for our model
of generalized operator overloading. This model is implemented for the C language.
A new extension to C is developed, which provides a solution to the problem of in-
troducing new operator symbols into the language. We describe the development of
our language preprocessor that accepts a language grammar containing new operator
symbols and translates the operator symbols into function calls. Chapter 6 illustrates
some results of our solution. As an example, vector arithmetic is introduced to the
C language through the use of APL operators in C. Another example redefines the
C language operator symbols to alleviate some of the more common programming
errors inherent in the language. We present a curious application of our method by
introducing the idea of compiling poetic programs. We conclude in Chapter 7 with

an appraisal of our approach and design methodology.



Chapter 2

Language Fundamentals

“To sum up, pictographic and hieroglyphic writing as used in Babylonian,
Mayan, and Chinese cultures represents an extension of the visual sense
for storing and expediting access to human experience. All of these forms
give pictorial expression to oral meanings. As such, they approximate the
animated cartoon and are extremely unwieldy, requiring many signs for
the infinity of data and operations of social action. In contrast, the pho-
netic alphabet, by a few letters only, was able to encompass all languages.
Such an achievement, however, involved the separation of both signs and
sounds from their semantic and dramatic meanings. No other system of
writing has accomplished this feat.”

Understanding Media, Marshall McLuhan



2.1 Language Theory

The modern definition of a programming language includes a specification of the
language syntax and its semantics [8, 9, 10, 16]. A language grammar defines a set of
production rules, which specify how language statements and expressions are formed
from the fundamental terms in the language vocabulary.

A finite set of symbols is called an alphabet or vocabulary. The terms symbol, token
and word are considered synonymous and denote an element of a vocabulary. If V' is
a vocabulary, a finite sequence of symbols in V' is called a string over V. The notation
V* denotes the (infinite) set of all strings over V| including the empty string, denoted
e. The notation V* denotes V* — e. If x is a string, then |z| denotes the length or

number of symbols in x.
Definition 1 A grammar is a quadruple G = {N, T, P, ®} where:

e N is a finite set of symbols called nonterminals.

e T'is a finite set of symbols called terminals such that N and T are disjoint, and
V' denotes the union of N and T (V = NUT).

e ® is a distinguished element in N called the start symbol or goal.

e P is a finite set of pairs called productions. Each production («, [3) is written
a — 3. The left part o is in VT and contains at least one nonterminal. The
right part g is in V*.



A grammar G = {N,T, P,®} is a context free grammar (abbreviated CFG) if
each production rule is of the form A — «a, where A € N, o € V*. The term “context
free” means that A can be replaced by a wherever it appears, no matter the context.

A Backus-Naur (BNF) specification is a notation used to represent grammar pro-
duction rules [16]. The form uses four meta characters which are not in the working
vocabulary. These are: <, > ::= and |. The idea is that strings, which do not
contain the meta characters, are enclosed by < and > and denote elements of N. The
symbol : := serves as a replacement operator like —, and | is read “or”.

For example, an ordinary context free grammar for unsigned digits in a program-
ming language might be as follows, where D stands for the class of digits, and U

stands for the class of unsigned integers:

D —0 D — 4 D —8
D —1 D —5 D—9
D —2 D —6 U—D
D—3 D—7 U—-UD

This example, when written in BNF, becomes:

<digit> == 0111213/41516171819

<unsigned-integer> := <digit> | <unsigned-integer> <digit>

In this thesis, we will adopt a modified form of the BNF notation. We shall use
< and > to denote nonterminal grammar symbols, but not the other meta characters.
The modified form describes, explicitly, the set of production rules used for a non-
terminal symbol. This set, along with the symbol —, retains the basic idea that a
nonterminal symbol can be replaced by any member of its production rule set.

Production rules will contain a nonterminal grammar symbol on the left hand

side and a list of terminal or nonterminal symbols on the right hand side. Where a



nonterminal symbol on the right hand side is optional, in that it may or may not be
present in the production, this is denoted with the subscript opt being attached to
the symbol. The use of optional symbols can simplify the production rule notation.
Where more than one syntactic production rule is possible for a left hand side symbol,
each rule is independently specified.

This thesis introduces a symbolism and a notation for specifying expressions within
the programming language. The language grammar specifies how expressions are de-
rived and how operator symbols can be used within the language. If @« — 3 is a pro-
duction and yad is a string then yad = 30 is an immediate derivation. A derivation
is a sequence of strings ag, aq, - -, a, such that ag = ay,a1 = @, -+, a1 = .
Any string « derivable from the start symbol ® of G' containing only terminal symbols

is called a sentence generated by G.
For example, consider the following CFG which describes a simplified version of
arithmetic expressions:

G = ({E7T}>{+7(>)7a}7P7E>

where the production rules P are:

<E> — <E> + <T>
<E> — <T>
<T> — ( <E> )

<T> — a

The expression a + (a) is a sentence derivable from G according to the sequence
E=E+T=E+(E)=E+(T)=E+(a)=T+(a) = a+(a).
2.2 Semantic Functions

The semantics of an operator define the operator meaning in context with the envi-

ronment in which the operator is used. Given a set ¥ C T of operator symbols, it



is desirable to have a standard set of symbols to name operations taking a specified

number of arguments. Such a set is called a ranked alphabet.

Definition 2 Let A be the set of natural numbers. A ranked alphabet is a set ¥ with
an associated function r : ¥ — A assigning a rank or arity n to each symbol f in X.
For every n > 0, ¥, denotes the subset of ¥ consisting of the operator symbols of

rank n. For example, the set of constants is 3. The set of unary operator symbols

is 21.

The environment in which an operator has meaning is called an algebra. An alge-
bra is simply a pair (A, F') consisting of a nonempty set A together with a collection F’
of functions, also called operations, each function in F' being of the form f : A" — A,
for some natural number n > 0. Given an algebra (A, F'), each symbol f in 3 receives
an interpretation I(f) which is a function in F'. In other words, the set F' of functions
is defined by an interpretation I : ¥ — F' assigning a function of rank n to every

symbol of rank n in . More formally,

Definition 3 Given a ranked alphabet X, a Y-algebra A is a pair (A, I) where A
is a nonempty set called the carrier, and I is an interpretation function assigning
functions to the symbols as follows:

e Each symbol f in ¥ of rank n > 0 is interpreted as a function

I(f): A" — A

e Each constant ¢ in ¥ is interpreted as an element I(c) in A.

Informally, the ranked alphabet describes the syntax, and the interpretation function

I describes the semantics.

For example, let A be the set {0,1}*, and X = {0,1,+}, where 0, 1 are constants
of rank 0, and + has rank 2. If we define the interpretation function I such that

I(0) = 0,I(1) = 1,I(+) = concatenation, we have an algebra of binary numbers

10



A = (A,7). The semantic interpretation of the + symbol is understood to be the

concatenation of two binary numbers into a new binary number.

To review, operator semantics are determined by the interpretation function as-
sociated with the operation. This function is valid only within certain contexts or
domains. The context is determined by the domain and range of the semantic func-
tion, as specified by the data type of the carrier set used for function arguments and
the function result.

When dealing with multiple domains, it is useful to generalize algebras by allowing
domains and operations of different types. These are called sorts. Let S be the set
of sorts, or types. Typically, S consists of types in a programming language (such as
integer, real, boolean, character, etc.). The notion of an algebra is extended into a

many-sorted algebra as follows:

Definition 4 An S-ranked alphabet is a pair (X,r) consisting of a set ¥ together
with a function r : ¥ — S* x S assigning a rank (u, s) to each symbol f in ¥. The
cardinality of the string v in S* is the arity of f and s is the sort or type of f. If
U =81 Sp,(n > 1), asymbol f of rank (u,s) is to be interpreted as an operation
taking n arguments, the i-th argument being of type s;, with the result being of type

S.

Definition 5 Given an S-ranked alphabet S, a many-sorted ¥-algebra A is a pair
(A, 1), where A = (Ay)ses is an S-indexed family of nonempty sets, each A being
called a carrier of sort s, and I is an interpretation function assigning functions to
the function symbols as follows:

e Each symbol f of rank (u,s) where u = s;---s, is interpreted as a function
I(f):As1 X XASn _>As

e Each constant c of sort s is interpreted as an element I(c) in Aj

11



To clarify some of the concepts introduced, an example of the algebra of stacks of
real numbers can be defined as follows. First, some notation. Let N,, = {1,2,---,n}
denote the set of natural numbers from 1 to n, and let R be the set of real num-
bers. Let S = {real,stack}, ¥ = {®,%x,TOP, PUSH,POP}. © is a constant
of type stack and % is a constant of type real. TOP is a function symbol of
rank (stack,real), POP is a symbol of rank (stack,stack), and PUSH has rank
(real,stack,stack). A stack is defined by any function of the form S : N, —
R U {*}, the set of all these functions is the carrier of the sort or type stack. Simi-
larly, the carrier of the sort or type real is R U {x}. The function TOP(S) takes a
stack S as an argument and returns a real number S(n) from the top of S'if n > 0, or
the symbol x if n = 0. If « € R, PUSH («, S) returns the stack S’ : Np,y1 — R U {x}
such that (k) = S(k) for all k, 1 < k < n, and S’(n+1) = a. The function POP(S)
returns the stack S" : N,,_; — RU{*} such that S'(k) = S(k) forall k,1 <k <n-—1,
if n > 1; otherwise if n = 1, POP(S) returns the empty stack ®.

