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Functional Semantics of Programming Languages

Abstract

William Davis Flannery

A definition of a programming language L consists of two

parts, as follows:

1) the syntax of L. The syntax of L specifies which symbol

strings denote legal constructs (including programs) in L.

2) the semantics of L. The semantics of L provides a "mean

ing" for legal constructs specified by the syntax.

We will assume that the syntax of L is given by a context-

free grammar. Let P. denote the set of legal programs in L; then

the "meaning" of a program £ in P. is defined to be the function

from input values to output values calculated by £. Since the

semantics of L provides a method of determining the meaning of

every program in P., it can be expressed as a function

Sem.:P.-*»(D,-»"D2)

where D, is the set of possible input values of programs in P.; Dg

is the set of possible output values of programs in P^; and

SemL(P)=ae(D1->D2)

where a is the function computed by P_.

In Chapter 1, several methods of semantic definition are dis

cussed using the above perspective as a frame of reference.
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In Chapter 2, a number of mathematical results are reviewed,

and a new method of defining the semantics of programming languages

is presented. In this method, Sem. is defined by the composition

SemL-yR • TransL.R

where Trans^ maps programs in I to sets of recursive functional

equations (this "language" is denoted by K) and V is the minimal

fixed point operator, i.e., if ReR, then yR(R) is the unique mini

mal fixed point of R. l

In Chapter 3, a format for programming language definitions is

given in complete detail. There is also an account of a SN0B0L4

program, which, when given a definition of a language L in the pro

per format, acts as an interpreter for programs written in L.

Chapter 4 contains complete formal definitions of ten lan

guages presented in the paper "Ten Mini-Languages: A Study of Top

ical Issues in Programming Languages" by Henry F. Ledgard. The ten

mini-languages were designed to isolate and illustrate a number of

complex features found in current programming languages. These

features include the notions of assignment, locations, transfer of

control, functions, parameter passing, static type checking, dynam

ic type checking, data structures, string manipulation, and input/

output. These definitions were used in conjunction with the seman

tics-based interpreter described in Chapter 3 to interpret the sam

ple programs for each of the ten mini-languages given in Ledgard's

paper. These results constitute Appendix I.

The advantages of a fixed-point characterization of the func

tion computed by a program, and our particular method of defining
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Trans^-R, are discussed in Chapter 5. Our definitional method is.

compared with other current methods, and directions for future re

search are indicated.

Appendix II contains a listing of the semantics-based inter

preter discussed in Chapter 3.

Possible improvements to the definition format are indicated

in Appendix III, and definitions of mini-languages 1 and 4 are

given in an easily readable format.
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Chapter 1. Programming Language Semantics, A
Historical Perspective

Abstract

A general review is made of the semantic
methods used in the definition of FORTRAN,
ALGOL-60, and PL/1, along with some of the
research literature that accompanied the defini
tion of PL/1. A general framework encompassing
these definitional methods is presented. Two
alternative methods represented by the work of
Floyd and Scott are reviewed.

1.0 Introduction

This chapter will be a review of the methods that have been

used for the specification and definition of programming languages.

Both practical methods, that have been used in the definition of

large, complex, and widely used languages, and theoretical methods

that have never escaped from the laboratory, will be discussed.

The aim is to provide a reasonably complete overview of the methods

and ideas currently creating the most interest in the field of

programming language semantics. Except for the cases of LISP and

PL/1, which are both defined using an interpreter, the methods

that have appeared in journal articles have not been used to de

fine reasonably large and complete programming languages that are

actually used. This correctly indicates that the research in this

area is just getting started, and most of the theoretical methods
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are not currently well enough developed to simultaneously satisfy

the four goals of a language definition1:

1) To completely define a complex language.

2) To provide language users with a clear, concise under

standing of language features.

3) To provide the compiler writer with enough information to

implement the language.

and

4) To facilitate mathematical proofs of properties of pro

grams written in the language.

Programming language definitions consist of two parts: first,

the specification of the syntax, i.e., how legal programs can be

built up from the elementary constructs in the language; and sec

ond, the specification of semantics, i.e., how to determine the

"meaning" of legal programs described by the syntax. A great deal

of research has been done in the area of programming language syn

tax, and it is now generally agreed that a programming language

should have a syntax that can be specified using a context-free

grammar. It will be assumed that the reader is familiar with the

basic theory of context-free grammars, and this is the technique

that will be used to specify programming language syntax in this

thesis.

There is certainly at this time no concensus as to how pro

gramming language semantics .should be defined, or even, what is the

meaning of "semantics" itself. A working definition of semantics

may be given as follows: each program P in a language L defines a



map from input values to output values, and essentially, this is

what the program "means". Thus, the semantics of L is amap SemL

from programs in Lto functions, such that Sem. (PjiD^D, is the

function computed by £. The typical way of describing semantics

is still an ad hoc informal description of the "action" of various

constructs in the language, based on a large body of assumed com

mon knowledge.

Why is this the case, and what can we expect to derive from

a formal semantic theory? First, the ad hoc methods have reason

ably well satisfied the first three of the goals mentioned earlier.

Also, they are easy to understand, and this has made the informal

approach the path of least resistance. What can we expect to de

rive from the correct, formal theory? Consider the corresponding

case of programming language syntax. The formalism for generative

grammars was developed in the fifties before there was any idea of

the different classes of languages, undecidability results, equiv

alences with special automatons, automatic parser generators, and

the like. Thus, the correct formalism led to a number of results

that were not even imagined when the formalism was developed.

Whether or not the same thing will occur in the area of semantics

is not known, but there should be hope; clearly, there is an im

petus to arrive at the proper formalism even prior to seeing the

resulting consequences.

1.1 The Definition of FORTRAN

To provide historical perspective, we will first consider the

definitions of FORTRAN and ALGOL-60, which serve to illustrate the



dominant views on language definition at the time of their crea

tion (1956 and 1962, respectively).

Even though FORTRAN was created in 1956, there was no formal

definition of the language until 1964. At that time, the Asso

ciation for Computing Machinery (ACM) thought it necessary to pro

vide a definition of FORTRAN mainly for purposes of standardiza

tion, as there were many versions of FORTRAN extant at that time

which were incompatible in some respects. The advantages of stan

dardization are obvious, but FORTRAN had already existed for eight
years with no more formal definitions than the language manuals

written for various compilers. The ultimate definition was pro

vided by the compiler, which was the judge of syntax and semantics,
failing to compile any program not syntactically correct, and

translating any correct program Pto machine language program

PMach' Then SerVp) could be determined by executing PM .. This
method may still be considered by some to be areasonable way of

defining at least the semantics of aprogramming language. Since

no one can understand the intricacies of an actual compiler (other

than, hopefully, its author), this method can be used only with

the'help of language manuals which define the syntax and semantics
informally.

1-2 The Definition of ALGOL

By the time, of the development of ALGOL-60, there had been

considerable research in the area of language syntax and phrase

structure grammars, originated by Chomsky in his study of"natural

languages (Ch 57), and adapted by Backus in aformalism for defln-



ing ALGOL. In ALGOL-60, the syntactic and semantic definitions are

explicitly separate. The syntax is specified using meta-linguis-

tic formulas written in what has come to be known as Backus Normal

Form (BNF). With a small number of BNF rules, it is possible to

completely characterize, identify, and break down into structural

units any legal ALGOL-60 program.

A great deal of progress had taken place in the techniques

for specifying syntax, but there was no corresponding advance in

semantic techniques. The semantics of ALGOL-60, in its formal

definition, were specified informally, in the manner of a program

ming language manual. The ALGOL-60 report is broken into the fol

lowing sections:

1. Structure of the Language
1.1 Formalism for Syntactic Description

2. Basic Symbols, Identifiers, Numbers, and Strings.
Basic Concepts
2.1 Letters

2.2 Digits
2.3 Delimiters
2.4 Identifiers
2.5 Numbers
2.6 Strings
2.7 Quantities! Kinds, and Scopes
2.8 Values and Types

3. Expressions
3.1 Variables
3.2 Function Designators
3.3 Arithmetic Expressions
3.4 Boolean Expressions
3.5 Designational Expressions

4. Statements
4.1 Compound Statements and Blocks
4.2 Assignment Statements
4.3 GOTO Statements
4.4 Dummy Statements
4.5 Conditional Statements
4.6 FOR Statements
4.7 Procedure Statements

5. Declarations
5.1 Type Declarations



5.2 Array Declarations
5.3 Switch Declarations
5.4 Procedural Declarations

Generally, the title of each subsection represents asyntactic
class. Each subsection is broken into three (and sometimes more)
sections giving the syntax, the semantics, and examples. The syn
tax is given in BNF, and the semantics is given in one or more

paragraphs of English text discussing the result of "executing"
the construct, its relation to other parts of the program, etc.,
as appropriate. The following excerpt from the ALGOL report
(Na 60) illustrates how ALGOL was defined:

4.2. ASSIGNMENT STATEMENTS
4.2.1. Syntax

(left part)::=(variable):=
(left part list)::=(left part)I(left part list)(left nart^
ŜonfaSWrfl?." ?art ^X^tffic ePxa-rt)pressionKleft part list)(Boolean expression)
4.2.2. Examples

s:=p[0]:=n:=n+l+s
n:=n+l

A:=B/C-v-q x S
s[v,k+2]:=3-arctan(s x zeta)
V:=Q>Y-Z

4.2.3. Semantics

Assignment statements serve for assigning the value
of an expression to one or several variablfs The oro-
nltl^K "the 9eneral case be understood to take*place in three steps as follows:

iJ;2*3'!' An? subscn'Pt expressions occurring in the
left ?oarrigVhT GS ™6Valuated in **™<*f™
4.2.3.2. The expression of the statement is evaluated

all'thf'?:JhS VJlue ?f.*he exPression is assigned toall the left part variables, with any subscript ex
pressions having values as evaluated in step 4231



The ALGOL report was for some time the prime example of a formal

definition of a programming language, and ALGOL was the first pro

gramming language to have its syntax specified using a BNF grammar;

obviously, however, it is stretching things a bit to call the above

semantic description "formal".

1.3 Compiler-Oriented Semantic Methods

The first truly formal method to be considered is a formaliza

tion of the idea of specifying the semantics of a programming lan

guage by using a compiler to translate L into a machine language

for a real or "abstract" machine. While this was not the first

formal method for semantic definition (McCarthy's definition of

LISP, using an interpreter, preceded it), it does correspond to

one intuitive notion of how a programming language should be de

fined (there are others). The idea rests on the assumption that

the semantics of the object language (originally machine code) are

completely known, and are in fact determined by a particular com

puter. Thus, if P_ is a program in L, M a machine language whose

semantics Sem,. are known, and Trans. ..(P) is a program in M, then

Sem.j(TranSj„(P)) is the function from inputs to outputs calculated

by P_. Hence, all we need to do is to define Trans,_M and define

Sem^Sem^ o Trans. ... In fact, most semantic methods are char

acterized by this equation; however, the nature of M may vary

widely.

As stated above, M could be an actual machine language, and

Sem^ would be "determined" by the machine itself. Trans. ,. could

be a compiler which translates programs in L to machine language
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programs. There are two principal objections to defining semantics

in this manner. First, it does not seem reasonable to base a for

mal description on a real machine. Not everyone has the same com

puter, hence someone must be dissatisfied. Also, any given machine

may very well be obsolete in a few years, rendering the formal def

inition obsolete also. The second objection is the complexity of

the translation process. If Trans, ,. is defined by a compiler,

then the semantic definition will be ,use]ess for the simple reason

that it will be too complex and obscure.

Both of these objections to a compiler-oriented specification

were overcome (to an extent) in a definition of an ALGOL-60 look-

alike called EULER by N. Wirth and H. Weber in an article published

in the Communications of the ACM in January of 1966 (Wi 66).

The first objection is overcome as follows: rather than

choosing as the object language the machine language for some act

ual computer, Wirth and Weber created a new machine-like language,

which was presumably free of the shortcomings and idiosyncracies

of a real machine language, and the meaning of which they claim to

be obvious. Since the language is very simple, any experienced

programmer would be inclined to agree with them on this point. By

this device, their semantic definition is no longer tied to a par

ticular machine.

The second objection concerns the complexity of translating

a high level language to a low level language. Wirth and Weber

dispense with a compiler (described by a program) altogether in

favor of the following more formal way of defining the translation.

The syntax of EULER is given by a context-free grammar which is



shown to be, in fact, a precedence grammar. An algorithm for

parsing sentences in a language generated by a precedence gram

mar is given in complete detail, with all data structures, stacks,

etc. specified explicitly. Associated with each production in the

grammar is a set of actions, which produce output (the object lan

guage translation) and/or affect internal variables or data struc

tures. A program can be translated by parsing the program, and

whenever a reduction is made, the corresponding actions are taken.

Note that the order of the reductions is determined by the prece

dence algorithm, and also that there is no back-up. Thus, Trans /

is specified by the precedence algorithm and the sets of actions

associated with the productions in the grammar for G. This tech

nique reduced the size of the description of the translator to

manageable proportion, making it possible for Wirth and Weber to

give a concise definition of a very complex language.

Wirth and Weber have, in fact, described acompiler-compiler

(for precedence languages), minus- the final step of translating
the abstract object language to an actual machine language. While

they used their compiler to specify EULER, they could have speci

fied different languages by modifying the grammar and the associated

action sets. Others [e.g., Feldman (Fe 66)] have used variations

of this approach to define formal semantics of programming lan

guages, and to produce actual compiler-compilers.

1*4 Interpreter-Oriented Semantic Methods

Another approach to semantics was introduced by J. McCarthy in

his definition of LISP in 1960 (McC 60). This method was subse-



quently (with a number of embellishments, to be sure) used to de

fine PL/1, and we will for the most part consider this latter def

inition, as LISP is an atypical programming language, and there are

a number of problems that were not encountered in the definition of

LISP that were encountered in the definition of PL/1 (and would be

encountered in defining any other algebraic language).

This approach can be considered as the reverse extrapolation

of the compiler-oriented approach discussed in the previous sec

tion. In that approach, there is a trade-off between the power of

the object language and the complexity of the translation. That is,

the translation can be simplified by increasing the power of the

object language. This is often done when designing or specifying

an ALGOL translator (e.g., J. Morris, 106 Notes, University of

California). However, it then becomes more difficult to specify

the semantics of the object language, which, past a certain point,

can no longer be considered self-evident. The semantics of the

object language are specified by designing an "ideal" or abstract

computer which executes the object language as its "machine lan

guage". An ALGOL machine, designed to execute the object code of

an ALGOL translator, may be considerably more powerful than any

real machine, and the translation correspondingly simplified. If

the abstract machine is made powerful enough to execute the source

language itself, the translation phase can be eliminated altogeth

er. There are two factors making this idea attractive:

1) It is difficult to give a formal specification of a trans

lation about which anything can be proved. The research

10
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in this area of language theory is not extensive at all (Sec

tions 2.2 and 5.0 contain more information on formal methods

of specifying a translation).