The semantics of an operator symbol in a programming language have been intro-
duced in terms of an interpretation function defined over a set of carriers of various
sorts. When the operator symbol is used in a larger context, such as an expres-
sion generated through a language grammar, there is now the problem of ensuring
semantic consistency between symbols.

A compound expression is defined as an expression containing more than one
symbol from Y. Such an expression might be generated through a language grammar
given by the two production rules S — a.S and S — v, where o,y € ¥. Semantic
consistency between function symbols can require that intermediary expression results
be converted from one sort to another. Automatic type conversion or coercion often
exists in many programming languages, and it is used as a programming aid to convert
between language data types. Coercion establishes a form of semantic consistency for

the language operators, within the set of predefined data types.

12



This thesis does not address type conversion or coercion. Operators or functions
can clearly be introduced to the algebra to provide type conversion where necessary.
Conversion between sorts or defined data types must therefore be specified for all

cases where operators are referenced in compound expressions.

2.3 Operator Symbols

The language vocabulary is the set of fundamental symbols from which sentences
are created. The set T' defined the language vocabulary. Elements in the vocab-
ulary are known as tokens. A typical programming language may have a terminal
vocabulary set {begin,end, (,),*,+,-,while,...}. Each token is constructed as a
string derived from some alphabet. A symbol in the vocabulary is defined as a reqular

expression over the alphabet.

Definition 6 Let > be a finite alphabet. Regular expressions over X are defined
inductively as follows:

1. 0 is a regular expression representing the empty set of strings.

2. € is a regular expression representing the set consisting of the empty string e.
3. for each a € ¥, «v is a regular expression representing the set {a}

4. if o and [ are regular expressions representing sets A and B, then

(a) o+ (3 is a regular expression representing A U B.

(b) af is a regular expression representing the language
AB ={xy:x € Ay € B}.

(c) a* is a regular expression representing A* = (J2, A, where A% = {¢} and
A= A'A for i > 0.

A regular expression is any finite sequence of symbols taken from the alphabet.
For example, if the character + exists in the alphabet, then the strings + and ++ are

both regular expressions. Let + be the function symbol whose semantic interpretation

13



is to define a positive number, and let ++ be the function symbol whose semantic
interpretation is to increment a number. Both function symbols, by definition, are
members of the language vocabulary set V. Given any string s such that ++ is in
s, it is clearly ambiguous as to whether the string contains two occurrences of the +
function, or one occurrence of the ++ function.

As this thesis is investigating the introduction of new operator symbols into a
programming language, these new symbols can potentially conflict with the existing
language vocabulary and result in an ambiguous grammar. We consider this to be
an error in the algebraic specification of the grammar symbols. However, a practical
solution to this problem is to minimize any ambiguity during sentence derivation
by assuming that the lexical scan returns the longer symbol string as the operator
token, or by accepting the first derivation of the term as the correct grammatical

interpretation of the symbol.

2.4 Operator Precedence

The precedence of language operators is the operator evaluation order as defined by
the algebra of the problem and formally implemented through the language grammar.
The derivation of a sentence or expression in the language identifies the expression
components and evaluation order according to the grammar derivation sequence. The

definition of a tree and an associated derivation tree are as follows:

Definition 7 Let N, denote the set of positive natural numbers, and N} the set of
all strings of positive natural numbers. A tree domain D is a nonempty subset of N}
satisfying the conditions:

1. For each u € D, every prefix of u is also in D.

2. For each u € D, for every i € N, if uz € D then, for every j, 1 < j <1, uj is
also in D.

14



Definition 8 Given a set ¥ of labels, a 3-tree (or tree) is a function t : D — ¥, where
D is a tree domain denoted by dom(t), and such that for every node u in dom(t),
d(u) = r(t(u)), where d(u) is the cardinality of the set {i|ui € dom(t)}. Every string

w in dom(t) is called a tree address or node.

The preceding definitions introduced the concept of a tree domain as a set of
addresses. A tree is constructed by mapping addresses from D to symbols, such that
the rank of a symbol equals the number of immediately subordinate addresses. As an
example [9], let ¥ = {f, g, h,a,b}. A tree is defined by the function ¢t : D — ¥, where
D ={e, 1,2,11,21,22,221,222,2211}, and ¢ is the function defined by the pairs

{(e, f),(1,Rh),(2,9),(11,a),(21,a), (22, f), (221, h), (222, D), (2211, a)}

The graph of this tree is shown below:

[f]e
VAN
[n]1 [e] 2
e SN
[«]m [a] 21 [7] 22
7N
[n] 221 [] 222
2211

A grammar production can now be associated with a tree. It is assumed, without
further definition, that the terms: root, node, leaf, subtree, path, and a left to right
ordering of the leaves of a tree are understood. Let us represent the address of the

root node of a subtree 7 with m leaves.

15



Definition 9 Let G = {N, T, P,®} be a context free grammar and let 7 be a X-tree
with labelling t : dom(7) — N UT. T is said to be a grammatical tree of G if and
only if, for every subtree 7' of 7', there exists a production p € P of the form a — (3
corresponding to 77 such that t(uz/) = a and, for every b; € 3, there exists a node

ui € dom(7") such that t(ui) = b;.

Definition 10 A derivation tree is a grammatical tree 7 such that for every tree
address u of dom(7) where d(u) = 0 (a leaf), ordered from left to right, the string
defined by the concatenation of the labels of the leaves fr(7) = t(uy)t(uz) - - - t(uy,) is
in 7*. The string x € 7* is said to be in the language L(G) defined by G if and only
if a derivation tree 7 exists such that fr(7) = x. The grammar G is unambiguous

if, for any two derivation trees 7 and 7”, fr(7) = fr(7') implies T = 7.

A derivation tree has symbols from the terminal vocabulary set at the leaves of the
tree ordered such that the sentence generated from the grammar can be constructed
by traversing the tree from left to right, concatenating all symbols at the leaves
together.

The following grammar, shown in Figure 2.1, implicitly defines a higher precedence

for multiplication over addition.

The parse of the expression axb+c*d+ex f x g isolates the multiplication terms
as subexpressions during the parse of the addition expression, where:
expr = add = mult + add = pri * mult + add = a * mult + add = a * pri
+add = a * b+ add = a * b + mult + add = a * b + pri * mult + add =
a *b+cx*xmult + add = a *b+c*xpri+add = a*0b+c*d+ add =
a*b+cxd+mult = ax*xb+cx*xd+pri*xmult =a*xb+cx*xd+ex
mult = a *b+c*xd+ex*xpri *mult = a*xb+cx*xd+ex*x f*xmult =
a*b+cxd+ex frpri=>axb+c*xd+ex f*xg.

The derivation tree is shown in Figure 2.2 below.

16



<expr> — <add>
<add> — <mult> + <add>
<add> — <mult>
<mult> — <pri> * <mult>
<mult> — <pri>
<pri> — a
<pri> — b
<pri> — ¢
<pri> — d
<pri> — e
<pri> — f
<pri> — g

Figure 2.1: Operator Precedence Example

For any subtree 7" in 7 with root node uz, the level L(7") is defined to be equal
to the length of the path from the root node of tree 7 to node uz. We use the
notation Lz/(x) to represent the level of the subtree 7’ whose root node is labelled

by symbol z.

Definition 11 Let A be the set of natural numbers and let ¥ be a ranked alphabet.
The precedence of any element f € X is defined by a function p : ¥ — N, where
p(f) = 0if and only if f € 3. For every n > 0, P, denotes the subset of 3 consisting
of the function symbols of precedence n. We have Py = ¥y, thus the set of constants

all have the same precedence.

2.5 Summary

This chapter has introduced the formal concepts of a language grammar and a deriva-
tion tree for a sentence in the language described by the grammar. An algebra appro-
priate to the problem domain is assumed, and given this algebra, we show in Chapter
3 how expressions in the language can be related to interpretation functions defined

for symbols in the algebra.
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Level 1 expr

Level 2

Level 3

Level 4

Level b

Level 6

Level 7

Level 8

Level 9

Figure 2.2: Operator Precedence Derivation Tree
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Chapter 3

Expression Evaluation

“To solve a sticky arithmetical problem, we need a way of setting out
the problem which makes it perspicuous. Ordinary arithmetic convention
gives us such a way. T'wo minutes with a pencil on the back of an envelope
lets us solve problems which we could not do in our heads if we tried
for a hundred years. But at present we have no corresponding way of
simplifying design problems for ourselves.”

Notes on the Synthesis of Form, C. Alexander
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3.1 Grammar Specification

Let G = {N, T, P,®} be an unambiguous context free grammar. This thesis considers

a specific grammar for expression formation whose production rules P are of the form:

<P> — <Py> <Py> opt (1)
<Py> —  fi <Py> <Py> opt (2)
<Py> — <Pp> <Py> opt

<Py> —  fy <P3> <Py> opt

<P,> — <Q1> <Py> opt

<P,> — f, <Q1> <P> opt

Q> = fan <@Qr> (3)
Q> — @

<Q> — ¢ (4)

Figure 3.1: A Generalized Expression Grammar

Production rules denoted (1) and (2) describe the derivation rules for a binary
operator f;. These rules describe a general syntax for a binary expression of the
form: X;[opXs[---]]. Rule (3) describes the productions for a unary operator of the
form: [oplop---]]X1. Rule (4) describes the grammar terminal set, where ¢ € T'. The
precedence of operators is such that p(f;) < p(f;) if and only if i < j.

The semantics of this grammar can be defined informally. We consider the case
of an operator of rank n. Let S be a sentence of L(G), and let 7 be the derivation
tree of S with respect to G. The nodes of this tree are labelled by symbols of NUT.
A (usual) production rule of the form Xy — X 20X5--- X, where Xq,---, X,, € N,
xo € T, will be considered as an element of P of arity n. {Xi} is the left hand
side (LHS) of terminal symbol z¢, and {Xs,---, X,,} is the right hand side (RHS).

Consider a node u € 7 labelled by Xy with sons uy, ug, us, - - -, u,. This corresponds
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to a production rule of the form described above. Let A = (A,Z) be an algebra over
alphabet ¥ C T'. For algebra A, every symbol f in X, has an interpretation function
I(f), represented as the function f(a, s, -, a,), where f is understood to be the
label of the tree node at ug, and «; is interpreted as the label of the node wu; for all
1 <7 < n. The sort or type of z( is the sort of f. The sort of X is the sort of xg.
Function I(f) maps to a node u € T such that the sort of X; equals the sort of ay,
forl1 <i<n.

An example of an abbreviated context free grammar, which incorporates the gen-
eralized expression grammar of Figure 3.1, is shown in Figure 3.2. In this example, we
isolate a class of operator symbols ¥ = { 4+, -, *, /, I, = } as a subset of the terminal
symbol set T'. The set ¥ is further partitioned into two disjoint subsets O; and Op,
where Oy = { +, -, *, / } and Op = { !, + }. Set Oy represents the set of intrinsic
operators predefined within the programming language. Set Op represents the set
of derived operators which are new operator symbols introduced into the language

grammar specification. Section 4.2 of this thesis will develop this concept further.

3.2 Sentence Evaluation

Sentence evaluation assigns a symbolic value to any string S € L(G). Given any string
S € L(G) where G is an unambiguous context free grammar, a unique derivation tree
T for S exists. Furthermore, given an algebra A over an alphabet X, for all symbols
f € ¥ of rank n > 0, a semantic interpretation function I(f) : A" — A exists. We
evaluate a sentence by mapping the algebra of the problem domain onto the language
grammar such that any expression in the language can be expressed as a string using
the semantic functions of the algebra.

Algorithm 1 specifies an evaluation method for expression grammars of the type
described above. The algorithm uses the derivation subtree levels as evaluation levels

for tokens in the terminal vocabulary.
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<derived-unary-op>
<derived-binary-op>

<expression> — <operation>
<operation> — <unary-op> <operand>
<operation> — <operand> <binary-op> <operand>
<unary-op> — <intrinsic-unary-op>
<unary-op> — <derived-unary-op>
<binary-op> — <intrinsic-binary-op>
<binary-op> — <derived-binary-op>
<operand> — <expression>
<operand> — <identifier>
<operand> — <constant>
<operand> — ( <expression> )
<intrinsic-unary-op> — +
<intrinsic-unary-op> — -
<intrinsic-binary-op> — +
<intrinsic-binary-op> — -
<intrinsic-binary-op> — *
<intrinsic-binary-op> — /
— |
—

Figure 3.2: An Abbreviated Expression Grammar Example
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Algorithm 1 An evaluation method for expressions in this grammar is:

1. For all z € S, assign a level [(z) = min(Lz (z)) such that for all subtrees 7" of
T, x is on the leftmost path from the root of 7.

2. For all z € S where n = |5], assign an ordering 1, xo, - - -, z,, representing a left
to right traversal of the leaf nodes in 7T'.

3. Set the value of a unique attribute Q(z) = F for all z € S.

4. The value v(S) is a string constructed by processing the elements of S in order,
as follows:

(i) Forall z; € S, 1 <i <n such that Q(z;) = F do:
If x; not in X, then set v(x;) = ;, next i

(ii) If x; has a left hand side operand, then for j =i — 1 to 1,
Find the first j such that Q(z;) = F and I(x;) < l(z;)
or, if no such j exists, set 7 = 1.
Let LHS = {wj, Tjy1,- ,l’i_l}

(iii) If z; has a right hand side operand, then for &k =i + 2 to n,
Find the first k& such that Q(zx) = F and [(x) < [(x41)
or, if no such k exists, set k =n + 1.
Let RHS = {ZL‘Z‘+1, Lig2, " ,l'k_l}

(iv) If LHS = () and RHS = 0, let v(z;) =
If LHS =( and RHS # 0, let v(z;) = ;
If LHS # () and RHS = 0, let v(x;) =
If LHS # () and RHS # 0, let v(z;) = x; ( (LHS),v(RHS))
Where z; had a left hand side operand, set I(z;) = I(x;)
For all z € LHS U RHS, set Q(x) =T, next i

5. Let v(S) = {v(z):x € S and Q(x) = F}

Figure 3.3: Algorithm 1 - Expression Evaluation
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Given a derivation tree for a sentence S € L(G) and a set ¥ € T of opera-
tor symbols, such that for all f € ¥ a semantic interpretation function I(f) ex-
ists, Algorithm 1 converts each symbol f into its interpretation function I(f) =
f(ag,ag, -+, ay), where n equals the rank of f. The algorithm traverses the tree in
left to right order, examining each leaf node of the tree. For each operator symbol
f, at tree node uy, the algorithm uses the derivation tree to establish the symbolic
value for all terms aq, -, ay,, 0 <i < n.

The grammar production rules used to derive S are assumed to follow the form
specified in Figure 3.1. The derivation tree therefore (usually) contains the symbolic
value for term oy to the left of the node uy. Values for terms ao, - - -, oy, are found to
the right of node wuy.

The characteristics of f describe the method for constructing the interpretation
function I(f). If f has rank 0, then f is a constant in ¥, and I(f) is interpreted as
an element /(c) in the sort or carrier for f. If f has rank 1, then f may be either
a prefix or postfix function. If f is a prefix function, then the symbolic value for a;
is found to the right of node uy. If f is a postfix function, then the value for o, has
been determined and is found to the left of node uy. If f has rank greater than 1,
then the (usual) construction of I(f) will obtain the value of oy from the left of node
uy, and recurse to obtain the value of all terms o, - - -, a, from the right of node uy.

When an operator symbol f has been evaluated, then the value I(f) represents
the subtree for f(aq,---,a,). Sentence evaluation continues from the leaf node in T’
following the evaluation of f.

For example, using the grammar of Figure 2.1, if ¥ = {x, +}, the evaluation levels
for the expression terminal symbols are given in Table 3.1. These values are derived
from the derivation tree shown in Figure 2.2. We examine all subtrees in which the
symbol occurs on the leftmost path from the root node of the subtree. The level

assigned to a symbol is the minimum level of all subtree root nodes examined.
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Symbols x | a *
Level [(z) |1 4

b + d +
4 3 5 4

c * e * f * g
3 5 4 6 6 7 7

Table 3.1: Evaluation Levels

The evaluation of S proceeds from left to right. The first operator symbol in X
evaluates to the string *(a,b) where a is the LHS of * and b is the RHS. The symbol
a is identified as the LHS of * because [(a) < I(x). The symbol b is identified as the
RHS of * because [(b) = 4, and [(+) < [(b). The evaluation of the operator * results
in [(*) being set to I(a) = 1.

The next operator symbol in the expression is + whose LHS is the string *(a,b),
previously evaluated. The right hand side is the symbol set {c,*,d, +, e, *, f,*, g}.
The first symbol of the RHS set is ¢, with [(¢) = 3. The RHS terminates at the end
of S because all the remaining symbols in S have a level greater than I(c).

The symbol set {c, *,d, +, e, *, f,*, g} is recursively evaluated as follows. The first
operator symbol in this set is *, with [(x) = 5. The value of this symbol is the string
*(c,d), calculated as described above. The level [(x) is set to I(¢) = 3. The next
operator symbol is +, whose LHS has the value *(c,d). The RHS is the symbol set
{e,*, f,*,g}. This set is recursively evaluated.

The recursive value of {e,*, f,*, g} is the string *(e,*(£f,g)). Unfolding all re-
cursions, the symbolic value of S is the string +(*(a,b) ,+(*(c,d) ,*(e,*(f,g)))).
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Chapter 4

Operator Overloading

“How queer everything is today! ... Let me think: was I the same when
I got up this morning? I almost think I can remember feeling a little
different. But if I'm not the same, the next question is, Who in the world

am 1?7 Ah, that’s the great puzzle!”