2) In translating a program in a powerful language L to a pro

gram in a less powerful language L', it is necessary to intro

duce details into the translated program that were not present

in the original program, e.g., if L is recursive and L' is not,

then the translated program will necessarily have explicit

stack manipulation operations. The resulting increase in size

of the translated program might make it more difficult to un

derstand than the original program, despite its more elemen

tary operations. If possible, we would like Sem.(?) to simpli

fy our understanding of P_ rather than obscure it in a mass of

detai1.

1.4.1 LISP

If the above approach is adopted, the major problem is defin

ing the "abstract machine" that executes the source language. One

of the ways of doing this is to write a program (called an inter

preter) which defines the "central processor" of the "abstract

machine". Regarding the interpreter as a two-place function, then

the semantics of L are expressed by Sem.(P)(X)=Int (P,X). This

technique was first used by J. McCarthy in his definition of LISP

in 1960 (McC 60). In this definition of LISP, the "abstract ma

chine" which interpreted the LISP programs was defined by a pro

gram written in LISP. McCarthy claims the program defining the

"abstract machine" is so simple that its meaning is obvious. LISP

is a very simple language in terms of the number of different le-



gal constructs, and the program to interpret LISP programs is very

small. As for the problem of circularity, McCarthy's answer was,

"Nothing can be explained to a stone"!

1.4.2 PL/1

The method used in defining PL/1 is an extension of the ideas

McCarthy used in defining LISP. Similarly, there is no transla

tion of the source program. However, the "abstract machine" or

interpreter is defined in a totally new and unique way. This was

necessitated by the overwhelming size and complexity of PL/1, and

a great number of new ideas were used in the definition of the

PL/1 interpreter.

The input to an interpreter is a source language program,

which must be effectively parsed before it can be interpreted.*

Provided with a BNF grammar, it is possible to "mechanically" con

struct a parser; however, the resulting parser is a complicated

algorithm and if possible it would be desirable to avoid incorpor

ating this algorithm into the interpreter. To do this, McCarthy

provided an alternative formulation of syntax (McC 63b) which, rath

er than describing how a sentence is built up from more elementary

sub-sentences, describes how a sentence is broken down into its

more elementary sub-sentences. An "abstract syntax" for a lan

guage 1 is a set of functions and predicates which can effective

ly be used to parse any sentence in L. If, in the BNF syntax for

*A LISP program is a structured data object which happens to
be written in linear form; thus, a LISP program is its own parse
tree.

12



I, there is a rule of the form

<SUM>::=<addend>+<augend>

there will be in the abstract syntax for L the predicate IS-SUM

and functions addend and augend. IS-SUM applied to any string re

turns TRUE if the string can be parsed as a sum, and FALSE^other

wise. If IS-SUMU)=TRUE. then addend(a)=the substring that parsed

as the addend, and augend(a)=the substring that parsed as the

augend.

The functions and predicates that constitute an abstract syn

tax for PL/1 are incorporated into the interpreter for PL/1. This

makes it possible to immediately parse any legal PL/1 program, and

can be viewed as equivalent to having the input to the interpreter

be not a program P itself, but rather the parse tree for P. That,

essentially, is what abstract syntax is all about.

The state of the interpreter at any time is represented by a

tree-structured Vienna Object (Vienna Objects, and a set of oper

ators for manipulating Vienna Objects, will be defined and dis

cussed in Chapter 2), called the state descriptor. This data ob

ject has one sub-tree called the control tree. Rules are given

for transforming the entire state descriptor based on the current

terminal vertices in the control tree. The transformation is ex

pressed using a set of operators especially designed for this pur

pose. When the state descriptor reaches a terminal state, the com

putation is complete, and the final state descriptor is defined to

be the result of executing the original program, i.e., SemL(P)(X)=
IntL(P,X).

13



Other parts of the state descriptor (besides the control tree)

include an environment subtree giving the current unique name as

sociated with each identifier, a denotation subtree associating

unique names with values, a dump subtree containing a history of

the computation, and subtrees representing other information struc

tures, depending on the state of the computation. The state de

scriptor is a complex object, and the evaluation of a control tree

with a terminal vertex that represents a procedure call, say, will

cause changes to be made in several parts of the state descriptor.

.It is possible to express these transformations succinctly in a

special data manipulation language, and this is one of the primary

reasons accounting for the power of the abstract machine as com

pared to that of a conventional computer.

The use of translators and/or definitional interpreters rep

resents the mainstream in the field of semantic definition. These

are the only methods that have been used to give formal descrip

tions of reasonably large programming languages. Even so, not much

research is being done on these techniques as methods of formal

definition. There have been a few papers on definitional inter

preters by Wegner (e.g., We 72), and a review and classification

of different definitional interpreters by J. Reynolds (Re 73).

1.5 Floyd's Approach to Semantics

There are two other approaches which I will discuss because

of their importance in the field of semantics, and their relevance

to the method which will be presented in Chapter 2. The first was

introduced in a paper by Floyd in 1967 (Fl 67). The main objective

14



of this paper was to introduce techniques for proving the partial

correctness of programs, and Floyd introduced the now familiar

method of assertions. This method consists of associating asser

tions about the current state of the program variables with var

ious points in the program. Suppose we have assertions A, and A~

associated with points p, and p« in £, respectively, and there is

a path in P_ from p, to p2. To conclude the correctness of P_, we

must show that if A, is true at p,, and the path from p, to p2 is

executed, then A« is also true. This process is called "verifying

the path p, to p2". The partial correctness of £ is shown when

all paths between assertions (containing no intermediate points

that have assertions) are verified, and can be stated as follows:

when the assertion associated with the entry point of the program

is true, and the program terminates,*then the assertion associated

with the terminal point of the program will be true.

Suppose we have assertions A, and A« associated with points

Pi and p2, respectively, and the path from p, to p2 consists of

one statement, £, only. How does one go about verifying that when

A.| is true at p1 and jc is executed, then A2 is true? Clearly, we

have to consult the semantic definition of L to determine the ef

fect of c_ on the program variables. Floyd, however, presumably

found that the methods of semantic definition available to him at

that time were of little use, and as a result, he suggested a new

method of semantic definition. The problem was, in a semantic

definition similar to the ones that had been given for EULER, or

PL/1, in order to verify that A2 follows from A, after executing
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c, it is necessary to get into the workings of either a complica

ted translator (as in the case of EULER) or a complicated inter

preter (as in the case of PL/1). This would have been especially

senseless since the effect of £ was already known perfectly well

intuitively. Floyd used his intuitive understanding of the state

ments in a simple language L to give a semantic definition that

suited his purposes. His formal suggestion was as follows: let £

be a statement in L (here we will be restricted to non-branching

statements); the semantic definition of £ will be a verification

condition V (P,Q), which is a logical formula with free variables

£ and £. The interpretation is as follows: P_ represents an asser

tion about the variables of a program containing £ immediately

prior to the execution of £, and £ represents a statement about

the variables immediately after execution of £; V(P,Q) is a logi

cal expression such that if V (P,Q), for a particular £ and (j., is

a tautology, the path (consisting of the statement £) is verified,

and if V (P,Q) is not a taugology, the path is not verifiable (for

assertions P. and Qj.

For example, the semantic definition of an assignment of the

form X«-f(x,y,,...y ), where P. and (± can be written P(x,y,,...,y )

and Q(x,y,,...,y ) is the formula

3 xQ(x=f(Xq^,...,yn)*P(xQ>y},...,yn)=>Q(x,y1,...,yn)).
The definition of a conditional branch, which can be represented

by a flowchart node

(p(x.y1B.. ••#„))

16



is the formula (PAp(x,y1,...,yn)=>Q(x,y1 yn)W(P*M>(x,y1....t

y )B>R(x,y,,...,y )). Using a semantic definition of this type, it

is possible to verify the paths between assertions in a program, and

hence, prove the partial correctness of programs.

1.6 Scott's Approach to Semantics

The final method to be discussed is due to D. Scott and

C. Strachey (Sc 70), and has not been'used to define anything re

sembling a full-scale programming language. In fact, this method

is somewhat difficult to pin down as to how it applies to typical

algebraic programming languages. Generally stated, Scott's thesis

is that each construct in the language, that is, a member of a syn

tactic class, should denote something. Just what this "something"

should be involves a lengthy discussion of recursive domains neces

sary to represent the functions and values represented in a program.

Basically, the idea is that the constructs will denote functions,

and the function denoted by the entire program is the function the

program calculates. The semantics of a language consists of a

function for each syntactic class, mapping elements of that class

to the object it represents. For example, suppose a language L has

commands Cmd which map states to states, and the set of states is

represented by £. Then, the semantics of commands is a function

C:Cm<HS+S].

The semantics for expressions might be a function

E:Exp+|>>V]

where V is the set of possible values of the expression, or if the

evaluation of the expression might affect the state (through side

17
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effects, for instance), then the semantic function might have the

form

E:Exp-[>S x V]. .

The semantic equations of the different constructs in a production

in the grammar can be related by functional equations; for example,

if

Cmd+Cmd; Cmd is a production; and Y-*YQ; Y,

is an instance where Y, YQ, and Y, are commands, then clearly we

should have

C(Y)=C(Y1) oC(Y0).

The set of all these recursive functionals can be used to define

the semantic functions by an application of the fixed point opera

tor. That is, the minimal fixed point of this set of recursive

functionals determines the semantic functions.

Neither Floyd's method nor Scott's method involves real or ab

stract machines; however, only Scott's method gives an expression

for the function calculated by a program, and this is one of the

primary aims of a semantic definition. Scott was also the first

to use fixed point theorems in defining programming language seman

tics, even though the fixed point theorems he used have been known

for some time [they originally appeared in Kleene (Kl 52)].

1.9 Conclusion

There are a number of different ways of defining the semantics

of programming languages, but the surprising thing is that none of

them are accepted as satisfactory by a great percentage of the peo-

18
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i@ pie working in this field. For this reason, there has been a flur

ry of activity in this area, and hopefully there will be results

forthcoming to match the effort.

(p)

@

(P)
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Chapter 2. A New Method for Specifying-Programming
Language Semantics

Abstract

A number of techniques and results are
reviewed; these include: Knuth's formalization
for specifying the "semantics" of context-free
languages; the subset of the Vienna Definition
Language consisting of the data manipulation
operators; an easy technique for translating
flowcharts to recursion equations; and a fixed-
point theorem characterizing the function
defined by a set of recursive functional
equations. A new technique for specifying
programming language semantics, which makes use
of each of the results above, is then presented.

2.0 Introduction

The method presented in this thesis is an extension of a meth

od presented by W. D. Maurer in "A Semantic Extension of BNF".

Professor Maurer's work, in turn, made use of a number of tech

niques earlier developed by J. McCarthy and D. Knuth. The exten

sions incorporated into the new method make explicit use of a data

language which is part of the Vienna Definition Language, and a

number of results on the fixed points of sets of recursive func

tionals; these results can be found in papers by Lucas (Lu 67) and

Manna, Ness, and Vuillemin (Ma 72).

It would be unreasonable to assume that the reader is familiar

with all of these techniques and results, so the first part of this
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chapter will be devoted to a detailed review of each of the above

subjects.

Most of the concepts that appear in this thesis are contained

in germinal form in two papers by J. McCarthy published in 1963

[(McC 63a) and (McC 63b)]. In particular, the concept of defining

the semantics of a program by its effect on a state vector, and

the initial formalization of state vector functions, appeared in

these articles. The state vector formalism became the basis for

the Vienna data manipulation sublanguage discussed in Section 2.1.

Also, the idea of defining the state vector function associated

with a program by a set of recursion equations appeared in these

articles. We will be considering extensions of this work as re

ported by Manna (Ma 72) in Section 2.3. Hence, although there will

be no explicit references to the work of McCarthy in the remainder

of this chapter, his work was the starting point for the techniques

presented in Sections 2.1 and 2.3.

2.1 The Data Manipulation Sublanguage of the Vienna Definition
Language

The Vienna Definition Language (VDL) is a very complex lan

guage which can be used to give a formal description of a tree-

structured PL/1 interpreter. We, however, will use only the most

elementary subset of VDL, which will be referred to as the data

manipulation sublanguage. This sublanguage consists of only three

operators which can be used to build tree-structured objects from

elementary objects, to modify existing tree-structured objects, and

21



to reference sub-trees of tree-structured objects. In the Vienna

report (PL 66), these tree-structured objects are defined and giv

en the name "Vienna Objects" (VO's).

Our goal is to represent a program by a state vector function.

To do this, we need a mathematical representation of state vectors

(VO's) and a method of functionalizing variable referencing and

assignment. Why? The semantics of these actions are generally

taken to be self-evident, or explained mechanistically, and, if

the languages we wished to define were simple enough, we might be

able to incorporate our intuitive understanding into our mathemati

cal formalization by mimicking these actions by the very careful

use of mathematical variables. However, in the presence of fea

tures like block structure, procedures and parameters, recursion,

dynamic storage allocation, etc., naming and variable referencing

and assignment become complex actions,, and a uniform, explicit ap

proach becomes a necessity. What does it mean to functionalize

variable referencing and assignment? Let S^ represent a state vec

tor, and let a be a variable. To functionalize variable referenc

ing means to specify a function f such that f (S) is the value of

a in S^. Note that f may not be simple; if, for example, a is a

call-by-name parameter, f may be complex indeed. To functional

ize variable assignment means to specify a function g for each

variable a such that g (v,S). is a state vector S* equal to £ ex

cept for the value of a, which is V in S'. The functionalization

of variable referencing and assignment can only be completely spec-

22
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ified in the context of a complete semantic definition; the VDL

data manipulation sublanguage is the first step towards that goal.

The notation of (PL 66) has been modified to make it reasonably

easy to implement. The two main difficulties with the notation are

the use of the string <a:b> to represent a two-place function (which

returns the VO {(a,b)}), and the notation s(£)9 where s_ is essential

ly any string, to represent the selection operation (if ^={(s^,o^),

...s(s ,o )}, s. U)=o. ). Neither of these notations corresponds to

normal functional notation, and they are difficult to recognize in a

context where general functional expressions are allowed. For this

reason, a functional notation for the Vienna Operators was created and

will be used in the definitions in Chapter 4. In this chapter, both

notations will be presented, with the new notation underlined.

There are two types of Vienna objects:

1) Elementary objects: an elementary object is an unstructured

data value.

2) Composite objects: a composite object is a set of ordered

pairs {(s.,o.)}, i=l,...,N where each si is a string, s^s.

for if j, and each o. is a Vienna object either elementary

or composite. The s. are referred to as selectors, and the

o. are referred to as the components of the composite object.

If s_ is a selector, and t is a Vienna object of the form (s,o) ,

the object £ is the component of t corresponding to s_. Clearly,

any component of a VO is also a VO. Given a VO, t> and a selector,

s,, the selection operation, written s{t) in VDL and in our notation



SEL(s,t), denotes the component of t corresponding to s_. If there

is no component corresponding to s, SEL(s,^) is the null object de

noted by n.