Alice in Wonderland, Lewis Carroll
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4.1 Operator Overloading in C+4++

In Chapter 2, an operator was introduced as a terminal symbol in the language alpha-
bet of rank > 0. The semantic interpretation of this symbol was defined through an
interpretation function, which mapped the various sorts or data types of the symbol
arguments to the symbol. The set of sorts in the domain and range of the interpre-
tation function is called the signature of the operator symbol.

A characteristic of almost every programming language is that it is possible for
several operations to share the same name or symbol [16]. This is called overloading.
For example, the operator symbol + typically denotes (at least) two operations, one
with signature integer X integer — integer, and one with signature real X

real — real.

In many programming languages, overloading is restricted by:

1. only intrinsic operations are overloaded.

2. for every overloaded operation, the type of the result may be deduced from the
name of the operation and the types of the operands, without reference to the
context of the expression.

For example, in a language where the + operator was overloaded as above, the
operation 2 + 3 would be identified as integer X integer — integer regardless

of the context.

Simple overloading, as described above, is available in C. The C++ language
extends the capabilities of C to permit the declaration of a set of operations which
can be performed on nonprimitive objects represented as a C++ class [6, 22]. Defining
operators to operate on class objects sometimes allows a programmer to provide a
more conventional and convenient notation for manipulating class objects than could
be achieved using only the basic functional notation. However, C++ fails to address

either of the overloading restrictions noted above due to the following problems: [6]
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. C++ cannot be extended by inventing new operator symbols. For example, an
“exponentiation” operator cannot be created using the characters **. These
characters do not form a legal operator in C or C++. Operator overloading is

restricted to the existing operator symbols available within the language.

. The number of operands which an operator takes cannot be changed. For
example, the logical NOT operator (~) is a unary operator and it cannot be
overloaded to be a binary operator. The expression a =~ b is legal, whereas

a = b~ cis illegal.

. An operator’s precedence cannot be changed. The multiplication operator has
a higher precedence than the addition operator, so multiplication is performed
first when the expression a = b + ¢ % d is evaluated. The * and + operators
cannot be overloaded in such a way that the addition is performed first. Paren-
thesis must be used to alter the order of evaluation. One consequence of this is
that the operator chosen for a particular purpose may not have the precedence
appropriate for the intended meaning. For example, the A operator may seem
an appropriate choice for exponentiation, but its precedence is lower than that

of addition, possibly introducing some confusion in the expression notation.

. An operator’s associativity cannot be changed. When an operand is between
two operators which have the same precedence, it is grouped with one or the
other depending on its associativity. For example, addition and subtraction are
both left associative, so the expression a = b+c—d is evaluated as a = (b+c)—d.
The + and - operators cannot be overloaded in such a way that the subtraction

is performed first. Parenthesis must be used to control evaluation order.

. The meaning of an operator cannot be changed with respect to intrinsic data

types. For example, the + operator cannot be overloaded for int data types.

. Overloaded operator functions that differ only in return type may not have the
same name. Two function declarations of the same name refer to the same
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function if they have identical argument types. For example, it would not be
possible to overload the division operator to provide versions for both integer
and floating point return types, for identical integer arguments.

7. The following operators in C++ cannot be overloaded.

Operator Description

Class member operator

K Pointer to member operator
Scope resolution operator
7 Conditional expression operator

Generalized operator overloading is an attack on problems 1, 2, 3, and 5. The
proposed solution to these problems introduces a modifiable grammar specification in
which new operator symbols can be declared and mapped to semantic interpretation
functions in the problem domain. However, a solution to problem 6 requires that
an overloaded operator be understood in context with the expression in which it
appears. This violates the premise that we have a context free grammar as discussed
in this thesis. Problem 4, operator associativity, is a characteristic of the language
grammar, however this thesis does not consider this a significant problem as it can be
easily resolved through the use of parenthesis. The restrictions imposed by problem 7
suggest that there are different classes of language operators which can be overloaded;

these are discussed below.

4.2 QOperator Classification

We classify language operators into intrinsic operators and derived operators. Intrinsic
operators are the standard operators predefined within the language specification.

Examples of intrinsic C operator symbols are:

+’ _’ &’ ~, <<’



The intrinsic operators are further subdivided into a class of resolution operators
and functional operators. Resolution operators are operators used by the compiler
for unique identifier name qualification, scope resolution, and identifier initialization.
These include the first three operators noted in problem 7, plus the initialization
operator =, the indexing operator [ ], and the function call operator ( ). Resolution
operators provide language functions for the declaration and maintenance of program
entities or variables and therefore do not fall within the scope of expression evaluation.
Functional operators are all other operators which are used for expression evaluation.
The functional operators are candidates for generalized operator overloading through
the definition of new semantic interpretation functions.

When a functional operator is redefined, it becomes a derived operator. Derived
operators represent the new operations introduced into the language. An example
of a derived operator for C is the APL vector sum reduction operator, +/, which
uses the functional + operation to sum individual elements of a vector. The semantic
interpretation functions for a derived operator are, at their lowest level, implemented

with language functional operators.

4.2.1 Assignment and Initialization

The notion of assignment is fundamental to any programming language. The se-
mantics of any assignment x «— y require that the value of y be stored in x. If an
assignment operator is overloaded, then its implementation function must access x by
reference. A reference is an alias, or alternate name for a variable or object. The main
use of references is in specifying arguments and return values for functions in general,
and for overloaded operators in particular. The semantics of a reference are similar
to that of a pointer, in that any use of the reference variable results in an access to
the object to which the reference applies. For example, if the assignment z « y is
defined by the function Assign(z,y), then x must be passed as a reference parameter

to the Assign function so that the function can access the storage location to which x
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refers. When x is itself a function, then the function must return a reference which is
synonymous with the value of x. This requirement shows that host language support
for reference variables is a necessary condition for generalized operator overloading,
whenever assignment type operators are derived.

Initialization is different from assignment. Initialization is a compiler activity to
preset initial values for program variables. This is a resolution operator, as discussed

above, and therefore not applicable to expression evaluation.

4.2.2 Indexing and Name Qualification

Both name indexing and name qualification serve to refine the specific instance or
occurrence of an identifier within a program. For example, in C the term V/[3] uses the
index [ ] operator as a function to isolate a specific occurrence of an item in vector
V. Similarly, the term John.name uses the period (.) operator to uniquely qualify
the variable name to the structure John. Indexing is an offset to a named identifier,
whereas name qualification clarifies an ambiguous identifier name. Operators which
qualify identifier names are resolution operators. Index operators are offset functions,
which may or may not be resolution operators depending on the characteristics of
the host language. For example, if array bounds or structure size is a known visible
attribute of an identifier, then indexing can be implemented as a function. Conversely,
if identifier sizes are known only to the compiler, then indexing must be considered

as a resolution operator.

4.3 Function Overloading

Function overloading is the name given to the idea of using the same identifier for
two or more different functions. For example, inverting a geometric figure is clearly
a different operation from calculating the inverse of a matrix, yet, for a consistent

notation, each inverse function should have the same name. The correct function
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associated with an identifier is determined through semantics, based on the type of
the function operands.

Function overloading is a necessary condition for operator overloading. Each over-
loaded operator has an associated interpretation function as specified in the algebra of
the problem. Function overloading therefore describes a relation between the operator
symbol and many different interpretation functions. Let the different interpretation
functions for operator symbol f be denoted by the set {f’, f,---}. Semantic infor-
mation, as defined by the domain and range of the expression operands, must be used
to choose the correct implementation function f from the set of functions { f’, f”,---}
established for the operator if a context free grammar is used.

For cases where many function implementations are defined over the same domain
and range, a conflict will clearly exist. Ambiguities of this type are considered to be
an error in the algebraic specification of the problem notation. Conflicting name
resolution is dependent on context information outside the scope of the expression

and the algebra of the problem domain.

4.4 Semantics of Overloaded Operators

The semantics for a derived operator are the rules which define how the operation
is to be evaluated. The evaluation method is a function f(ay,aq,---,a,) where n
represents the arity of the operator. The algebraic specification of the interpretation
function f is dependent on the various sorts, or data types, of the function arguments.
For example, the Y operator may be syntactically defined as a unary operator and
considered to be semantically meaningful over vector data types. However, for no-
tational consistency, the operator should apply to any vector data type implicitly or
explicitly defined within the program language.

Many programming languages implement operator semantic processes by provid-

ing type conversions between language data types. However, where data types are
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implemented through objects, type conversion is not obvious.

Function f represents an overloaded operator. We informally define an overloaded
operator as a family of functions which are consistent only with respect to their
semantics. Each function may have a unique computational method and return a
different data type as a result. Unfortunately, the determination of the semantic
consistency between functions is a difficult issue and is a research subject [1, 23].

The recognition of the correct syntactic implementation for an overloaded operator
necessitates either a compile time selection of the appropriate function, or dynamic
linking of the proper module into the code during program execution. This thesis does
not discuss techniques for function name resolution. Our approach to this problem is
to assume that features exist within the host language for static or dynamic selection

of the correct function.

4.5 Operator Modification

To this point, we have implicitly assumed that all derived operators are fully and
completely specified as a unique symbol within the language grammar. Yet concise
notation often requires that standard operations be modified through appropriate
subscripts or additional notation. For example, the summation operator Y applied
to a vector operand implicitly assumes a summation over all elements in the vector.
A more precise notation may specify > ; to denote specific modifiers for the sum.
Operator modification requires that new arguments be passed to the semantic
function. The overloaded operator function f is a function of m arguments, m > n,
the first n representing the operands, and the remainder m — n representing optional
parameters. Operator modifiers are specified within the language as optional syntactic
terms associated with the operator symbol. Different modifier syntax generations are

implemented by defining a set of production rules for the new operator symbol.
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The general grammar for expressions whose operator functions can contain mod-
ifiers is given below. Each operator symbol is represented with a production rule of
the form (1), with an optional list of modifiers, described with production rule (2).

For simplicity, it is assumed that modifiers are terminal vocabulary symbols.

<P> — <Py> <Py> opt

<Pi>  —  <Fy> <Py> <Py> opt

<Py>  —  <P3> <Py> opt

<Py> —  <Fy> <P3> <Py> opt

<P,> — <Q1> <Py> opt

<P,> — <F,> <Q> <P,> opt

Q1> — <F1> <Q>

Q> = @

<Q> — ¢

<F;> —  f; <M> opt (1)
<M>  —  <Q9> <M> opt (2)

Figure 4.1: A Generalized Grammar for Operator Modifiers

4.6 Summary

This chapter has discussed some limitations of operator overloading as is currently
implemented for the C language. A classification of intrinsic language operators
into resolution operators and functional operator is proposed. This classification
isolates the operators for expression evaluation from the operators used for the dec-
laration and maintenance of program entities and variables. Overloaded operators
are recognized as describing a relation between an operator symbol and many dif-

ferent semantic interpretations. The definition of generalized operator overloading is
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constrained to apply the language theory and problem algebra discussed in Chap-
ter 2 to language systems which provide support for reference variables and function
name resolution. The general grammar production rules for expression evaluation,
introduced in Chapter 3, are extended to support the notion of operator modifiers.
Modifiers are additional arguments supplied to the operator semantic interpretation

function.
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Chapter 5

Implementation Design

“Real world constraints always bastardize the most elegant design. How-
ever, people tend to focus on these constraints too soon during the design
activity. They miss out on the potential ‘big win’ that is possible through

problem domain understanding.”

Sam Adams, Knowledge Systems Corporation
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5.1 Conceptual Model

In our view, the goal of generalized operator overloading is to provide a means for
programmers to configure their language to support operations appropriate to the
problem they are attempting to code. A facility for defining new operators in the
language grammar and implementing the operator semantics is required. Subsidiary

objectives of the augmented language are:
1. New language operators should be of unary, binary, prefix, and postfix type.

2. New operator definitions should be visible to independently compiled program
modules. Once the semantics of a language operator is defined, it should be

usable on any system that supports the overloaded operator facility.

3. Writing, testing, and maintaining language operator definitions should be no

more difficult than writing application code.

4. Tt should be possible to redefine existing language operators and apply operators

to different data types within the language.

Our conceptual model for implementing generalized operator overloading is based
on the notion of modifying the grammar specification of the program source language
[19]. The general system architecture used is shown in Figure 5.1.

The generalized operator overloading tool is a language preprocessor which has
as input an extended language grammar specification and a program written in the
language defined by the grammar. The preprocessor acts as a compiler and translates
the extended program source code into a C language program which is subsequently
compiled by a standard compiler. The compiler output is linked with an interface
library which supplies the semantic implementation functions for the operator func-

tions introduced into the extended language grammar.
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Grammar Language Operator
Extensions > G’a"'_"_‘a’_ |r!t8rface
Specification Library
Application
Compiler
gﬁi‘;:ed Language g::::;: /
Code > Preprocessor d Code

Figure 5.1: Conceptual Model for Generalized Operator Overloading

The preprocessor converts each overloaded operator to a function call appropriate
for the operator. Overloaded operators may be of unary or binary type with appro-
priate modifiers. The function call is constructed by parsing the symbolic expression

according to the grammar production rules.

5.2 Grammar Specification

The language grammar specification is a text file which can be edited with any stan-
dard text editor. A context free grammar is specified in the file. The language gram-
mar contains production rules for language statements, declarations, and expressions.
Appendix I contains an abridged grammar for the C language, and Figure 5.2 illus-
trates the grammar file syntax.

A grammar production rule set consists of a nonterminal symbol, denoted with a
terminating colon (:). Each nonterminal symbol is subsequently followed with a set of

derivation rules, each rule consisting of one or more terminal or nonterminal symbols.
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All symbols are delimited by spaces. Each derivation rule must be fully specified
on one text line. Comments may be used to document logical sections within the
grammar file. Comments are lines of text which begin with a period (.) in column 1.

A production rule set must be specified for every nonterminal grammar term.
The production rule set may not contain any left recursive generations. Nonterminal
generations may be specified as optional terms, denoted with the opt keyword. Am-
biguous generations, in which one rule is contained within a larger rule, require that
the more restrictive rule appears first in the production rule set. This expedites the
program parse.

Semantic flags, of the form S name, may be attached to grammar production rules.
These flags are used to control code generation and parse error recovery. Three flags

are defined whose purpose is described below.
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Declaration Section.
constant:
floating-point-constant
integer-constant
identifier:

Statement Section.

statement: S Recover
jump-statement
iteration-statement
selection-statement
expression-statement

iteration-statement:
while ( expression ) statement

Expression Section.
expression:
assignment-expression expression opt
assignment-expression:
unary-expression assign-operator assignment-expression
conditional-expression
unary-expression:
unary-operator cast-expression
postfix-expression
conditional-expression:

Operator Section.
assign-operator:
= S 7 Assign

unary-operator:
+

postfix-operator:

Figure 5.2: A Grammar Syntax Specification
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Expedite: This directs the parser to accept the current token as a successful deriva-
tion for the current grammar production rule. This flag is typically used for
identifiers, string literals, and integer or octal constants. This flag
is used to expedite the program parse, based on the assumption that the lexical

analyzer returns syntactically valid tokens.

Recover: This directs the parser to set a code output recovery point. All internal
tables and parse history are cleared when an output point is found. This flag

is typically used on statement production rules.

Modifier: This flag is used to denote a modifier type production rule. Modifier
production rules, when invoked during a successful parse of the input, cause a
modifier semantic flag to be attached to every term generated from the rule.
This flag directs the code generation phase to include the terminal tokens as

modifiers to an operator function.

5.3 Grammar Extensions

Operator overloading extensions are characterized by new operators being introduced
into the expression and operator sections of the language grammar. New operator
symbols may be composed as a conjunction of existing language symbols or from
new symbols created in the language alphabet. The 7-bit ASCII code set has been
reserved for the standard language alphabet. New operator symbols may be allocated
in the upper 128 positions of the extended ASCII character set, or through multi-byte
character set extensions.

Operator definitions are added to the language grammar by inserting new pro-
duction rules in the appropriate operator section of the grammar text file. Operator
symbols are associated with a semantic evaluation function by attaching a semantic

definition, & n name, to the symbol. Figure 5.2 shows a semantic evaluation function
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attached to the assignment operator symbol.

The function name is substituted for the operator in the expression during the
code generation phase of the language preprocessor. The parameter n is a numeric
flag which defines the operator characteristics as shown in Table 5.1. The numeric
flag can be understood in terms of its binary representation. Each bit in the number
selects an operator characteristic if the bit is set. Bit 0 represents the least significant

bit in the numeric flag.

Bit | Meaning

Operator has right hand side operand
Operator has left hand side operand
Generate function call parameter list
Encode function parameters as strings
Right hand side call by reference

Left hand side call by reference

Y| W N|—= O

Table 5.1: Operator Semantic Flags

The flags at bit positions 0 and 1 are interpreted as left and right hand operator
characteristics during sentence evaluation as indicated in Algorithm 1. If neither bit
0 or bit 1 is set, then the operator symbol does not have a left hand side or a right
hand side operand. The symbolic function name is substituted for the operator symbol
during code generation. If bit 0 is set and bit 1 is clear, then the operator is a prefix
unary operator. Code generation replaces the operator symbol with a function call
constructed according to the settings for bits 2 through 5. Similarly, if bit 1 is set
and bit 0 is clear, then the operator is a postfix unary operator, and an appropriate
function call is constructed during code generation. If both bit 0 and bit 1 are set,
then the operator symbol represents a binary function.

If bit position 2 is set, the operator interpretation function is generated as a

symbolic function call, using parenthesis around the function parameter list, and a

42



comma as a list separator. If bit position 3 is set, each function parameter is encoded
as a string literal. Bit positions 4 and 5 were introduced in an unsuccessful experiment

to emulate reference variables for assignment operators in C.
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5.4 Language Preprocessor

The language preprocessor is a one-pass, three step compilation process as shown in

Figure 5.3.