Vienna objects can be represented graphically by labelled

trees. An elementary object corresponds to a tree with no branches

(hence represented by a single node). A composite object t is rep

resented by a node having a branch for each ordered pair (s,o)e£,

labelled with the selector s_, and the tree corresponding to the VO,

o, is at the end of this branch. E.g.,

s2U)=x3=SEL(s2,t)=
H*» S g Cm " " i i • ii i

siU)=sj/V2 =SEL(sr*)
xl x2

s1(s1U))=x1=SEL(s1,SEL(s1,^))

There are two other VDL operators which we will need, the con

structor operator and the assignment operator. In VDL, <s:o> rep

resents the compolite object having the single component £, i.e.,

In our notation, this object is constructed by the operator UO.

Uptakes two arguments, the first, a string, s_; the second, a VO,

£, and returns the VO

24



e.g.

S2

<s, :x..>=UO(s,,x,) <s^:<s2:x,»=U0(s, ,U0(s2,x,))

VDL also has an operator pQ but this is a special case of the as

signment operator u, and is therefore redundant. Note that the

VDL operator yQ does not correspond to our UO.

A sequence of simple selectors, separated by the symbol a*",

denotes a composite selector. For example, if s, and s2 are sim

ple selectors, s^Sg is acomposite selector, and s^s2U)=s1(s2(j£))=

SEL(s1,SEL(s2„t))=SEL(s-|-».s2,<t) where t is any composite object. In

general, s^s^...-*snU)=s1 (s^(...sn(jt)*..). E.g.,

t?
s1^s1(^)=x1=SEL(s1^s1,-t)

Sg+s-j (<t)=x2=SEL(s2->s1 ,t)

The assignment operator y is a very powerful and useful oper

ator which makes it possible to modify the components of a VO, to

add components to a VO, and to delete components from a VO. In

our notation, there are two operators corresponding to the assign

ment operator and the generalized assignment operator in VDL (these

are both denoted by the same letter \i in VDL). The simple assign

ment operator, denoted by UJMn our notation, takes three arguments:

a VO, a selector, and a value (also a VO). It returns a VO identi-
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cal to the first argument, except the component selected by the

selector, which is the second argument, equals the third argument.

We will first define UJ[ for the case when the second argument is a

simple selector, and then extend the definition to include the case

when the second argument is a composite selector.

The definition for UlU,s,o) follows:

If s^ is simple, and

o=n. and there is a pair (s,x)e^ for some x, then

UlU,s,o)=;t-{(s,x)}

o=n and there is no pair (s,x)&£ for any x9 then

UlU,s,o)=t

Oj<n and there is a pair (s,x)e£ for some x.»

UlU,s,o)=U-{(s,x)»u{("s,o)}

o^n and there is no pair (s,x)e£ for any x,

UlU,s,o)=^{(s,o)}

If s_ is not simple, then s=s,-*-...-»-s for a sequence of simple

selectors s, ,...,s . There are two cases:

If there is a pair (s.|,x)e;t for some x,

UlU,s,o)=U-{(srx)})u{(Sl>{(s2>...((sn_rf(s|ro)l)>...)>)>

If there is no pair (s,,x)e;t for any x,

Ui(^s_2o]_=^{(s1,{(s2,...{(sn_1,{(sn,o)})}...)})}

The generalized assignment operator U takes an arbitrary number of

arguments (as implemented, up to ten), where each argument is an

arbitrary Vienna object. The result is the same as if a sequence

of simple assignments had been made to the first argument, assign-
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ing each component of each of the arguments 2 through 10 to the

first argument, i.e.,

Let *.-{(s. ,o. ),...,(s. ,o. )} for i=l,...,m
1 *1 M 1n1 \

then UC^,^,...,^)3

U1(...U1(...U1 Ul (Ul(*.| ,s2 ,o2 ),s2 ,o2 )...s2 ,o2 )...sm ,om ).
112 2 n« n« n_ n^

z z m m

The formal definition of the assignment operator can be given

in terms of characteristic sets (the characteristic set of a VO, t,

is the set of all pairs {(s,o) such that s_ is a selector ,possibly

composite, and sU)=o} as is done in Lucas (Lu 67). This requires

development of a number of other topics which have been avoided in

the above definition.

This definition looks alarmingly complex; however, it corres

ponds to the following simple definition in terms of trees:

Ul(t,s,o) is obtained by

1) Assigning the value o to the s-component of t if

t has an s-component;

2) Adding a new s-component £ to t if t does not

have an s-component;

3) If o=ti delete the s-component from t if it has

one.



e.g

t =

vU,<s4:y>)=UlU,s4,y)

xl x2

£'=yU,<s-j :pq(<s-j :x^ ,<s2:x2>))
:<J1U,s1,U(U0(s1,x1),U0(s2,x2)))

yCt' ,<s^:n>)
=uiu,,s1,n)

iiU»<s2:y>)=UlU,s2,y)

pU><s1:n>)-UlU,s1,n)

yU',<s2->s1,y>)
^lU'.s^s^y)

U' »<s2*s1 ,n>)
=U1U'jS^s^n)
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We will represent the variables and values manipulated by a

program by a state vector, and the state vector will be represented

by a Vienna object. Programming language statements will be trans

lated into functions that transform the state vector using the

Vienna operators. As an indication of the direction we will pur

sue, suppose a program has variables x, £, and z_. Then their cur

rent values will be represented by a state vector

z

S=

Then

i. the selection operation corresponds to variable referen

cing, e.g., SEL(x,S)=3

ii. assignment in the programming sense corresponds to the

first action of the assignment operator, e.g.,

"x=4" corresponds to U1(S,x,4)

"x=y" corresponds to Ul(S,x,SEL(y,S))

iii. data allocation and deallocation correspond to the sec

ond and third actions of the assignment operator; thus,

Ul(S,x,Q) allocates a variable x initialized to 0, and

Ul(S,x,n) deallocates x.

2.2 Knuth's Method of Specifying a Syntax-Directed Translator

In the preceding Section, it was shown how elementary program

ming language actions could be modelled by state vector functions.
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However, it is a large step from these simple actions to any rea

sonable programming language, and the state vector model for a con

struct in such a language may be fairly complex. •We will use two

techniques to associate state vector functions with programming

language constructs, one from the theory of syntax-directed trans

lation, presented in this Section, and the other from recursive

function theory, presented in Section 2.3.

What is needed is a general technique for specifying the trans

lation of context-free programming languages to sets of recursive

functional equations. The method we will use was originated by

Knuth in his study of the semantics of context-free languages

(Kn 68). A remark is in order here. The title of Knuth's paper

is misleading; what is developed in this paper is a syntax-directed

translation method, which Knuth incorrectly assumes answers most

of the questions of programming language semantics. The work of

two of Knuth's students (W. Wilner and I. Fang) will be discussed

in this regard in Section 3.3.5. Chapter 5 includes a discussion

of why this method of specifying the translation was chosen.

The general strategy of this translation method is to work

from a parse tree, building partial translations at each node. The

value of the translation at a particular node is dependent on the

information (including partial translations) associated with ad

jacent nodes in the parse tree. The partial translations are

built first at the leaves of the tree, and then at successively

higher nodes. The translation associated with the root node is the

30



output of the translator.

The information associated with a node in the parse tree is

represented by a set of attribute values (e.g., the partial trans

lation is an attribute value). For each production in the grammar

generating the language, there are equations which define the at

tribute values of the nonterminal (node) on the left side of the

production in terms of the attribute values of nonterminals (nodes)

on the right of the production. This permits semantic information

to pass from the leaves of the tree upward. Attributes defined in

this manner are called "synthesized attributes" and the equations

defining them are called "synthesized attribute equations".

Knuth's method also makes it possible to pass semantic infor

mation down the tree; that is, some of the attribute values of a

node may depend on attribute values of nodes above it in the parse

tree. For attributes of this type, called "inherited attributes",

there is an equation defining their value whenever the nonterminal

representing the node appears on the right side of a production.

These equations are called "inherited attribute equations". We will

see a great number and diversity of attributes and attribute equa

tions in the following two chapters.

Formally, let G={N,T,S,P} be an unambiguous context-free gram

mar for L[extensions to the case when G_ is ambiguous are considered

in Fang (Fa 72)], where

N=finite set of nonterminal symbols

T=finite set of terminal symbols
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P=finite set of productions of the form a+e,

aeN, 6e(NuT)*

A translation of Lmay be specified in the following manner: to

each symbol XeN^T we associate a finite set of functions A(X),

called attributes of X. Let aeA(X), then the range of a is the set

of possible values the attribute might have, denoted by V . The
a

domain of a is the set

{(P,X)|where £ is a parse tree of a program in L,

and £ is an instance of a node labelled by X}.

Thus, attribute values for a are defined for each occurrence of X

in a parse tree. Of course, we do not have a "closed" form for the

functions a, and the attribute values are actually determined by a

set of attribute equations, defined next.

A(X) is partitioned into two disjoint sets AQ(X), called the
synthesized attributes, and A^X), called the inherited attributes.

Let P consist of m productions, and let the p-th production be

VV"XpNp
where N =0.

P

Associated with this production are attribute equations of the form

Tpja'V,-" at a
defined for j=0 and all aeAQ(Xp0), and for all isuch that l=j=N
and aeA^Xpj). tis some function t(p,j,a), and each a^a^p.j.a)
is an attribute of one of the nonterminals in the production.
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In words, corresponding to the above production, there is an

attribute equation of the form

fpja;V"X VV<* t=t(pJ*a)> ai=ai(P»J'a)
for each synthesized attribute aof XQ, and for each inherited at

tribute a of X ., l=j=N .

Given a parse tree for a program P_ in L, attribute equations

can be used to define the values of the attributes at each node.

Suppose the parse tree is labelled with the appropriate nonterminal

.and terminal symbols of G. Let X be a node labelled with the sym

bol £, and let aeA(X) be an attribute of X. If a is an inherited

attribute, then X?<S, and the tree has the form (locally)
X.VP0

for some £. Hence, there is an equation

f«-j~:V x ...x V ->V defining the value of a.
pja a-i a. a a

If a is a synthesized attribute, i.e., aeAQ(X), then X^ is a non

terminal symbol, and the tree has the local form

xo0=x

for some p_, and again there is an equation

f„. :V ...x V -M/ defining the value of a.
pja a, at a
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This equation can be used to define the value of a at X if the at

tributes a-|,...,at, t=0, at the adjacent nodes have already been

evaluated.

This process of attribute definition can be repeatedly applied

to all of the attributes in the parse tree for £ until they are all

defined. Clearly, some of the attribute functions must be constant

or none of the attributes will ever get defined. Once the constant

attributes are defined, then other attributes dependent on them

will be defined, and so on, until all of the attributes in the tree

are defined. This is true if the attribute equations are "well-de

fined". Knuth gives an algorithm for checking that attribute equa

tions are well-defined in (Kn 68). Essentially, the algorithm

checks for potential circularities of the form "attribute a is de

pendent on attribute e ...is dependent on attribute a." Clearly,

in this case, a will never be defined. In practice, it is always

easy to tell if such circularities exist in the semantic equations,

although Knuth's algorithm is somewhat complicated.

2.3 Recursive Functional Equations and a Fixed-Point Theorem

The target language of the translation defined by the method

of the preceding section will be sets of mutually dependent recur

sive functional equations; this "language" will be denoted by R.

If £ is a program written in language L, and R=Trans, «(P) is the

set of equations corresponding to P_, it will be shown that R satis

fies conditions that guarantee the existance of a minimal fixed

point FR. The map from sets of recursive functional equations to
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this minimal fixed point will be denoted by SemD. Sem. will be de-

fined by SemL=SemR °TransL_R. In this section, Rwill be defined,

conditions that guarantee ReR has a minimal fixed point are given,

and the fixed point theorem is proved. Also, an alternate char

acterization of the function defined by R is given, and this func

tion is shown to be equal to FR. The alternate characterization

is by a computation rule; in Chapter 3, the implementation of a

particular computation rule will be discussed.

The results in this section appear in references (Ma 72a) and

(Vu 72). The results included here are essentially more detailed

studies of work done originally by Kleene in 1952 (Kl 52).

Any functional model for general programming languages has to

allow for the fact that a program may not halt for a particular in

put value. In this case, the function representing P_ should have

the value "undefined" for argument x. A function that is not de

fined for some elements of its domain is called a partial function.

To express the fact that f(x) is undefined, the special symbol w

is used, and f(x) is set equal to u>, f(x)=w. If f is defined for

ewery element of its domain, it is a total function.

Definition: If D is a set, D+ denotes d"M. If D is a

Cartesian product of sets, D=AlX A2...x AN, D+ denotes
1x 7•••x A»i.

Clearly, apartial function f:D1->D2 can be considered atotal func

tion mapping D] into D2. The following partial ordering = can be

defined on any set D , corresponding to the intuitive notion "is
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less defined than":

*w-b for every beD

If D+=AJx A2-..x A^, then
(a1,...,an)-(61,...»6n) iff Of-fif 1-i-n.

The condition arises where the output of one computer program (or

subprogram) P, is the input for another program P2. If fp and fp

are functions representing P, and P2, and P^ loops for the input

value x, i.e., fD.(x)=w, then what should the value of fD ° fD (x)=
pl p2 pl

fD (oj) be? That question will not be answered here, but our defi-
*2
nitions will allow for functions defined on a domain including w.

A function f defined on wo{D}=D is called an extension of f re

stricted to D., denoted f.D.
+ +Definition: A function f:D,-*D2 is monotonic iff

a=b=>f(a)^f(b).

The set of monotonic functions from D, into D2 is denoted by (D-|-»»D2).

The partial ordering = on D, and D„ can be used to define a partial

ordering (also denoted by =) on (D^*D2). Again =on (D-j-^) cor
responds to the intuitive notion "is less defined than".

Definition: Let f,, f2 be elements of (D^D2), then

f^f2 iff f^a^f^a) for every aeD^.
Theorem: Let {f.}, f^D*-^*) for even i_, be an increasing infinite
sequence of functions (called a chain), i.e., fj-fj+i for i=l,2,...,«.

Then there is aunique limit function in (D-|+D2) denoted by lim(f^),

such that f^limCfj} for every i=l,2,...,«, and if £ is another

function such that f^=g for every i=l,2,...«>, then lim {fj}-g.
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One way of regarding a program is as a function of functions;

that is, a program combines a number of functions (such as addition,

multiplication, built-in functions, functions defined by subpro

grams, etc.) and produces a new function, namely the function the

program computes. One way of mathematically combining functions

to get a new function is to use functional composition. In fact,

if all programs were "straight line", functional composition could

be used to describe the function computed by a program in terms of

the function in each statement. When loops are present in a pro

gram, however, it is not possible to give an expression for the

function computed by a program using only functional composition

of the functions in each statement. One way of characterizing the

function of a program with loops is to "simulate" the execution of

the program. The following definitions and theorems will provide

an alternate characterization.

Definition: Afunctional is amap T:(Dt-*D2MDt-»-D2). A
functional is monotonic if f-g=>T(f)=T(g). A functional

is continuous if for every chain fQ=f,=...

i) TCf^T^]*...
and

11) T[lim(f.)>lim(T[f.3).

Note that the limit functions exist and are in

(D^D2) by the previous theorem.
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The main result is the following

Theorem: Any continuous function T. (nt*n+urn"Lrv+^ u*„ *• lu^u2J-»-tD^D2) has a unique min
imal fixed point.