Step 1 Step 2 Step 3

Grammar Language Native Code l;ative
Input ? Parse > Generation > ource

Code
Grammar Extended
Specification Source
Code

Figure 5.3: Language Preprocessor Architecture

5.4.1 Grammar Input Module

The grammar input module reads the grammar specification for the source language.
The grammar rules are parsed and an internal linked list structure is created to
represent the language specification. A list of permissible tokens, called the first set,
is created for each grammar term. The first set lists all tokens which can be generated
from the grammar term. This set is used to expedite the language parse. Algorithm 2
is used to create the internal grammar structure.

The algorithm begins by reading the grammar text file, described in Section 5.2.
Each nonterminal symbol in the grammar, syntactically recognized by a terminating
colon (:), creates a grammar list item. All derivation rules for the grammar nonter-

minal symbol are parsed. Each rule contains a list of one or more symbols. The rule
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lists are linked to the grammar list item.

When all grammar production rules are read, and all nonterminal grammar sym-
bols are known, the first list is built for each grammar term. The construction of the
first list is a two phase process. The first phase processes the grammar structure.
This phase establishes, for every nonterminal grammar symbol which appears as the
first term in some derivation rule, the names of the secondary grammar symbols for
which it is a first term.

The second phase reprocesses the grammar structure, this time searching for ter-
minal symbols which appear as the first term in some derivation rule. Each terminal
symbol is attached to the first list of the grammar item in which it appears. It is also
recursively attached to the first list of all other secondary grammar items in which

the current grammar item is known as a first term.
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Algorithm 2 Grammar Definition

1. Given an input string S representing the text of a grammar production rule set containing
terminal and nonterminal symbols and semantic indicator terms, a function ¢(S) which returns

the next token from S, and a distinct grammar list Hg initialized to null:

2. For all tokens ¢ = ¢(.5) in the grammar source file, do:

(a) If ¢t is a nonterminal grammar symbol, create a grammar item G for ¢, and attach G
to the list of known grammar items Hg. Grammar item G contains null lists of the
clauses (production rules) associated with G, the first terms derivable from the clauses

of GG, and a first clause list.
(b) If t is a grammar item semantic term, associate ¢ as an attribute of G.

(c) If t is the start of a new production rule for G, create a new clause item C for ¢, and
attach C to the list of production rules for G.

(d) If ¢ is a new term in clause C, semantic or otherwise, create a new term item T for ¢

and attach T to the current clause item C of G.
3. For all grammar symbols G; in Hg, do:

(a) For all clause items C; in G;, set k = 1. T}, is the first element of C;.

(b) If Tj, exists in Hg, create a first clause item F' for G; and attach F' to the first clause
list of grammar item T}, . If T}, is denoted as an optional grammar term, set k = k +1
and repeat Step 3(b).

4. For all grammar symbols G; in Hg, do:

(a) For all clause items C; in G;, set k = 1. T}, is the first element of C;.

(b) If Tj, does not exist in Hg, then create a new term FL for T}, and attach FL to the
first term list of G;.

(¢) For all F on the first clause list of G;, do:

i. If T, is a member of the first list of F', process the next F'.
ii. Create a new term F'L for T}, and attach F'L to the first term list of F'.
iii. Recurse on Step 4(c) for G; = F. Then process the next F.

(d) If T}, exists in Hg and T, is denoted as an optional grammar term, set k = k + 1 and
go to Step 4(b).

Figure 5.4: Algorithm 2 - Grammar Construction
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5.4.2 Lexical Analysis Module

The language parse is a top-down recursive descent parser. A lexical analyzer is used

to return tokens to the parser. The lexical analyzer, as implemented, is specific for

C. It returns tokens delimited by white space or non-alphanumeric characters. C

and C++ comment strings are ignored. Character constants, string constants, and

numeric literals are returned as complete tokens. Algorithm 3 is used for lexical

analysis.

Algorithm 3 Lexical Analyzer

1.

Given an input string S of length n, set ¢ equal to the number of consecutive
non-alphanumeric characters beginning in S.

. If + = 0, then set j to the index of the first non-alphanumeric character in S

and return the substring {Sy,---,S;_1} as a token.

Otherwise, set j equal to the number of leading white space characters in S.
Adjust S to be the remaining characters in S. Let S = {S;11,---,S,}. If j =14,
go to Step 1.

If S begins a comment of length &, adjust S to be the string {Sk.1,- -, S, } and
set ¢ equal to the number of consecutive non-alphanumeric characters in S.

If S begins a string literal, return the string literal as a token.
If S begins a numeric constant, return the numeric constant as a token.

Set 7 equal to the index of the next white space or alphanumeric character in
S. If j <, then return the substring {Sy,---,5;_1} as a token. Otherwise, go
to Step 1.

Figure 5.5: Algorithm 3 - Lexical Analysis
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5.4.3 Language Parse Module

The recursive descent parser identifies feasible grammar production rules for the cur-
rent input token based on the first set. No token lookahead is performed. The first
production rule matched for a grammar term is accepted as an appropriate parse of
the current input string. If no rules match then a parse error exists. Parsing recovers
at the next appropriate recovery point which is defined as the end of a language state-
ment or translation unit. The path through the parse tree is maintained as tokens
are successfully parsed. Each path node is assigned a level based on the recursive
descent position within the parse tree. This level is used during code generation to
isolate expression terms associated with language operators. Algorithm 4 is used for
parsing.

The parse path PP generated with Algorithm 4 is input to the code generation
phase. Semantic terms attached to the path entries are used to generate the ap-
propriate function calls for the operator symbols in the language source, using the
semantic flags from Table 5.1. Expression operands are isolated using the appropriate
parse path level indicators. Algorithm 1 in Chapter 3 describes the method used for
sentence evaluation. Figure 5.7 shows the parse path generated for the expression

x = (a + b) + ¢ using the complete C grammar in Appendix I.

5.5 Operator Interface Library

The operator interface library contains the application program interface for the gram-
mar extensions. It represents the mapping of the problem notation to the problem
implementation. Object class libraries are an appropriate vehicle for this interface due
to the polymorphic nature of object services, where the same service can be defined
for many different object types. Figure 5.8 illustrates a class library implementation

for addition of integer vectors and simple integer numbers.
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Algorithm 4 Recursive Parsing

1. Given an input string S representing the program to be parsed, a grammar
G = {N,T, P,a} containing a set of production rules P with a start symbol or
goal o in P, a function ¢(S) which returns the next token from S, a flag f —
{T, F'} indicating success or failure of the parse, and an integer L representing
the parse recursion level:

2. Increment the parse level L.

3. If () is not an element of the first set for a, return (F).

4. Create a parse path entry PP for ¢(5), with attribute I(¢(S)) = L.

5. For all productions p in P derived from «, such that o — 3,,8,, - - - By, do:

(a) For all terms 3, € §,, 1 <i <k, do:
i. If §,, is a semantic term, then associate the term with the current PP
entry, and continue with the next <.

ii. If §,, € T and (3,, = t(S5), then continue with the next .
If B,, € T and 3,, # t(S), then go to Step 5(b).

iii. If 3, € N then set f equal to the success or fail of the recursive parse
of S, beginning at Step 2, for goal (3,,.

iv. If the parse succeeds, then continue with the next 7.
If f =F and f3,, is an optional term, then do the next i.
If f = F then go to Step 5(b).

(b) If all 3,, € 5, have been parsed, go to Step 6.
Otherwise, repeat Step 5 for the next production p in P.

6. If a production p in P was completely parsed, return (T).
Otherwise, return (F).

Figure 5.6: Algorithm 4 - Recursive Parsing
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Level | Grammar Term Symbolic Code

1 translation-unit main(){x = (a+b)+c;}
6 direct-declarator?2 O

4 compound-statement {x=(@G@+D) +c;}
5 statement-list x = (a+b) - c;

10 assignment-operator =

10 assignment-expression (a+b) +c

13 expression a+hb

16 additive-expression?2 +b

13 expression (LHS) a

17 multiplicative-expression (RHS) | b

12 multiplicative-expression2 +~ cC

10 assignment-expression (LHS) (a + b)

13 cast-expression (RHS) c

Figure 5.7: Parse Path Example

The operator interface library may also embed a non-object structured system. In
this case, generalized operator overloading uses the library as an application program

interface, which maps a new operator symbol to an external system function.
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class Vector

{ // Definition of an Integer Vector class.
public:
Vector( int N ); // Constructor
“Vector(); // Destructor
int *v; // Vector pointer
int n; // Size of vector
+;

int Sum (int a, int b)

{

b

// Function to add two integers.
return(a + b);

Vector *Sum (Vector *vl1, Vector *v2)

{

// Function to add two integer vectors.
int 1i;
Vector *v3;
v3 = new Vector(vi->n);
for (i = 0; i < vi->n; i++)

v3->v[i] = vi->v[i] + v2->vI[i];
return (v3);

Figure 5.8: Class Interface Library Example
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Chapter 6

Results

“Taking Three as the subject to reason about -
A convenient number to state -
We add Seven, and Ten, and then multiply out
By One Thousand diminished by Eight.