Proof: (This proof is included, since it is both easy and instruc

tive)

Let n be the constant function fi(x)=aj for all xeDt.

Then ft-Tto) and hence, since T is monotonic, t1"^]-

.t°tW+1(q).

Hence, ^t[q]$t2[q]... is achain, and Hm^b]) exists.
Now, T(l1mTl[«])al1m(T[Tl[«]])Blim(TiCfl]) and therefore,

HmCx^fl]) is afixed point of T.

Suppose £ is also a fixed point of T. Then since fi=g,

xM-T[g]=g, etc., and -^[fll-g for every i_, hence by the

previous theorem Hmd^a])^. Therefore, lim^to]) is the

unique minimal fixed point of T.

Q.E.D.

This theorem can be generalized to sets of functional equations.

♦Theorem: Acontinuous functional T:(D|+D2)n+(Dt-*D2)n given by
coordinate functional TrT2,...Tn has aunique minimal fixed point

F =<F ,... ,F >

such that

a) Jrx=Ti[FT ,...,F ] for l=i=n
and

b) for any fixed point g=<gr... ,gn>, i.e.,
9-{=Ti[g1»...,gn], for every i=l,...,n, F ^g-.
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Now a particular type of functional will be defined and it will be

shown to be continuous.

Definition: A recursive functional equation is an expres

sion of the form

F«T[f]

where x[f] is defined by the composition of monotonic

functions and the function variable F\

A recursive functional equation defines a functional

t as follows:

forge(D^D2),
T[g](x)=a(x) where a is formed from t[F] by replac

ing each occurrence of £ by £.

Theorem: The functional defined by a recursive functional equation

is continuous.

A set of mutually dependent recursive functional equations is a

set of equations of the form F^t-jCF^ ,... ,Fn], F=t [F-j,... ,Fn] where

each t-> i=l,...,n is an expression defined by composition of mono

tonic functions and the function variables F,,...,F . Such a set

determines afunctional T:(DJ+D2)n+(D|-»-D2)n which, has aminimal
fixed point by Theorem *. The minimal fixed point is denoted by

F =<F ,...,F >.
T Tl Tn

In view of. the previous theorem, a set of recursive functional

equations has a fixed point if the equations are defined using

monotonic functions. Thus, when translating programs to sets of

recursive functional equations, it is necessary to check that all



of the functions used are monotonic. Note that this is very easy

to check, and f_ is monotonic if f(u))=o). In fact, all of the func

tions discussed in this thesis can easily be shown to be monotonic,

and hence recursive functional equations containing them are con

tinuous.

Suppose a program P_ has been translated into a set of recur

sive functional equations R= F^t-jEF,,...^ ],...,t^CF,,... ,F]

such that each statement of P_ is represented by an equation in R9

and the first statement of £ corresponds to F-j=a-i. Then R^ has a

Tl Tn

+n +n .
minimal fixed point F =<F ,...,F > mapping D, -K)9 . In this

• X Xi X_ I ^

case, both D, and D2 will be represented by state vectors, and we

will define the effect of the program £ on an input value x. by

P(x)=F (x). This gives an invariant mathematical characterization
Tl

of the state vector functions associated with P_, which is an ele

gant characterization of the semantics of P_ and is well suited to

be used in mathematical proofs of properties of £ [see (Ma 72)].

However, this characterization does not provide a way of calculat

ing F (x). Theorem * states that the fixed point F exists but
Tl T

does not give an expression for F or a method of calculating
Tl

F (x). It remains to be shown that there is an effective means
Tl
for calculating F .

ti
Definition: Let F=x[F] be a recursive functional equation,

where F :D,-»-D2. A computation sequence t., i=0,l,...,«

for aeD, is defined as follows:

1) The first term tQ is x[F](d).
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2) For each i, i=0, the term ti+1 is obtained from

t. in two steps:

(a) Substitution: some occurrences of F in t.

are replaced by T[F] simultaneously.

(b) Simplification: known functions and predi

cates are replaced by their values, when

ever possible, until no further simplifica

tions can be made.

3) The sequence is finite and t is the final term
n

in the sequence if no further substitutions or

simplifications can be applied to t (that is,

tn is an element of D2).

A computation rule tells us which occurrences of F_ to replace

by x[F] in the substitution phase (a) above. When the computation

sequence was introduced by Kleene in (Kl 52), all occurrences of

F were replaced simultaneously, and it was shown that the function

determined by the computation sequence is identical to the minimal

fixed point FT. This result can also be extended to sets of re

cursive functional equations. However, replacing all function

variables simultaneously is not the only computation rule that can

be used in part (a) above, and is in fact one of the less efficient

rules to implement (not the least efficient, however, as some rules

will determine non-terminating computation sequences where the

above rule determines a terminating computation sequence).
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In Chapter 3, we will discuss the implementation of a particu

lar computation rule, different from Kleene's, and we will show

that it also computes the minimal fixed point.

1 k
Definition: Let a[F ,...,F ] denote any term, where su

perscripts are used to distinguish different occurrences

of the function variable £ in a. Suppose the occurrences

F ,...,F1 (l=i=k) are chosen for substitution. This is

a safe substitution if

VF1+1,...,Fka[n,...,«,Fi+1,...,Fk](d)=o, for every
deD*.

Definition: A computation rule is safe if it makes only

safe substitutions.

If £ is a computation rule, Fc will denote the function computed

by C. The following theorem, proved in (Vu 72), states that if a

computation rule satisfies a certain condition, then Fc= the mini

mal fixed point. Kleene's rule is an example of a rule satisfying

this condition.

Theorem: Let R be a set of recursive functional equations

{Fl=T,[F.j,...,F ],... ,F =x [F,,...,-F ]} and let £ be a safe compu

tation rule, then Fr=F .
C Tl

This theorem will be discussed in greater detail in Chapter 3

where it is used to show the implementation of a particular compu

tation rule computes the minimal fixed point.
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2.4 A Correspondence Between "Flowcharts" and Recursive Functional
Equations

The general strategy for the translation of a program P_ to a

set of recursive functional equations is as follows: first, trans

late imperative statements in P_ to state vector functions which

manipulate the values of variables in the same way as the state

ments they represent. Translate conditional statements to state

vector predicates which map state vectors to the set {TRUE,FALSE,to}.

At this point, there are two equivalent directions that can be

taken, as follows:

1) Each state vector function and predicate determines a re

cursive functional equation as follows:

a) If c is an imperative statement, and f is the state
— c

vector function corresponding to £, then c determines

the recursive functional equation

c d c

where d is the statement following c. Note that cap

ital Fc, F,, etc. are function variables.

b) If £ is a conditional statement of the form

IF(...)G0T0 D ELSE GOTO E, and £ is the predicate

corresponding to £, then £ determines the recursive

functional

F =if p„ then F, else F^
c rc a e

The union of these equations is the set of mutually

dependent recursive functional equations corresponding

to P.
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2) Each state vector function and predicate determines a node

in a flowchart for £ as follows:

a) If £ is an imperative statement, and f the state vec

tor function corresponding to £, the node correspond

ing to £ is given by

c

labelled by £, where * is an arrow to the node label-
d

led by d_, where d is the statement following £.

b) If £ is a conditional statement of the form

IF(...) GOTO DELSE GOTO E, and pc is the state vec

tor predicate corresponding to £, the node correspond

ing to £ is given by
c

cu
FALSE

The union of these nodes is a flowchart corresponding

to the program f\

Thus, the recursive functional equations are in a one-to-one

correspondence with the nodes of the flowchart for P.
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In order to further illustrate this correspondence, we will

examine the structure of the functions and predicates a little more

closely. Assume that P. is written in a language allowing recursive

procedure declarations and calls. Let P] be aprocedure and let
the statement £ have a call of P, (recursive or not). How will f

i c

look if programs are translated to recursion equations, and how

will fc look if programs are translated to flowcharts?

1) Let Rp be the set of functional equations corresponding to

P^ and let y be the minimal fixed point operator, i.e.,

y(R)=the minimal fixed point of R. Then f contains an ap-

plication of y(Rp )to the arguments in the call. Let the

argument list be represented by the function f
ARG

, i.e.,

given a state vector S_, the value of the argument list is

^ARG^' The onlv way of determining the value of

y(Rp Kt*ARG^S^ is to apply afixed point computation rule

to Rp . The implementation of a particular computation

rule APPLY is discussed in Section 3.3.7. Thus,

^pJ^ARG^^ can be rePresented in fby APPLY(Rp ^ARG(S))
and this is, in fact, what is done in the language descrip

tion in Chapter 4.

2) Let Fp be the flowchart representing P,; let the function

fARG rePresen* the arguments to P]. Let APPLY'(Fp ,fARG(S))
be the function defined by applying the usual computation

rule for flowcharts to the flowchart Fp with arguments

given by fARG(S). Then f will contain the expression
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APPLY'(Fp ,fARG(S)) to represent the call of P, in £.

From Section 3.3.7 it can easily be seen that APPLY=APPLY'. Thus,

it is only a matter of notation whether a program is translated to

a set of recursive functional equations or to a flowchart as de

scribed above. In fact, the Vienna object representing the result

of the translation can be interpreted either way.

Let £ be an imperative statement in £ (followed by d) and let

£' be a conditional statement of the form IF(...) GOTO D ELSE GOTO E,

and for any statement s_ let s# be a unique statement number for

that statement. Then the VO representing the translation of P_ has

the following form:

C0ND(pr,d#,e#)

I

where COND(TRUE,d#,e#)=d#

C0ND<FALSE,d#,e#)*e#

and C0ND(w,d#,e#)=oj

The VO selected by c§ corresponds to the recursive functional equa

tion

Fc=FA>
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and to the flowchart node

V

d

The VO selected by c'# corresponds to the recursive functional equa

tion

Fc'=if pc then Fd else Fe
and to the flowchart node

In this section, assumptions have been made about the form of the

statements in £ to simplify the discussion. Numerous variations in

the forms of statements appear in the languages defined in Chapter

4, and in some cases, slight variations have to be made in the forms

of the recursion equations or flowcharts used to represent them.

These will be discussed along with the language definitions them

selves.

2.5 A New Method for Specifying Programming Language Semantics

A definition of a programming language I consists of two parts

as follows:

1) The syntax of L. The syntax of L specifies which symbol
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strings denote legal constructs (including programs) in L.

2) The semantics of I. The semantics of L provides a "mean-,

ing" for legal constructs in L.

It will be assumed that the syntax of L is given by an unam

biguous context-free grammar. This deserves some comment. It is

well known that some restrictions on programming language syntax

cannot conveniently be specified using a context-free grammar. For

example, in mini-language 6, each variable used in a program must

be declared and given a type, and each expression in the program

must be free of type errors. While it is impossible to distinguish

between legal programs and illegal programs in mini-language 6 on

the basis of syntax alone, the requirements that all identifiers be

declared and alT expressions be free "of type errors can be incor

porated into the semantic definition (see Section 4.6.2).

The "meaning" of a program £ is defined as the function from

input values to output values computed by £_. Since the semantics

of L provides a method of determining the meaning of every program

in L, it can be expressed as a function

SemL:PL+(D|*-D2)
where P is the set of syntactically legal programs in L, D,

represents the set of possible input values to programs in P., and

D2 is the set of possible output values of programs in P. [see Sec

tion 2.3 for an explanation of the notation (DJ+Dt)]. Since the
meanings of the constructs in a particular program P_ are defined

only in relation to the meaning of the entire program, Sem is de-
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fined only for legal programs (i.e., P.) and is clearly the first

goal of a semantic definition.

Sem will be defined as follows: let G be a context-free gram

mar for L. Attribute equations translating programs in P to re

cursive functional equations will be associated with the productions

in 13 (see Section 2.2). These attribute equations define a map

Trans translating legal programs in P to sets of recursive func

tional equations, i.e.,

Trans L-K:PL->R

where ReR is a set of recursive functional equations. The attri

bute equations also define for each construct in PeP a set of at

tribute values which represent the meaning of that construct in P..

Let Trans. _ map P^ to R. The recursive functional equations

in R generally correspond to "executable statements" in P on a one-

to-one basis (although this is certainly not always so, e.g., mini-

languages 9 and 10). The functional corresponding to a particular

statement £will be one of the attribute values of the construct

denoted by £. These functionals represent the manipulation of the

program variables by explicit transformation of a state vector var

iable representing the current variables and their values (see Sec

tion 2.2). Declarative statements will likely have as attribute

values tables which represent the information contained in the dec

laration organized in an easily accessible form. •

The semantics of elements of R, i.e., set of recursive func

tional equations, is given by the fixed-point theorem in Section
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2.3. This theorem defines

SemR:MD^D2)
as follows: let R={F1=x1[F1,...,Fn],...,Fn=xn[F1,...,Fn]}

then

SemR(R)=FT

where F ={F_ ,F_ ,...,FT } is the minimal fixed point of R. Sem.
T Tl T2 Tn L

can now be defined by equation

Sem^=SemR ° Trans, «

This chapter contains the necessary theoretical tools for defining

TransL-R and SemR in Sections 2.2 through 2.4. Chapter 3 contains

a detailed description of the format for specifying Trans. «. A

program implementing Trans^R, and Sem^R)^,-*^, is listed in Ap

pendix II and described in Chapter 3. Chapter 4 contains defini

tions of ten mini-languages, using this method. Chapter 5 contains

advantageous comparisons of this method with other current methods.
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Chapter 3. A Semantics-Based Interpreter

Abstract

An overview is given of a semantics-based
interpreter and its relation to the definitional
method. The format for a language definition is
given in detail. The use of attribute values to
represent information such as tables, flowcharts
and functions is discussed, along with tech
niques for manipulating attribute values. The
input phase, parsing algorithm, attribute def
inition algorithm, and computation rule of the
interpreter are discussed.

3.0 Introduction

In Chapter 2, a method of semantic definition of programming

languages was presented, which consists of giving for a language

La context-free grammar generating L, and a set of attribute equa

tions (referred to as semantic rules), which when evaluated for the

parse tree of a program Pin L, effectively translate P into a set

of recursive functional equations R. The function "computed" by

P_ is defined to be the* minimal fixed point of R, and this is shown

to be equivalent to the function which results from applying a suit

able (safe) computation rule to R.

A SNOBOL program, listed in Appendix I, has been written which

does the following:

1) accepts as input a definition of a language L, consisting

of a set of syntactic rules and associated semantic rules
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(the format is given later in this Chapter), and a program

£ written in L.

2) using the syntactic rules in the definition of L, creates

a parse tree for P_.

3) using the semantic rules in the definition of L, evaluates

all of the attributes for nodes in the parse tree of P_y

thereby translating £_ into a set of recursive functional

equations R. All attribute values of the root node of the

parse tree are listed.

4) applies a safe computation rule to £ and lists the final

state vector.

Given a definition of L, this program will determine the result of

executing any program in L; hence, the program acts as an inter

preter for any language for which it is provided a syntactic and

semantic definition.