“The result we proceed to divide, as you see,
By Nine Hundred and Ninety and Two:
Then subtract Seventeen, and the answer must be
Exactly and perfectly true.

The Hunting of the Snark, Charles Dodgson
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Four results of operator overloading are described below. In all cases, we introduce
new operators to the C language, with the use of C++-, for convenience only, for final
compilation. An 8 bit extended ASCII character font is used to encode the new

operator symbols introduced into the language.

6.1 APL Functions in C

The first example introduces APL operators to the C language. Vector operators
for vector creation, reversal, summation, and patterns are shown in Table 6.1. The

program in Figure 6.2 evaluates an APL derivation of the statement:

n
ZZ‘ = M (6.1)
i=1 2
Symbol | Name Use | Function Description

L integer m Create a vector of the first n integers

+/ sum reduction | +/ v | Sums of the elements of a vector

@ reversal @v Reverses the elements of a vector

I pattern npm | Creates a vector of n patterns of m

- division x +y | Division function

X times z X y | Product function

Table 6.1: APL Operator Symbols
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The grammar extensions introduced to the C language are shown in Table 6.2.

unary-operator: mult-operator:
+/ S 5 VecSum + & 7 Divide

t 8§ 5 CreateVec x § 7 Multiply

o S 5 ReverseVec p S 7 PatternVec

assignment-operator: add-operator:
= + S 7 Sum
<<

Table 6.2: APL Operator Extensions for C

The grammar used for the expression parse is shown in Figure 6.1. Note that the

grammar defines the operator precedence as:

unary > mult > add > assignment

expression:

unary-expression assignment-operator expression

additive-expression
additive-expression:

multiplicative-expression additive-expression2 opt
additive-expression2:

add-operator multiplicative-expression additive-expression2 opt
multiplicative-expression:

unary-expression multiplicative-expression2 opt
multiplicative-expression2:

mult-operator unary-expression multiplicative-expression2 opt
unary-expression:

unary-operator unary-expression

primary-expression
primary-expression:

( expression )

identifier

constant

Figure 6.1: A Grammar for APL Expressions in C
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APL Grammar Extensions for C

/* A test of the statement: +//N < ((N+1) X N) + 2 x/

void main()

{

int N

cout
cout
cout
cout
cout
cout

<<
<<
<
<
<
<<

AN N A

5;

+/IN;

+/@BLN;
((+/N)+(+/gN)) + 2;
(+/ () +(gN))) + 2;
(+/((N+1) pN)) + 2;
((N+1) x N) = 2;

Preprocessor Output Code

void main()

{

int N

cout
cout
cout

cout

cout
cout

<<
<<
<<

<<

<<
<<

5;

VecSum(CreateVec(N));
VecSum(ReverseVec(CreateVec(N)));
Divide ((Sum((VecSum(CreateVec(N))),
(VecSum(ReverseVec(CreateVec(N)))))),2);
Divide ((VecSum((Sum((CreateVec(N)),
(ReverseVec (CreateVec(N))))))),2);
Divide ((VecSum((PatternVec((Sum(N,1)),N)))),2);
Divide ((Multiply((Sum(N,1)),N)),2);

Figure 6.2: APL Operators in C
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6.2 Logic Operators in C

This example illustrates the definition and use of operators for inferencing and hy-
pothesis evaluation in a logic system. We assume that an external logic system exists
for maintaining a knowledge base and inferring new facts. The operator interface li-
brary acts as the application program interface to the logic system. The logic operator
operands are passed as symbolic entities to the external system for evaluation.

The grammar production rules for the hypothesis operators introduce the notion
of an expression modifier list as shown in Figure 6.3. These production rules are
extensions to the expression and operator sections of the language grammar (Fig-
ure 5.2). Semantic flags, attached to the modifier list and operator symbol, cause
the operator terms to be passed as string literal parameters in the generated function
call.

The example in Figure 6.4 shows the assertion of facts regarding items on a restau-
rant menu and hypothesis evaluation regarding the types of meals offered in the

restaurant.

expression-statement:
hypothesis-operator ;
postfix-expression assertion-operator ;
expression opt ;

expression-modifier: S Modifier
constant-expression expression-modifier-list opt
expression-modifier-list:
constant-expression expression-modifier-list opt

assertion-operator:
— S 14 Assert expression-modifier opt

hypothesis-operator:
H S 13 Hypothesis expression-modifier

Figure 6.3: Logic Operator Grammar Rules
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Note that in this example, the hypothesis and assertion operators have been in-
troduced into the language as expression statements. This restricts the use of the
operators to a specific statement type. The operators do not participate in a normal

expression derivation, and therefore cannot be used in a compound expression.
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Logic Operators in C

void main()

{

hors_d_oeuvres (Artichauts_Melanie) — ;

meats(Grillade_de_boeuf) — ;

fishes(Bar_aux_algues) — ;

desserts(Melon_en_surprise) — ;

maincourses(m) — meats(m) ;

maincourses(m) — fishes(m) ;

meals(h,m,d) — hors_d_oeuvres(h) maincourses(m)
desserts(d) ;

‘H maincourses(m) ;
‘H meals(h,m,d) fishes(m) ;

Preprocessor Output Code

void main()

{

Assert ("hors_d_oceuvres(Artichauts_Melanie)") ;
Assert("meats(Grillade_de_boeuf)") ;
Assert("fishes(Bar_aux_algues)")
Assert("desserts(Melon en surprise)") ;
Assert("maincourses(m)", "meats(m)") ;
Assert("maincourses(m)","fishes(m)") ;
Assert("meals(h,m,d)","hors_d_oeuvres(h)","maincourses(m)",
"desserts(d)") ;

Hypothesis("maincourses(m)")
Hypothesis("meals(h,m,d)","fishes(m)") ;

Figure 6.4: Logic Operators in C
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6.3 An Improved C

This example redefines the standard C operators to alleviate some of the common
programming errors within the language. In this case, each new operator symbol is
implemented as a simple text substitution and does not require an associated opera-
tor interface library for expression evaluation. We redefine the standard assignment
operator, equality operator, and logical operators as shown in Table 6.3, and provide

an example program coded with the new operators as shown in Figure 6.5.

C Operator | New Symbol Purpose

T

Assignment

Equality Comparison

& A Bitwise AND
] % Bitwise OR
&& A Logical AND
I v Logical OR

Table 6.3: C Operator Redefinition

The grammar adjustments made to the operator section of the C language are
shown in Table 6.4. A semantic flag value of zero results in a text substitution of the

original operator symbol for the new symbol.

29



assignment-operator: and-operator:

—S0= AS0&
equality-operator: inclusive-or-operator:
=50== VSO0|

logical-and-operator: logical-or-operator:

NS0 && VSO

Table 6.4: C Operator Semantic Interpretation Definition

C Operator Extensions

void main()

{
int a, b, c;
a <« b« c;
if ((@a=Db) A(b=c)V (a=c))
c<—a/<b\7'c;
}

Preprocessor Output Code

void main()

{
int a, b, c;
a=>b=c;
if ((a==Db) & (b==2¢) || (a ==2¢) )
c=a&b]|c;
}

Figure 6.5: New C Operators
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6.4 The Poetry of C

Our last example uses generalized operator overloading to compile and execute the
poem which began this chapter. Compiling poetry is a curious application of the
technique presented in this thesis. Figure 6.6 shows the source poem, followed by the
preprocessor output code.

Every word (except true) in the poem is a member of a ranked alphabet ¥. The
numeric words One, Two, Three, Seven, Fight, Nine, Ten, and Ninety are all con-
stants of rank 0. Their semantic interpretation is their numeric value. The words
Hundred and Thousand are postfix operators of rank 1. They apply to the preceding
term, and their semantic interpretation is to multiply the term by the appropriate
power of 10. The words add, and, multiply, divide, diminish, and subtract are all
symbols of equal precedence, of rank 2. These functions perform the mathematics.
The words By and the symbol : are constants of rank 0 whose values are the symbols
( and ) respectively. These words are used in the grammar to define the syntax of
an expression group. The word must is overloaded as an assignment operator of the
form a — b; this assigns the result of the poem to the variable true. All other words
in the poem are constants of rank 0 whose semantic interpretation is the null string.

The word and is used in this poem in two different contexts, one as an arithmetic
operator, and the other as a phrase conjunction. A context free grammar cannot
determine the difference, therefore we distinguish between the two uses of the word
by encoding the conjunction form as the concatenation of two unique tokens; the a
which is a special character different from the usual character a, and the pair nd.

The result of compiling the poem is a valid expression in C.
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#include <stdio.h>

#define
#define
#define
#define
#define
#define

Sum(a,b) a + b
Subtract(a,b) a - b
Multiply(a,b) a * b
Divide(a,b) a / b
Exp2(a) a * 100
Exp3(a) a * 1000

void Assign(int a, int *b) { *b = a; }

[ ok skokok ok ok sk ok ok ok sk ok ok ok sk ok ok sk ok ok ok sk ok sk ok sk ok ok ok sk ok sk ok sk sk ok ok sk ok ok ok ok sk ok ok ok ok ok ok ko kok ok ok ok /

/*
/*
/*

/****************************************************************/

An evaluation of a poem.

void main()

{

int true;

printf ("The exact and perfect answer is %d \n",true);

Taking Three as the subject to reason about
A convenient number to state
We add Seven, and Ten, and then multiply out
By One Thousand diminished by Eight:

The result we proceed to divide, as you see,
By Nine Hundred and Ninety and Two:
Then subtract Seventeen, and the answer must be
Exactly and perfectly true ;

Figure 6.6: A Poetic C Program
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Preprocessor Output Code

#include <stdio.h>

#define Sum(a,b) a + b
#define Subtract(a,b) a - b
#define Multiply(a,b) a * b
#define Divide(a,b) a / b
#define Exp2(a) a * 100
#define Exp3(a) a * 1000

void Assign(int a, int *b) { *b = a; }

/****************************************************************/

/* */
/* An evaluation of a poem. */
/* */

/KK s ok sk ok ok sk ok ok s ok sk s ok sk ok ok s ok ok ok sk s ok sk sk ok ok ok ok ok ok sk sk ok ok ok ok ok ok ok sk ok sk sk ok ok ok ok ok ok ok /

void main()

{
int true;
Assign(Subtract(Divide (Multiply (Sum(Sum(3,7),10),
(Subtract (Exp3(1),8))), (Sum(Sum(Exp2(9),90),2))),17) ,&true) ;
printf("The exact and perfect answer is %d \n",true);
}
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Chapter 7

Conclusions

The conclusion reached here may be stated in terms of two schoolboy
definitions for salt. One definition is, “Salt is what, if you spill a cupful
into the soup, spoils the soup.” The other definition is, “Salt is what
spoils your soup when you don’t have any in it.”

A History of Mathematical Notations, Florian Cajori
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In this thesis we have provided a method for implementing problem based notation
within a programming language. Our method for extending a language grammar
uses operator overloading as a technique to effectively map object services to new
language operator symbols. This technique is shown to be feasible for the case where
the language is defined through a context free grammar.

The notion of a derived operator was introduced in Section 4.2. A derived operator
represents the class of language operators defined for the problem and introduced
into the language. The derived operators specify a problem specific notation which
is syntactically compatible with existing language operators. Derived operators can
also be applied to the standard language to redefine existing operator syntax and
semantics.

Our experience with this method has shown that it is an effective means for
modifying the language structure, providing that unambiguous operator symbols are
used. When derived operators are created from existing operator symbols, ambiguous
code generation can occur. We resolve this by using graphic symbols for problem
notation rather than representing symbols through various key combinations from a
standard keyboard.

Operator overloading is predominantly a static syntactic facility for language ex-
tension. The scope of any new operator definition applies throughout the program
module or translation unit, as specified by the augmented grammar. A complete
application can be constructed from many modules, each compiled using different
algebras and semantic interpretation functions.

Language support for reference variables was found to be a necessary condition
for the synonymous treatment of identifier values and function values as function
operands.

The use of a modified language grammar eliminates many of the operator over-
loading restrictions in the C++ language associated with operator definition, prece-

dence, associativity, and meaning. We were successful in introducing domain specific
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problem notation into the C language.

The results of our work confirm that language definitions can be adapted to fit
the problem notation. Our model uses a programmable grammar for expression and
operator syntax, where the operator semantics are implemented through object ser-
vices or functions defined for the problem. Operator overloading is not new, but the
idea of using it for problem notation is new.

Current limitations of this work, and areas for future research are:

e Our current preprocessor does not interpret or process include files specified
in the C source program. This limitation can cause syntax errors during the
parse, because not all program identifiers are known during the compilation
process. This problem frequently manifests itself when user data types are

defined externally and referenced in the source program.

e Research into methods for performing semantic function name resolution can
extend our generalized operator overloading method. Function name resolution
is used to select the correct function definition, in cases where the same name
is given to two or more functions. Section 4.4 of this thesis discusses this topic.
Currently, we assume that features of the host language perform function name

resolution.

e Our model for generalized operator overloading applies to derived operators
which are based on the functional operators intrinsic to the host language.
Further research is necessary to extend the model to incorporate the language

resolution operators, introduced in Section 4.2 of this thesis.

e Generalized operator overloading is defined for unambiguous context free gram-
mars. New research, directed towards extending our model to support context
sensitive grammars, would extend the set of languages applicable to generalized

operator overloading.
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e Our current solution for generalized operator overloading does not qualify or
confirm the validity of any grammar extensions introduced into the host lan-
guage. This can lead to ambiguities in the augmented grammar. The problem
is most frequently noted when new operator symbols are constructed from exist-
ing language operator symbols. Research into automated methods for grammar

verification may resolve this problem.

e Our implementation of generalized operator overloading uses an extended char-
acter set in which new operator symbols are defined. The operator symbol is
considered a unique entity in the language vocabulary. Research into methods
for decomposing an operator graphic symbol into its component parts may pro-
vide an improved algebraic notation for operator symbols which accept modifier

terms.
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Appendix 1

Grammar for C
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This appendix lists the grammar specification for the C language. For brevity,
we have omitted the grammar for identifier declarations, to more clearly focus on the
expression, operator, and statement sections of the language. An ellipsis notation

(...) is used to denote grammar production rules which extend over one line of text.

Preprocessing Section.

translation-unit: S Recover
external-declaration translation-unit2 opt
translation-unit2:
external-declaration translation-unit2 opt
external-declaration:
function-declaration
declaration
control-line
function-declaration:
declaration-specifiers opt declarator declaration-list opt
compound-statement
recovery-unit:
; recovery-unit
} translation-unit
} recovery-unit opt

statement recovery-unit

Operator Section.

unary-operator:
&

*
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assignment-operator:

postfix-operator:

++

[ expression ]

( expression opt )
identifier

—-> identifier

:> expression

multiplicative-operator:

*

/
b
additive-operator:

+

shift-operator:
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<<
>>

relational-operator:

equality-operator:

and-operator:
&
exclusive-or-operator:

inclusive-or-operator:
I

logical-and-operator:
&&

logical-or-operator:

Expression Section.

primary-expression:
( expression )
identifier
constant
string-literal
expression:
assignment-expression expression2 opt

expression2:
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, assignment-expression expression2 opt
constant-expression:
conditional-expression
assignment-expression:
unary-expression assignment-operator assignment-expression
conditional-expression
conditional-expression:
logical-or-expression 7 expression : conditional-expression
logical-or-expression
postfix-expression:
primary-expression postfix-expression2 opt
postfix-expression2:
postfix-operator postfix-expression2 opt
unary-expression:
++ unary-expression
-- unary-expression
sizeof ( type-name )
sizeof unary-expression
unary-operator cast-expression
postfix-expression
cast-expression:
( type-name ) cast-expression
unary-expression
multiplicative-expression:
cast-expression multiplicative-expression2 opt
multiplicative-expression2:
multiplicative-operator cast-expression
multiplicative-expression2 opt
additive-expression:

multiplicative-expression additive-expression2 opt
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additive-expression2:
additive-operator multiplicative-expression
additive-expression2 opt
shift-expression:
additive-expression shift-expression2 opt
shift-expression2:
shift-operator additive-expression shift-expression2 opt
relational-expression:
shift-expression relational-expression2 opt
relational-expression2:
relational-operator shift-expression relational-expression2 opt
equality-expression:
relational-expression equality-expression2 opt
equality-expression2:
equality-operator relational-expression equality-expression2 opt
and-expression:
equality-expression and-expression2 opt
and-expression2:
and-operator equality-expression and-expression2 opt
exclusive-or-expression:
and-expression exclusive-or-expression2 opt
exclusive-or-expression2:
exclusive-or-operator and-expression
exclusive-or-expression2 opt
inclusive-or-expression:
exclusive-or-expression inclusive-or-expression2 opt
inclusive-or-expression2:
inclusive-or-operator exclusive-or-expression
inclusive-or-expression2 opt

logical-and-expression:
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inclusive-or-expression logical-and-expression2 opt
logical-and-expression2:

logical-and-operator inclusive-or-expression

logical-and-expression2 opt

logical-or-expression:

logical-and-expression logical-or-expression2 opt
logical-or-expression2:

logical-or-operator logical-and-expression

logical-or-expression2 opt

Statement Section.

statement: S Recover

jump-statement

iteration-statement

selection-statement

labelled-statement

compound-statement

expression-statement
jump-statement:

goto identifier ;

continue ;

break ;

return expression opt ;
compound-statement:

{ declaration-list opt statement-list opt }
declaration-list:

declaration declaration-list2 opt
declaration-list2:

declaration declaration-list2 opt

statement-list:
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statement statement-list2 opt
statement-list2:

statement statement-list2 opt
expression-statement:

expression opt ;
iteration-statement:

while ( expression ) statement

do statement while ( expression ) ;

for ( expression opt ; expression opt ; expression opt )

statement

selection-statement:

if ( expression ) statement else statement

if ( expression ) statement

switch ( expression ) statement
labelled-statement:

identifier : statement

case constant-expression : statement

default : statement
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The following table illustrates the extended ASCII character set used to specify

mathematical symbols within the C language.
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