In this chapter, a complete account will be given of this

program. First, what are its uses? The program has been used pri

marily for the purpose of checking out language definitions. That

is, in defining a language, we have an intuitive understanding of

what the language does, and we try to capture our intuition in syn

tactic and semantic rules. There will probably not be a standard

against which we can compare the formal definition, other than the

intuitive understanding we began with. .One way of doing this is

by "simulating" a program £ in L according to our intuition and

comparing the result with the function determined by translating
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P^to recursive functionals and taking the fixed point, based on

the formal definition of L. If the results agree on a large enough

set of test programs, we assume we have defined the language proper

ly; if the results disagree, we must re-examine our intuition or

the language definition.

3.1 Notation for Syntactic and Semantic Rules

In Chapter 4, there are ten examples of syntactic and seman

tic definitions of programming languages illustrating how a wide

variety of programming language features can be handled. Examples

from the first of these definitions, of mini-language 1, will be

used here in explaining the notation used for syntactic and seman

tic rules. The notation used here is a. variation of the notation

first presented in Maurer (Mau 73); this paper contains a very com

plete description of the notation along with a self-description of

a "language" used to define programming languages.

A language description consists of a set of rules. A rule con

sists of a syntactic rule, and its (possibly null) associated set

of .semantic rules.

Nonterminals appearing in syntax rules are enclosed in angle

brackets, e.g., <STATEMENT>. Terminals are enclosed in quotes,

e.g., 'END'. A syntactic rule resembles a Backus Normal Form rule

in which letters used for identification follow each nonterminal.

Thus, in

<PROGRAM>A=<BLOCK>B

A corresponds to <PR0GRAM> and £ corresponds to <BL0CK>. Alterna-
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tives are separated (instead of by the usual |) by a semi-colon

followed by a letter (which corresponds to the left-hand side non

terminal) followed by an equals sign (=). Thus, there are two al

ternate right-hand sides in the rule

<C0MMAND LIST>A=<C0MMAND>B";"<C0MMAND LIST>C;D=<COMMANDS

and the D corresponds to the <C0MMAND LIST> nonterminal in the

second production. Thus, one syntactic rule of this form incorpor

ates all of the productions in the grammar having a particular non

terminal on the left side. The letters are necessary to identify

a particular nonterminal in a particular production.

Syntactic rules always begin in column 1; the attribute rules

associated with productions of the syntactic rule follow the syn

tactic rule and are indented 10 spaces. Each semantic rule refers

to a production in the syntactic rule that precedes it. Semantic

rules are divided into three classes, and the format for each class

will be discussed separately. These incorporate the attribute equa

tions as defined in Chapter 2, and also specify additional informa

tion to make the language definition easier to read.

Each attribute is given a name, which is chosen to, hopefully,

convey some idea of what the attribute represents (this is optional,

of course). The first type of attribute equation is simply the name,

enclosed in brackets, of an inherited attribute of the nonterminal

appearing on the left side of a syntactic rule. Each syntactic rule

is followed by attribute equations of type 1 listing its inherited
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attributes; Thus,

<BLOCK>A="BEGIN"<DECLARATION>B";"<COMMAND LIST>C";END"

<NEXT>N

<GLOBALS>G

indicates that the <BLOCK> nonterminal has inherited attributes

named NEXT and GLOBALS. The letter following the name is used to

identify the attribute in references to its value occurring in at

tribute equations.

The only time attribute names appear enclosed in brackets is

indented 10 spaces, and at the front of a semantic rule. Hence,

there is no confusion between attribute names and nonterminals in

the grammar. In the text, nonterminals will be written with brack

ets, and attribute names will be written without brackets. Since

inherited attributes are only defined when the nonterminal appears

on the right side of a production, there are no attribute equations

which define the value of the GLOBALS attribute of the <BL0CK> non

terminal associated with the above syntactic rule. Inherited at

tributes are defined by semantic equations of type 3.

There is a semantic rule of type 2 for every synthesized at

tribute of the left-hand nonterminal in the syntactic rule. A

semantic rule of type 2 consists of an attribute name, enclosed in

brackets, followed by equations defining the value of the attribute

for each of the productions in the syntactic rule. An attribute

equation defining this value will be of the form

attribute reference=attribute expression
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An attribute reference is a string of the form atB where a is a

letter, and 6 is either a letter or the string VAL. a must appear

in the syntactic rule following a nonterminal, and if 0 is a letter,

it must be associated with one of the attributes of that nonterminal.

In the case of rules of type 2, where there is an equation of the

form ou+6-.=attribute expression, a-i must identify the left side non

terminal in one of the productions, and the letter g-j is associated

with the attribute being defined. When an attribute reference is

of the form a+VAL, then the node associated with a must be a liter

al node, and the value of this attribute reference is the string

matched by the literal (literals are discussed in Section 3.3.4).

An attribute expression can involve constants, operators as dis

cussed in Section 3.3.6, and references to other attribute values

of nonterminals in the production. The following rule of type 2

also follows the syntactic equation defining <BL0CK>

<VARTABLE>A+V=U(A+G,B+V)

U is one of the Vienna operators. The letter V^ is associated with

the VARTABLE attribute, and A+V represents this value. It is de

fined to be the result of applying the U^ operator to A+G (the value

of the GLOBALS attribute of <BL0CK>) and B+V (the value of the

VARTABLE attribute of <DECLARATION^. In this example, there is

only one production in the syntactic rule; had there been more, the

equations defining the VARTABLE attribute for all the productions

would have been listed in the semantic rule, separated by semi

colons. For example, the semantic rule for the FLOWCHART attribute
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of the <COMMAND LIST> nonterminal is

<FLOWCHARTAtF=U(Bf F,Cf F) ;D+F=E+F.

In the descriptions in Chapter 4, the letter associated with an at

tribute is usually the first letter in the attribute name.

Semantic rules of type 3 define the values for inherited at

tributes of nonterminals appearing on the right side of a produc

tion. These rules consist of one or more attribute equations sep

arated by semi-colons. The attribute reference on the left side of

each equation must refer to an inherited attribute of one of the

nonterminals on the right side of one of the productions in the as

sociated syntactic rule. Clearly, there must be equations for each

such attribute. The <BL0CK> nonterminal has inherited attributes

NEXT and GLOBALS, thus associated with the syntactic rule

<UNLABELLED C0MMAND>A
•

•

F=<BL0CK>G

is the semantic rule of type 3

GfN=F+N;GiG=F+V

This rule defines the values of the NEXT and GLOBALS attributes of

<BL0CK> when it appears on the right side of the above syntactic

rule. The value of the NEXT attribute is defined to be identical

to the value of the NEXT attribute of the <UNLABELLED C0MMAND> non

terminal, and the value of the GLOBALS attribute is defined to be

equal to the value of the VARTABLE attribute of the <UNLABELLED

C0MMAND> nonterminal.
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3.2 Attribute Values and Expressions

Attribute values will be represented by Vienna objects (see

Section 2.1). Of course, these include elementary objects as a

special case. Elementary objects that will be used in the descrip

tions in Chapter 4 include

1) integers

2) strings

3) functions

Elements from other domains could be used as elementary objects;

for example, real numbers might be used. The elementary objects

above were chosen simply because they suffice to represent all the

attributes we will need in defining the ten languages in Chapter 4.

Integers and strings present no problems, and they can be rep

resented by themselves (strings representing themselves will be en

closed in quotes). Functions will be represented, by strings in the

following way: if the function is elementary in the sense that it

is not made up of more elementary functions using composition, it

will be represented by its name. The only allowable operation on

elementary functions is composition. The result of composing func

tions f and £ could be represented by the string f° g. However,

in computer science literature it is more common to use a variation

of lambda calculus notation and represent this composition by

AX.f(gCx)), or simply f(g). We will conform to this latter notation,

that is, compositions will be represented by using lambda calculus

notation with the following distinction: all of the functions that
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will be defined will be functions of one state vector variable, the

variable will always be represented by S^, and the XS. prefix will

be dropped from the lambda calculus notation. Thus, the composi

tion of f and 2. will be represented by the string f(g(S)).

An attribute expression is defined recursively as follows:

1) A constant is an attribute expression.

2) An attribute reference is an attribute expression.

3) If a-|,...,an are attribute expressions, and f is a func

tion of £ variables, fCc^,...,^) is an attribute expres

sion.

When the attribute references in an attribute, expression are given

values, the attribute expression can be evaluated to produce a new

attribute value.

The functions that can appear in forming attribute expressions

using rule 3 above are:

1) the Vienna operators U£, U, Ul_, and SEL.

2) the usual arithmetic operators

3) string concatenation

and we will assume that these functions are used only when they

make sense.

In order to represent the composition of functions, we must

concatenate their string representations in such a way as to pro

duce the string representation for their composition; for example,

consider

<FUNCTI0N>...; CfF=,SEL('$ELC'D+VAL', CfV) ',S)'
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String concatenation is represented by a blank as in SN0B0L4, thus

we are concatenating the strings SELC, whatever SEL('D+VAL', C+V)

returns as its value, and ^sj.. SEL(»DfVAL', CiV) in fact returns

a number; thus the function we are creating has the form SEL(#,S),

where S as always represents the state vector variable.

The Vienna operators can be used to form composite objects

out of elementary objects, to combine composite objects, and to

refer to or "select" components of composite objects. Composite

objects are used to represent structured attribute values such as

tables. For example, anumber of the nonterminals in mini-language

1 have an attribute called XLABELS; this table is referenced with

a label, represented by a string, and the value of such a reference

is the statement number of the statement corresponding to the label.

Entries to the table are created by the attribute equation

<XLABELS>A+X=UOC,BtV ,CfS). •..

referring to the syntactic equation

<COMMAND>A=<LABEL>A ' ' <UNLABELLED C0MMAND>...

B+V represents the VALUE attribute of the <$LABEL> nonterminal, and

its value is the label itself; CfS references the STATENO attribute

of the <UNLABELLED C0MMAND> nonterminal, its value is a number.

Thus this equation creates a VO of the form
•

label

statement #

The attribute equation defining the XLABELS attribute for the
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<COMMAND LIST> nonterminal is

<XLABELS>AtX=U(BtX,CtX);

and the VO's created by attribute equation for <C0MMAND> nontermi

nals are used to create a VO of the form

labels , , ^ , , .
-^*^ / I ^Oabel n

statement #1

statement #n

representing the value of the XLABELS attribute for <C0MMAND LIST>

nonterminals.

The set of recursive functional equations which is the ulti

mate objective of the entire attribute definition process is also

represented by a VO. This representation is discussed in detail

in Sections 2.4 and 3.3.7. This attribute will always be given the

name FLOWCHART in the language definitions in Chapter 4, and the

value of this attribute for each nonterminal for which it is de

fined is the set of functionals corresponding to that part of the
program.

3«3 Overview of the Semantics-Based Interpreter

The program implementing the semantics-based interpreter is

listed in Appendix II, and the results of numerous runs of this

program interpreting programs in the ten mini-languages defined in

Chapter 4 constitute Appendix I. The code for the program can be
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broken down into seven sections as follows:

Function Lines

1) Initialization 00100-10400

2) Initial processing of the syntactic
and semantic rules 10500-19000

3) Control loop 19200-26600

4) The parsing algorithm 27300-36200

5) The algorithm for evaluating seman
tic attributes 36400-48300

6) Various primitive functions used in
the ten mini-languages 48500-68300

7) The computation rule 68400-70700

3.3.1 Initialization

This section contains the SN0B0L function declarations and

data declarations for the functions and data types used in the re

mainder of, the program.

3.3.2 Initial Processing of the Syntactic and Semantic Rules

The primary function is to read the language definition and

to store the information it contains in a tabular form that is es

pecially adapted to the needs of the parsing algorithm and the at

tribute evaluation algorithm. The data is organized so that

1) Given a nonterminal of the grammar, the set of productions

with that nonterminal as the left-hand side is immediately

accessible as an array. For example, if <N0N> is a nonter

minal, then <N0N>.ALT is an array containing the alternate

productions of <N0N>.

62



2) Given a production of the grammar, represented by a nonter

minal and an index into the array of its alternate expan

sions, the set of attribute equations associated with that

production is immediately accessible as an array. For ex

ample, if <N0N> is a nonterminal, then <N0N>.SEM.5 is an

array of the attribute equations associated with the fifth

alternate expansion of <N0N>.

3) Given a nonterminal, a list of attributes of that nonter

minal is immediately accessible as an array. For example,

if <N0N> is a nonterminal, <N0N>.ATT is an array of the at

tributes of <N0N>.

Once the language definition has been read in and stored in

the above form, control is transferred to the control loop.

3.3.3 Control Loop

The program to be "interpreted" is read in, the parsing algor

ithm is called to create its parse tree, the semantic attribute

evaluation is called to translate it to a set of recursive func

tional equations, and finally, the computation rule is applied to

the recursive functional equations.

3.3.4 The Parsing Algorithm

The parsing algorithm is similar in principle to the general

top-down parsing algorithm described in (Gr 71), except that the

usual "scanner" is replaced by a special class of nonterminals,

which match simple phrases like numbers and identifiers and which
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are parsed in a different way than other nonterminals in the inter

est of efficiency. The nonterminals in this class are called lit

erals, and they are identified by a dollar sign, $, as the first

symbol following the left bracket, e.g., <$IDENT>, <$NUMBER>. Lit

erals can only appear on the right side of a production, and their

only attribute is the string or number they match.

The output of the parsing algorithm is a parse tree, where

each node in the tree contains the following information:

1) the nonterminal represented by the node, and the production

used to expand it (unless it is a literal).

2) pointers to the descendent nodes.

3) storage locations for attribute values, and aspecial mark

er, to be used by the semantic attribute evaluation algor

ithm.

The parsing algorithm is implemented as a recursive SNOBOL

function, PARSE, which takes three arguments and returns a parse

tree node. The arguments are:

1) a string of terminal symbols

2) a nonterminal symbol

3) a string of terminal and nonterminal symbols.

PARSE returns a node representing the second argument, if the sen

tential form consisting of the second argument followed by the third

argument can be expanded to the first argument. If <PR0GRAM> is the

start symbol of a grammar G, then PARSE is initially called with the

arguments P, <PR0GRAM>, and null, to parse P.
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3«3-5 The Algorithm for Evaluating Semantic Attributes

The algorithm for evaluating semantic attributes consists of

scanning the parse tree, and at each node evaluating all attribute

equations possible. Since attribute equations cannot be evaluated

until all of the attribute references on the right of the equals

sign have been assigned values, it is likely that each node of the

parse tree will have to be scanned more than once before all of its

attributes are evaluated. A special KEY field in each node of the

parse tree is used to indicate when all of the attributes have been

defined. The algorithm for evaluating the attributes is called, and
when it returns, the KEY field of the root node is checked; if it
is set, all attributes have been evaluated; if it is not set, the
algorithm is again applied to the parse tree, which now has some

attribute values filled in. This process is repeated until all

attributes have been defined. The algorithm is implemented as a

recursive SNOBOL sub-program, called with one argument which is a

pointer to the node currently being scanned. In the following de
scription, the parameter will be denoted by N.
SEMPASS

If KEY(N) is set, all attributes of this- node have been
defined, RETURN

Otherwise,

Let <N0N> be the nonterminal represented by N, and let ±
be the production used to expand N. Then <N0N>.SEM.i is the

list of attribute equations for attributes defined by this
production. Evaluate any of these attribute equations that
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have not been evaluated previously, and which are now possible

to evaluate.

Call SEMPASS for the descendants of N.

Again, evaluate any of the attribute equations which have

not been evaluated previously, and which it is now possible to

evaluate.

If all attributes of N are evaluated, set KEY(N).

RETURN

Like the parsing algorithm, this algorithm probably will not

win many races. In (Kn 68), Knuth describes another algorithm

which might be faster but this is not evident, and his method is

more difficult, both to conceptualize and to program. An operating

systems approach to evaluating attribute equations has been designed

and implemented by Isu Fang, a student of Knuth's, in his thesis

(Fa 72). In this approach, each attribute equation is considered

a task, and tasks can communicate to each other via events. First,

the parse tree is scanned, and when a task (attribute equation) is

encountered, an attempt is made to evaluate it; if this is not poss

ible because it depends on other attribute values, that have not

been evaluated, it is put on a wait list. Whenever a task is com

pleted (i.e., an attribute equation is evaluated), all other tasks

on the wait list waiting for this task are put on the ready list.

New tasks are taken from the ready list until it is exhausted, which

happens only when there are no more attributes that can be evaluated,
and hence, the process is complete. .
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Fang used his method to implement a translator for translating

SIMULA (a generalization and extension of ALGOL) to a variation of

the Burroughs 6600 assembly language. The attribute equations de

fining the translation were given by W. Wilner (also a student of

Knuth's) in his thesis (Wil 70). As a method of semantic definition,

Wilner's and Fang's work is in the category of compiler-oriented

methods discussed in Sections 1.3 and 5.1.1, and it demonstrates

that the technique of attribute evaluation is sufficiently power

ful to define a complete compiler of a large, complex language.

The advantage of Fang's system to the above simple algorithm

SEMPASS is, of course, efficiency. In Fang's- system, an attribute

equation is examined at most twice, when it is initially encountered,

and possibly again when it is taken from the ready list to be exe

cuted.

3.3.6 Primitive Functions

The set of recursive functional equations corresponding to a

program P written in language Lis of the form {F-pT^F,,...^ ],

F2=T2^Fl»,**'Fn^,,,,»Tn^Fl,,,,,Fn-'^ where Ti^Fl "•*,Fn^ 1S an ex"
pression made up of constants, the function variable F..,...^., the

Vienna operators U0, U, Ul^ and SEL, and the functions representing

basic functions in the language in which £ is written. If L is an

algebraic language, these primitive functions will no doubt include

the usual arithmetic operators for real and integer numbers; if L

is a string manipulation language, the primitive functions may in

clude concatenation, a substring function, etc. This section of
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the program contains the code implementing those primitive functions

not already implemented in SNOBOL. The SNOBOL operators that are

used as primitive functions in some of the language definitions are

the arithmetic operators, and in mini-language 9, string concat
enation.

Primitive functions represent operations in the language for

which the semantics are given. The primitive functions for each of

the mini-languages in Chapter 4will be listed along with the def

initions for the mini-languages. The primitive functions for each

of the mini-languages include the Vienna operators, which are im-

plemented in this section. Also implemented are the usual arith

metic predicates such as LTN (less than), EQU (equals), and GTN

(greater than). The corresponding predicates in SNOBOL cannot be
used because they do not return avalue (predicates used in the

mini-languages return the value TRUE or FALSE). Some of the prim
itive functions used in defining mini-languages 9and 10 are more

unusual, and they will be discussed along with the language defini

tions. This is important, because choosing reasonable and mathe

matically definable primitive functions is essential to the correct

definition of alanguage. It is also desirable that the primitive
functions be as simple as possible, since otherwise it is conceiv

able that the "hard part" of the semantics of alanguage could be
obscured in the primitive functions used in its definition.
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3.3.7 The Computation Rule

The computation rule is implemented as a SNOBOL function named

APPLI (SM0B0L4 has a built-in function named APPLY), which takes

two arguments. The first is a set of recursive functional equa

tions R={F1=T1[F1,...,Fn],...,Fn=Tn[F-j,...,Fn]} represented by a

VO as discussed in Section 2.4. The second argument is a state

vector S.. APPLI(R,S) returns a state-vector result which is the

result of applying the function defined by the set of recursive

functionals to the state vector S^

We will discuss the APPLI function in some detail because we

want to show that the function computed using APPLI corresponds to

the minimal fixed point of R, that is, APPLI(R,S)=F (S), using
Tl

the notation F to represent the minimal fixed point as in Chap

ter 2. Our only tool for showing this to be the case is the

theorem stated in Chapter 2, Section 3. This theorem can be par

aphrased as follows: a computation rule computes the minimal fixed

1 k
point if, whenever the function variables F ,...,F are substituted

for in evaluating an expression y(F ,F ,...,F ,F ,...,Fm), then

if any of these function calls ultimately returns the value oj, the

value of the entire expression y is also u. Formally,

V (F ,...»F )y[^»...»fi»F ,...,F ]=w

There are two types of recursive functional equations that

can be in R^, as follows:

1) Fk(x)=a(x)

2) Fk(x)=if C(x) then a(x) else B(x)

where a and &map state vectors to state vectors, and £ maps state
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vectors to {TRUE, FALSER. The expressions a, 3» and 5 are func

tional compositions of basic functions and the function variables

r-i,... ,r .

A number of fixed point computation rules are given in Manna

(Ma 72) and any one of them could have been implemented in this

part of the program, e.g., Kleene's rule, described in Section 2.3.

The computation rule used is the leftmost-innermost rule defined in

(Ma 72) as follows:

Replace the leftmost innermost occurrence of a function varia

ble F., by its expansion t^[F,,...,F ].

This computation rule was chosen because using the CODE feature of

SNOBOL, it can be executed relatively quickly (this becomes an is

sue as some of the sample programs executed on the order of one

hour using this rule) and it has a very nice interpretation when R

is viewed as a flowchart (this will be shown later in this section).

However, there is a problem; Manna shows that this rule is in gen

eral not a fixed point rule! Fortunately, we can make one restric

tion that will guarantee that this rule does calculate the fixed

point. We will therefore assume that

+ +
. *every basic function f:A-,x...x A is the natural extension of

f|A XmmmX A »i.e., f(alf...,an)=u) whenever any a^... »an=o),
1 n

and also that every expression t.:[F, ,... ,F ], i=l,...,n, is

undefined whenever its argument is undefined, x-rCF,,... ,F ](u))=

to for i=l,...,n. This amounts to assuming t^EF, ,... ,F ](x)=

P2(x, i[F1,...,Fn](x)) where P2 is defined by
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07(v v^(w ^ X= w
r^vx,y;"(y otherwise

With this assumption, it is easy to show that the leftmost-inner

most computation rule calculates the minimal fixed point. The ar

gument is as follows: for a substitution to be "unsafe", the var

iable substituted for must occur as part of an expression a that is

an argument to a function g(...#,...) such that there are values of

aV*,ak-l anc* ak+l,#",an suc^ t'ia^ ^al *'** 'ak-l »a)»ak+i»*,*»an^'
Since this is the case, £ is not the natural extension of its re

striction to A,x...x A . All that is necessary is to show that this

can never happen using the leftmost-innermost rule when the above

assumption * holds. Since each primitive function is a natural exten

sion, and F. (co)^ for every k, £ must be the if-then-else function,

which is not a natural extension since if TRUE then a else gpa.

However, since we are substituting for the leftmost function varia

ble, it must be in the predicate (if there are no function variables

in the predicate, it is evaluated using simplification to obtain the

next term in the computation sequence, with no substitutions per

formed), and if-then-else(w,a,,a2)=w regardless of a-, and a«. Hence,

under the assumption *, the leftmost-innermost rule is safe.

The VO representing the first argument to APPLI has two inter

pretations, first as a flowchart, and second, as a set of recursive

functional equations (see Section 2.4). As an illustration of this

correspondence, consider the following set of recursive functional
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equations

F.,(S)=if S=0 then F2(S) else F3(S)

F2(S)-1

F3(S)=F1(S-1)

and the equivalent flowchart

where x is a reference to the flowchart itself.

The actual data object which the program would store to represent

both the set of recursive functionals and the flowchart would be

NXT

APPLI(x,S-l)

C0ND(EQ(S,0),2,1)

The actual code for APPLI can best be understood keeping the flow

chart interpretation in mind. It corresponds to executing the flow

chart the way one normally would, that is, at node x of the flow-
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chart, setting the new state vector S'=FUN(x)(S) where S is the cur

rent state vector, then executing the node given by x'=NXT(x)(S').

If x' is null, the computation is complete, and the result is the

current state vector.
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Chapter 4. Definitions of Ten Mini-Languages

Abstract

Ten programming languages especially de
signed to isolate and illustrate the notions of
assignment, locations, transfer of control,
functions, parameter passing, static type check
ing, dynamic type checking, data structures,
string manipulation, and input/output, are given
formal definitions using the method described in
Chapters 2 and 3.

4.0 Introduction

In this chapter, complete syntactic and semantic definitions

are given for ten model programming languages designed to isolate

and illustrate a number of the complex features found in current

programming languages. The ten languages are taken from the paper

"Ten Mini-Languages: A Study of Topical Issues in Programming Lan

guages" by Henry F. Ledgard (Le 71). The ten mini-languages are

defined informally by Ledgard, and for each language, Ledgard's in

formal definition will be given verbatim. Following Ledgard's de

scription will be:

1) a list of the notational changes made in the language in

order to satisfy the restricted character set of most (in

particular, our) line printers.

2) a general discussion of the strategy for representing the
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features of the language by recursive functional equations.

3) a detailed discussion of the more important and/or obscure

semantic equations, and the formal definition of the mini-

language.

In Ledgard's paper, included with each mini-language are a set of

programs written in the language and a discussion of the action and/

or result when the programs are executed. These will be included

with Ledgard's description of the language, as they are essential

in aiding the reader to understand the mini-language. Each of these

programs was also "run" on the semantics-based interpreter, described

in Chapter 3, and the results of these runs constitute Appendix I.

Each of the ten sections in Appendix I consists of:

1) the formal definition of the mini-language

2) for each sample program:

a) a listing of the program

b) the values of the attributes for the root node of the

parse tree of the sample program

c) the final state vector after "execution" of the pro

gram

d) timing information for the various phases of the in

terpreter

The features of the ten mini-languages are listed in the fol

lowing table:
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SUMMARY OF TOPICS TREATED IN
EACH MINI-LANGUAGE

Mini-
language Topic

1 Simple assignment,
transfer of control,
and block structure

2 Generalized assignment
and the notion of
locations

Commands

3 Generalized transfer of
control

4 Functions

5 Passing of parameters Procedures

6 Static type checking

7 Dynamic type checking Type checking

8 Structured data

9 String manipulation Applications

10 Input/output

In the case of each mini-language, we are faced with the problem of

defining formally what Ledgard defines informally. The syntax is,

for practical purposes, given a complete definition in Ledgard's

paper. Although the rules are stated in English and scattered

through the description, they can be gathered together and formal

ized to constitute a context-free grammar for the mini-language.

Thus, the syntax of a mini-language never poses a problem.
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There is, of course, no correspondingly simple way to formal

ize the semantics of the mini-languages. Ledgard presents the se

mantics informally in the manner of the ALGOL report [(Na 60) or

see Section 1.2]. That is, after the syntax of a construct is giv

en, there follow a number of statements (i.e., a general discussion)

giving the semantics of the construct, that is, how it affects the

values of variables when it is encountered in executing the program.

Of course, these statements cannot be translated on a one-to-one

basis to semantic equations; instead, they give an intuitive under

standing of the language which is then formulated in the semantic,

equations.. Often these sentences will have specific counterparts

among the semantic equations.

The definitions of the ten mini-languages are in Sections 1

through 10 of this chapter; Section 11 contains a discussion of the

"correctness" of these definition.

4.1 Mini-Language 1: Simple Assignment, Transfer of Control, and
Block Structure

4.1.1 Ledgard's Description (Verbatim)

Description of Language Elements

Commands in mini-language 1 are of three varieties:

1) a simple assignment command, which consists of a string of

the form i:=e, where i_ is an identifier, and e_ is a numeral

or an identifier;

2) a hopto command, which consists of a string of the form

hopto £, where I is a label; and
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3) a block (defined below)

A command may be prefixed by a label.

A declaration consists of a string of the form iden £, where

I is a list of identifiers, each of which must be different.

A block consists of a string of the form begin d £ end, where

d is a declaration, and £ is a sequence of commands such that:

1) each label prefixing a command in £ must be different; and

2) each label in a hopto command in £ must be identical to some

label prefixing a command in £.

An identifier given in a declaration is said to have a "scope",

which consists of the block in which the identifier is declared and

all encompassed blocks that do not contain another declaration of

the same identifier. (Note that a label prefixing a command in £

may be said to have a "scope" similar to that of an identifier. Be

cause of requirement (2) above, it is not necessary in mini-lan

guage 1 to extend the concept of the scope of a label to more deep

ly nested blocks. This issue will be treated in mini-language 3.)

Program Execution

Each identifier declared in a program refers to an (initially

unspecified) object. The execution of a program begins with the

execution of the outermost block and proceeds according to the fol

lowing rules:

1) Each command in a block is sequentially executed until a hopto

command (defined below) is encountered.

2) The execution of a simple assignment command of the form i:=e
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proceeds as follows:

a) the expression e_ is evaluated, and if e_ is an identifier,

its value is the object currently assigned to the identical,

declared identifier whose scope includes the assignment com

mand;

b) the object obtained in (a) is assigned as the value of the

identifier i_ whose scope includes the assignment command.

3) The execution of a hopto command of the form hopto I causes ex

ecution to continue (sequentially) from the command that is pre

fixed by the label and that occurs in the same block (not a more

deeply nested block) as the hopto command.

The execution of a program terminates when the execution of

the outermost block is terminated (unless, as mentioned earlier, a

violation condition arises from an attempt to evaluate an identifier

whose value is unspecified).

EXAMPLE 1:

begin iden A,B
A:=l

B:=2

begin iden B,C
B:=A

C:=7
end

A:=3
B:=3

end
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EXAMPLE 2:

begin iden A,B
A:=l

B:=2

begin iden B,C
B:=A

C:=7
end

hopto LI
A:=3

LI B:=3
end

EXAMPLE 3
(Syntactically illegal):

begin iden A,B
A:=l

. B:=2

begin iden B,C
B:=A

D:=7

end
LI A:=3

LI C:=3

end

In Examples 1 and 2, there are four declared identifiers: A

and B in the outer block, and B^ and £ in the inner block. Let us

refer to these four identifiers as A1, B-j, B2, and C2. In Example

1the final values of A1, B1, B2, and C2 will be 3, 3, 1, and 7;

whereas in Example 2 the final values will be 1, 3, 1, and 7. The

program of Example 3 is syntactically quite illegal, notably in that

identifier D is not declared, the label LI prefixes two commands in

a single block, and identifier C in the last command is not declared

for the block in which it occurs.
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4.1.2 Discussion

ATI three of the features - assignment, transfer of con

trol, and block structure - are very interesting from the def

initional point of view; in spite of their commonness. In fact,

the first two concepts, assignment and transfer of control, probably

present the greatest problems to designers of definitional methods.

The reason is simple: the notions of assignment and transfer of con

trol do not exist in mathematics. This is the reason that most def

initional methods, rather than giving a mathematical model for se

mantics, finally rely on a real or abstract computer. That is, a

computer "contains" the notions of assignment and transfer of con

trol; they are "wired in", so to speak; so if a computer is used in

the definitional model, it is not necessary to give a mathematical

treatment of these concepts. The difficulty in handling assignment

and transfer of control is evidenced by the number of papers written

which present definitional methods which include only languages

lacking one or both of these two fundamental operations, e.g.,

McCarthy (McC 64), Scott and Strachey (Sc 70b), Wegner (We 72),

Reynolds (Re 73)*.
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The methods of handling assignment and transfer of control are

most easily seen in the absence of block structure; so, assume that

there is only one block in every program in mini-language 1. Then,

corresponding to every numeral e, we have the constant state vec

tor function f (S)=e; for every identifier e_ we have the state vec

tor function f =SEL(e,S); and for each assignment statement "i=e"

we can generate the state vector function f,-=e=Ul(S,i ,f ). To cre

ate a flowchart node, the only thing more we need to know is what

node to transfer to. In the case of a HOPTO command, this is also

all we need to know to generate an appropriate flowchart node. The

method of determining which node to execute next will be explained

in the next section; let us now assume that we do know the next

node to execute. Then the flowchart nodes can be created for each

of these types of statements, and the union of these nodes will con

stitute a "flowchart" for the whole program. This, in fact, is pre

cisely what the semantic equations do. As was discussed in Chapter

2, Section 4, such a flowchart corresponds to a set of recursive

functional equations, one for each node. Recalling this discussion,

if the flowchart node is of the form

i

the parse tree is entirely inadequate to represent the control
structures of the program. The method of this thesis avoids this
problem by first translating a program to a graph-structured ob
ject, and defining the semantics for the translated object.
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the recursive functional is F^F^f); and if the flowchart node is

of the form

the recursive functional is F^if pthen F. else F^.

The technique of associating state vector functions mapping state

vectors to state vectors with imperative statements, and state vec

tor predicates mapping state vectors to {TRUE, FALSE, w} with con

ditional transfer statements (here the constant predicate TRUE cor-

responds to the HOPTO statement) is used in all of the language de

scriptions that follow. Additional features like block structure,

in the case of mini-language 1, complicate the way in which the state

vector functions and predicates are arrived at, but can be seen as

embellishments of the underlying technique outlined above.

Block structure is handled as follows: consider the program

BEGIN

IDEN A,B
A=l

BEGIN

IDEN A
A=2

END

* B=A
END

At the point in the program marked *, the value assigned to £ must

be 1. If we translated the statements (as suggested above)

F1=F2° fA=l* fA=1=U(S,U0(A,l))

F2=F3 ° fA=2» fA=2=U(S,U0(A,2))

F3=fB=A, fB=A=U(S,UO(B,SEL(A,S))
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then B would be assigned the value 2, which, of course, is not what

we want. The very easy solution is to use the semantic equations

to associate with each declared identifier a unique name, and to

pass the identifier/unique name to every statement in the scope of

the declaration. Then, instead of using the name itself in con

structing the functions f and f ,the unique name associated with

e is used. Name-unique name associations constitute the VARTABLE

attribute, which has the form

where x.> £> and z_ are identifiers and #x, #y, and #z represent

unique names. Note that no recursion equations are introduced by

block structure to handle block entry and exit.

4.1.3 Formal Definition

The primitive functions used in the formal definition of mini-

language 1 are

1) the Vienna operators UO, U_, Ul, and SEL. •

Note: Mini-language 1, like a number of other mini-languages,

lacks the usually expected arithmetic operators (+,-,*,/)

and comparative operators (<9>,= ,etc). Hence, these

functions are not needed as primitive functions in the

definition of the language.

Following the formal definition, the most significant attribute

equations will be discussed.
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mini-language 1

syntactic and semantic description

<program>a=<block>b
<FLOWCHART>A*F=BfF
<SYMBOLTABLE>A*S=B*V
B*N=»NUL•;BtG=•NUL»

<BLOCK>A=«BEGIN • <DECLARATION>B •;• <COMMAND LIST>C ^END'
<NEXT>N

<globals>g
<vartable>a*v=u(a*g.b'1>v1
<flowchart>a<f=c*f
<staten0>a1's=c*s.
c^n=a!n;C'v=a*v;c+l*c^x

<DECLARATIUN>A=»IDEN • <VARLIST>B
<VARTABLE>A*V=B*V

<VARLlST>As<$LETTR>B •#• <VARLIST>C;D=<$L£TTR>E
CV L <VARTABLE>A V=UIU01'B VALSUNOCII.C V);0 V»UOfE VAL'fUNOfl)

<COMMAND LIST>A=<COMMAND>B ••• <CDMMAND LlST>C;0=<COMMAND>E
<NEXT>N

<VARTABLE>V
<LABELTABLE>L
<XLABELS>A*X=lHBfrX,CtX);D*X»E4X
<FLawCHART>A/lF=U(B^F,C<F);DlF=EfF
<STATEN3>A*S=B*S;D*S*E*S
BJtV=AlV;B«N*CiS;BlL=A<L
c*'v»a*v;c*n*a:nic<l»a+l
e?v=d<v;e< n»d'n;e<l=o*l

<c6mMAND>A=<LABEL>B • • <UNLA3ELLED C0MMAND>C;D=<UNLABELLED COMMANO>£
<NEXT>N

<VARTABLE>V
<LABELTABLE>L
<xla3Els>a^x=uo(,b^v»c*s»;d4x»»nul»
<flowchart>atf=c*f;d*f=e+f
<stateno>a; s=c<s;o<s=e*s
C<n=a. N;ct v=a<v;C*l«aH
EtN=D<N;E{V*D^V;ElL»D*i.

<LABEL>A*«L» <$NUM0R>B
<VALUE>AtV=,L» B*VAL

<UNLABELLED COHMAND>A*<$LETTR>B •»• <VALUE>C;
.D=«HOPTO • <LABEL>EJ
.F=<BLOCK>G

<NEXT>N

<VARTABLE>V
<LABELTABLE>L
<STATENO>AVS=UNOI»;D S=UNOC»;F'iS=G''S . ^ac.i..
<FLOHCHARr>A'F=UOCA(S,U(UOl«FUN«,»U(S,UOC SELl•&. VAL•,AlV) •,C*FII«),
•uo(«Nxr*,AiNM); 4 . tiil
.0 F=JOID|S,U(UOI«FUNS,SMtUO(»NXr«,S£L(,£lV« .DfLlJI);
.F F«G*F

CvV«A'. V



G*N=F^N;GtGsFlV

<VALUE>A=<$NUMBR>BSC=<$LETTR>D
<VARTABLE>V A . ,, . _._
<FUNCTION>A^F=BtVAL;C!F=«SELC SELi•OfVAL*,C*VJ «fS)«

END
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NEXT - the value of this attribute for a<C0MMAND> nonterminal

is the statement number of the next command in the command list.

VARTABLE - this is a table of identifier-unique name pairs.

Entries to VARTABLE are created by the rule

<VARLIST>A*<$LETTR>B ',' <VARLIST>C;D=<$LETTR>E
<VARTABLbAhV=U(U0(^VAL',UNO()),CtV);r>V=UO('EfVAL,,UN0())

UN0( ) is a function which always returns a unique name. The

VARTABLE of a <BL0CK> nonterminal is given by

<BLOCK>A=,BEGIN ' <DECLARATIONB ';* <COMMAND LIST>C ';END'

<VARTABLE>AfV=U(AtG,M)

This value for VARTABLE is passed to each command in the block.

6L0BALS - when a <BL0CK> is parsed as an <UNLABELLED C0MMAND>,

its set of global variables is the VARTABLE of the command.

Thus,

<UNLABELLED COMMAND>A=<$LETTR>B •*• <VALUE>C;
.D='HOPTO ' <LABEL>E;

F=<BL0CK>6

GfN=F+N;G+G=FfV

LABELTABLE - is a table of label-statement number pairs local

to a block. This table is formed from the XLABELS attribute and

86



passed to each command in the command list of a <BL0CK>, thus

<BL0CK>A='BEGIN ' <DECLARATIONS ';' <C0MMAND LIST>C ';END'

.C+N=A+N;C+V=A+V;CfL=AfL

87

FLOWCHART - the flowchart nodes are created by the equation

<UNLABELLED COMMAND>A=<$LETTR>B '=' <VALUE>C;
.D='HOPTO ' <LABEL>E;
.F=<BL0CK>G

<FLOWCHART>A^F=U0(AfS,U(UO(»FUN,,U(S,UO(,SEL(,BtVAL,,AtV) ,,C+F)),)»
.UOCNXT'.AtN)));
.DfF=UO(D+S,U(UO(,FUN,,,S,),UO(,NXT,,SEL(,E+V ,DtL))));
.F+F=GfF

If the statement c has the form i=e, then the corresponding flow

chart node is

S
where L # is the statement number of the statement labelled by Ln.

n . . n

FUNCTION - if a value y_ is a number r}_, the state vector func

tion associated with v. is the constant function n. If y_ is an iden

tifier i_, the function associated with y_ is

SEL(a,S)

where a is the unique name associated with i_.

<VALUE>A=<$NUMBR>B;C=<$LETTR>D
<VARTABLE>V
<FUNCTION>AtF=BtVAL;C+F='SEL(' SEL('D«M/AL',C+V) ',S)'



4.2 Mini-Language 2: Generalized Assignment and the Notion of
Locations

4.2.1 Ledgard's Description (Verbatim)

Description of Language Elements

The primitive objects in mini-language 2 are the literals 'A',

inl 171

A left-hand expression is either an identifier or a left-hand

expression prefixed by the symbol V.

A right-hand expression is either a literal, an identifier, or

a right-hand expression prefixed by the symbol V.

An assignment command is a string of the form x:=y, where x is

a left-hand expression and y_ a right-hand expression. An assign

ment command is executed by performing the steps described below as

follows: steps (1) and (2), in either order, then step (3).

1) "Right-mode" evaluation of y_: a) if y_ is a literal, its value is

the literal itself; b) if y. is an identifier i_, its value is the

literal currently stored in the location for U and c) if y_ is a

right-hand expression e prefixed by +, its value is the literal

"£" currently stored in the location of the identifier i_, where

the literal "i" is the right-mode value of e_.

2) "Left-mode" evaluation of x: a) if x is an identifier i_, its val

ue is the location in which the object associated with i is

stored; and b) if x is a left-hand expression e_ prefixed by +,

its value is the location of the identifier i_, where "i" is the

right-mode value of e_.
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3) The literal obtained in (1) is copied into the location obtained

in (2).

Program Execution

A program consists of a sequence of assignment commands, each

to be executed sequentially.

EXAMPLE 1: EXAMPLE 2
(in violation):

X:=*A'
Y:='X' X:-'A'
Z:=Y Y:=*X

+Z:='B'

In Example 1, there are three identifiers: X, Y, and Z. At the end

of the execution of the program the literals associated with X, Y_,

and Z will be 'B', 'X1, and 'X'. Example 2 is in violation upon ex

ecution of the second assignment command because the evaluation of

+X results in an attempt to obtain a literal from the location of

A, which does not have a specified value.

4.2.1.a Notational Changes

Literals are denoted (A), (B), (C),...,(Z), rather than 'A',

•B', ,C,,...,,Z* (single quotes are symbols in the meta language for

the syntax descriptions).

The non-printing symbol + is replaced by the printing symbol ?.

4.2.2 Discussion

Mini-language 2 has only one type of statement, the assignment

statement, and the basic strategy for representing programs in mini-

language 2 will be the same as for programs in mini-language 1.
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Since mini-language 2 does not have block structure, no name con

flicts can arise; hence it is not necessary to associate unique

names with the identifiers in mini-language 2 programs.

In mini-language 2, a literal can be assigned as a value, and

later used to denote a "location" in memory. This presents no prob

lems for a Vienna Definition Language representation, since string

selectors play a similar role with respect to state vectors. For

example, in the first program above, when "X" is assigned to Y, the

state vector has the form

The next statement transforms the state vector to

Then the reference +Z treats the value of Z, namely X_, as a location,

and the statement

+Z='B'

modifies the value stored at that location. In terms of state vec

tors and selectors, the component corresponding to the selector X_

is changed. In short, "locations in memory" can be represented by

selectors and manipulated by the usual VDL operators. The above
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statement has the associated state vector function

U1(S,SEL(,Z,,S),'B,).

The final state vector is

Z ^~ X

4.2.3 Formal Definition

The primitive functions used in the formal definition of mini-

language 2 are

1) the Vienna operators UO, U., Ul_, and SEL.

Following the formal definition, the most significant attribute

equations will be discussed.
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MINI-LANGUAGE 2

SYNTACTIC AND SEMANTIC DESCRIPTION

<PROGRAM>A=<ASSIGNMENT LIST>B SEND*
<FLOWCHART>A*F»B*F
BfN^NUL*

<ASSIGNMENT LIST>A=<ASSIGNMENT COMMAND>B •;• <ASSIGNMENT LI.ST>CS
•Ds<ASSIGNMENT COMMAND>E

<NEXT>N
<FLOWCHART>AlF=UlB<F,ClF);OtF»E^F
<LlNENO>A?L=34L;01L»E*l
B*N=Cfl

C4N=A*N
E4N«DtN

<ASSIGNMENT COMMAND>A*<LEFT HAND EXPRESSION>B •»• <RIGHT HAND EXPRESSIONS
<NEXT>N
<LINENO>A<M=UNO()
<FLOWCHARr>A'VF*U0UHtU(U0<»FUN«»lUlIS,BtLtC^R),ltUO(«NXr»fAtHI)l

<LEFT HAND EXPRESSION>A«<JLETTR>BJ
•Ca*?» <LEFT HAND EXPRESSIONS

<LHSFUN>A/H.»,wB4VAl«» ;

.C*L»«SEL(DfLtSI»

<right hand expressiqn>a»<l1teral>b;
•c=<$lettr>d;

•£«•?• <right hand. expression>f
<rhsfun>a(\r«b*v;
.C^R=•SEL("DtVAL"»SI•;
• E4r«»SEUF*R,SI«

<LITERAL>A=M» <$LETTR>B •)•
<VALUE>AtV*•"B*VAI."•

END
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LHSFUN - is the function which corresponds to evaluating an

expression on the left of an assignment command.

RHSFUN - is the function which corresponds to evaluating an

expression on the right of an assignment command.
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FLOWCHART - flowchart nodes are created by the rule

ASSIGNMENT C0MMAND>A=<LEFT HAND EXPRESSIONS '=» <RIGHT HAND EXPRESSIONS

<FL0WCHART>A+F=U0(A+L,U(U0('FUN','U1(S,B+L,C+R)'),U0(,NXT,,A+N)))

The node corresponding to the command e-^eg is

UKsAf? )
el e2

where d# is the statement number of the command following c, f_ is
~~ 1

the LHSFUN for er and f* is the RHSFUN for e2.

4.3 Mini-Language 3: Generalized Transfer of Control

4.3.1 Ledgard's Description (Verbatim)

Description of Language Elements

Commands in mini-language 3 are of three varieties:

1) an assignment command, which consists of a string of either the

form i:=e or i:=£, where i is an identifier, e is a numeral or
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an identifier, and i is a label;

2) a goto command, which consists of a.string of the form goto x,

where x is an identifier or a label; and

3) a block (defined below).

A command may be prefixed by a label.

A declaration consists of a string of the form iden ""-j»">2'*• **^n'

where i,, 10 i„ are identifiers, each of which must be different.
12 n

A block consists of a string of the form (1) begin d c end,

where d is a declaration aml:*c-1$ a sequence of commands such that

each label prefixing a command in c must be different. An identic

fier given.a declaration or a label prefixing a command is said to

be "declared", and to have a "scope" consisting of block (1) above,

in which the identifier or label is declared, and all encompassed

blocks in £ that do not contain another declaration of the same

identifier or label.

A program consists of a block such that each occurrence of an

identifier or label in a command lies within the scope of an iden

tical, declared identifier or label identifier.

The value of a label £ in an assignment or goto command con

sists of two parts: 1) the (unique) command £ that is prefixed by I

and lies within the scope of I; and 2) the "environment" for £; i.e.,

a pairing of the identifiers whose scope includes £with the loca

tions in which their current values are stored.

Program Execution

Each identifier in a program refers to an (initially unspeci

fied) object. The execution of a program begins with the execution
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of the outermost block and proceeds according to the following rules:

1) The execution of a block results in the allocation of new loca

tions for identifiers that are local to the block, followed by

the sequential execution of each command in the block until a

goto command (defined below) is encountered.

2) The execution of an assignment command is the same as for mini-

language 1, except that for a label assignment command, such as

i:=£, the value of the label I is assigned to i_.

3) The execution of a goto command of the form goto x is as follows:

a) the value of £ is obtained, and if it is not that of a label,

the command is in violation; and b) execution continues (sequen

tially) at the command £ given with the value of x» and the en

vironment for execution is set to that given with the value of

x.

Note that the execution of a goto command may result in the transfer

of execution to a block not encompassing the goto command (see Ex

ample 2).

EXAMPLE 1:

begin iden A,B
A:=L1

B:=2

begin iden B,C
B:=3

C:=4
goto A

end

A:=6

LI A:=l
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EXAMPLE 2:

begin iden

B:=2

A,B

begini iden B,C
B:=3

A:=L3

goto LI
L3 C:=4

goto L2
end

A:=6

LI goto A

L2 A:=l
end

In both examples 1 and 2 there are four names: A and £ in the

outer block, and b and £ in the inner block. Let us refer to the

four names as A,, B,, Bp, and Cp. In both examples, the final val

ues of A-j, Bj, B2, and C2 will be 1, 2, 3, and 4. Note that in Ex

ample 2 the command "goto A" transfers execution from the outer

block into the inner block.

4.3.1.a Restrictions

All labels in mini-language 3 are required to be unique. In

the above definition, labels have scope rules similar to variables;

these rules could be incorporated into the definition by associating

a unique name with each label, but this introduces no new ideas and

obscures the definition of the language in additional detail. Hence,

it is not included.

4.3.2 Discussion

While this language illustrates the use of labels as values,

it is not nearly as general as it might be; in particular, there
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are no functions, and as a result, no label-valued arguments to func

tions.* Nevertheless, Ledgard thinks that this language poses ser

ious problems for the following reason: in languages with block

structure, a variable may have a number of different values, depend

ing on its location in the program. If unrestricted GOTO's are al-

*0ur strategy is to translate programs and procedures to sets of re
cursive functional equations and then apply the fixed point opera
tor to obtain functions representing the programs and procedures
(see, for example, the definitions of mini-languages 4, 5, 6 and 7).
Let p_ be a procedure, and f the function associated with p_, and let

£ be a statement of the form "CALL p". This statement will be rep
resented by a functional of the form

Fc#=Fd# fp (fARG*
where t"adq(S) is the list of parameter values passed to p_, and d
is the statement following £. However, if it is possible to pass
a label-valued parameter to p_, then it is also possible that execu
tion will never resume at the statement d. In this case, the above
functional equation does not accurately represent the action of the
statement £. The only "solution" to this problem known by the auth
or involves using what is commonly known as van Wijngaarden's de
vice to translate the original program to a program free of labels
altogether [this technique is presented by van Wijngaarden
(vanW 66)].

Suppose mini-language 3 did have functions, and one of the
parameters to £ is label-valued. Suppose the label passed is l*.
and the functional corresponding to the statement labelled by lv
is K

Fk=ctk
Then, the value that will be passed to p_wil1 be a function repre
sented by a name (in this case, FJ and a V0 representing the cur

rent bindings of the variables (see Section 4.4.2). Also, as per
van Wijngaarden's device, an extra parameter, the "continuation",
will be passed to p. The continuation will consist of the func
tional name F., and the V0 representing the current bindings of

the variables. The functional corresponding to c would be
Fc=f (fARG ,U(U0(NAME,Fd),U0(ENV,SEL(ENV,S))).
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lowed, there is the problem of making sure that a variable is asso

ciated with its correct value after the GOTO.

From the semantic perspective of this thesis, the above prob

lem does not exist; that is, we regard a block structured language

as possibly having a number of different variables represented by

the same identifier. The variable-identifier correspondence is de

termined strictly by the scope rules of the language (scope rules

are the same for mini-language 1 and mini-language 3). Hence, re

gardless of where execution resumes after a GOTO, the variable rep

resented by an identifier is the same variable as determined by the

scope rules. In Ledgard's paper, the issue is clouded by a discus

sion of environments, and how environments should be associated with

label variables, etc. Clearly, from the above discussion, environ

ments are not an essential part of the semantics of mini-language 3.

In mini-language 3, labels can be assigned to a variable, and

transferred to by a statement of the form

GOTO V

where ^ is a variable. This introduces several considerations, as

follows:

1) How are labels to be represented? In the semantic descrip

tion, labels are represented by themselves, i.e., the label

L3 is represented by the string L3. The LABELTABLE attribute

of the root node of a program is of the form
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where for each label L, SEL(L,LABELTABLE) is the statement

number of the node it labels. Recall that the flowchart for

the program is represented by the list of recursion equa

tions or flowchart nodes, each selected by its "statement

number". The value of the LABELTABLE attribute will be

treated as a constant that can be used in the recursion equa

tions; its value is referred to in the equations by the

string LABELTABLE.

2) What type of node corresponds to

GOTO V

where V. is a variable? Since V. can have as its value any

label in the program, the node should have the form

where P. is a function from state vectors to (L1,...,LN, w} and the

recursion equation would have the form

F#=if V=L1 then Fu# else (if V=L2 then FL2felse Of.--else
(if V=LN then F^ else o>))...)

The representation used corresponds to the flowchart interpretation

most closely; the node for

GOTO V
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will have the form

_ _NXT
FUN.

(the identity function) SEL(SEL(V#,S),LABELTABLE))

wfiere^t*'is'/the unique name associated with V. Note that SEL(V#,S)

is the current value of V, a label ^; and SEL(L,LABELTABLE) is the

statement number of the next statement to be executed; LABELTABLE

is the constant discussed above.

4.3.3 Formal Definition

The basic functions used in the definition of mini-language 3

are

1) the Vienna operators U0, U, Ul_ and SEL.

Following the formal definition, the most significant attribute

equations will be discussed.
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MINI-LANGUAGE 3

^ SYNTACTIC AND SEMANTIC DESCRIPTION

<PROGRAM>A=<BL0CK>B
<FLOrfCHART>AfF»B*F
<LABELTABLE>A*L»B*X
<SYM30LTABLE>A*S=B4V
BtNs'NJLSB^Gs'NUL'jB^L'BnX

A <BLOCK>A=«BEGIN • <DECLARATION>B •;• <COMMAND LIST>C •;END'
V <NEXT>N

<GLOBALS>G

<LABELTABLE>L
<VARTABLE>A4V=U(A*G,BtV)
<XlABELS>AtX=C*X

<FLOHCHART>A4F=C*F
<STATENO>AtS"C*S

^ C?N=AfN;CtV=AtV;C*L*A*L

<DECLARAT10N>A=»IDEN • «VARLIST>B

<VARTABLE>A*V=B*V

<VARUST>A=<$LETTR>B • ,• <VARi_IST>CiD=<$LETTR>E
<VARTABLE>A4V*UCU0I «8^VAL» ,UNO( )),C^V);D^V=UO(»E+VAL«tUNOII)

^ <COMMAND LIST>A=<COMMANO>B •{• <COMMAND LIST>C;D=<COMMAND>E
<VARTABLE>V.
<NEXT>N

<LABELTABLE>L

<XLABELS>A*X=U<BfXtC+X|;0+X=E*X
<FLOwCHART>A'JF=U(B'?FlC^FI;DtF=EfF
<statenu>a*s=b4s;d4s=e+s

m B4v=A*V;BfN=ClS;B'.L»A4L
C<V=A<V4C^N=A/Tn;C^L»aU
E^V=DVv;E<N=D'«N;E'L»DtL

<C0MMAND>A=<LABEL>8 ' • <UNLABELLED COMMAND>C;D=<UNLABELLEO COMMANO>E

<VARTABLE>V

<NEXT>N

<LABELTABLE>L
^ <XLABELS>AfX*UO(«Btv»,ClvSJ;DtX*E*X

<FLOWCHART>AfF=C^F;OlF«EtF
<STATENJ>ATS=C':S;0<S=E>IS
C*n=a<n;C*v=a*v;C<l=avl
e<n=d<n;eIv=d'»v;E/»l=dU

<label>a*«l» <$numbr>b

_ <value>apv=»l» b4val

<UNLABELLED command>a=<$lettr>b •=• <value>c;
•D=«GOTO • <LABEL REF>E;
.F=<DLOCK>G

<NEXT>N

<VARTABLE>V

<LABELTABLE>L

m <STATENO>A!S=UNO();D<S=UNO(i:F^S*GtS
<XLABELS>A<X«»NUL»;D'X=«NUL«;F'IX=G/JX
<FLOWCHART>A<F»UO(A?SfU(UO< 'FUN«, »U(S,UO( • SEL I • 81 VAL« »A*V> •ttfFJIMf

i •

I

J
f

(8) . _



(S>

(9j

•UO(*NXT'.AfN)));
.0 FsUOtOS.UlUOl'FUN't'SMfUOCNXTS'E F'JIJ;

.FtF=GfF
C'?V=A/!v;C^L=AfL
E<,V=D<V;EfL*D'lL
G^N=F^N;GyiG=F^V;GU*F<L

<LABEL REF>A=<LABEL>B;C=<SLETTR>D
<VARTABLfc>V

<LABELTABLE>L
<FUNCTION>A F=SELt,B4vV«,AfL»;CtF=«SEUSEU« SELl • D*VAL' »C* V>
• *tS),LABELTABLE)1

<value>a=<jnumbr>b;c=<$lettr>d;e=<label>f
<vartable>v

<labeltable>l

<FUNCTION>A^F=B/^VAL;CtF =•SELI• SEL( •D+VAL ' tCtV* • »SJ» ;
•E*F=•MF^VM•

END
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Corresponding to a <LABEL REF> we have the rule

<LABEL REF>A=<LABEL>B;C=<$LETTR>D

<FUNCTION>AtF=SEL('B+V ,AtL);CtF='SEL(SEL(' SEL('D+VAL' ,C+V)
. ',S),LABELTABLE)'

If the label reference I is a label, then the function is the con

stant function whose value is the statement number of the statement

labelled by £. If the label reference is a variable v, the associated

function is

SEL(SEL(a,S),LABELTABLE)

where a is the unique name associated with v. The value of this

function of S. is the statement number associated with the label which

is the current value of v.

FLOWCHART - flowchart nodes are created for the <UNLABELLED

COMMANDS nonterminal just as in mini-language 1, except for an un

labeled command of the form

GOTO L

where L, is a label reference. For this command, the flowchart node

has the form

where f, is the function associated with the label reference L.



LABELTABLE - the value of this attribute is the table of all

label-statement number pairs for the entire program. It is passed

to every command in the program.

4.4 Mini-Language 4: Functions

4.4.1 Ledgard's Description (Verbatim)

Description of Language Elements

Primitive objects in mini-language 4 include, in addition to

the natural numbers: 1) a binary function, which maps two natural

numbers into the natural number that is their numerical sum; and

2) a quarternary function, which maps four objects - of which the

first two are natural numbers and the second two are arbitrary ob

jects - into the third object if the first natural number is great

er than the second and into the fourth object if the opposite is

true. These binary and quarternary functions are represented by the

symbols "+" and "select," respectively.

A simple expression is either one of the primitive symbols

{+ select 0 1 2...} or an identifier. The value of a primitive

symbol is the primitive object represented by the symbol. The val

ue of an identifier is the object currently linked with the identi

fier (for linking of identifiers to objects, see definition and eval

uation of "let" expressions, below).

A list expression is a list of expressions. The value of a

list expression e,,e2,... ,en, where the e. (1-i-n) are expressions,

is the list of objects a-.,a2»...9a obtained by evaluating (in any
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order) each of the component expressions e-.,e2,...,e .

A combination is a string of the form rfc), where r_ is an iden

tifier or one of the primitive symbols + or select, and£ is a list

expression. The value of a combination is obtained by evaluating

r and£ and then applying the value of r_ to the value of£. This

evaluation is well-defined (i.e., not in violation) only if: the

value of r is a function; the number of the components of list ex

pression £ is identical to the number of arguments of the function;

and if r_ is one of the symbols + or select, the values of the first

two arguments of £ must be natural numbers.

The following alternate notations may be used for combinations:

(e1+e2)

in place of

+(ere2)

and

(if e,>e2 then e~ else e-)

in place of

select(e,,e2,e3,e.).

A let expression is a string of either the form

1) let i=e, in e«

or

2) let f(x,,... »xn)=e-| in e2

where i_ is an identifier, f_, x,,..., x are identifiers each of

which must be different, and e, and e« are expressions. The value

of a let expression of form (1) is computed by evaluating e-,, link-
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ing iwith the value of e,, and then evaluating e2. The value of a

let expression of form (2) is computed by forming the function mapping

n arguments into the value of the expression e-j obtained by linking

the identifiers x1,...,xn with their respective arguments, and link

ing identifiers other than x1 xn with their current values; link

ing f with the function thus formed; and then evaluating e2.

If the identifier f itself appears in e-j and is not linked by

another let expression that is a subexpression of e^, then the oc

currence of f is taken as part of a recursive definition of f. For

example, the let expressions:

1) let Y=3.

2) let F(X)=(X+X)

3) let G(N)=(if N>3 then 1 else G(5))

link Y, F, and G with objects whose effective values are respective

ly: 1) the natural number three; 2) the function mapping a natural

number into its double; and 3) the function mapping a natural num

ber into the constant value one.

An expression is either a simple expression, a list expression,

a let expression, or a combination.

Program Execution

A program is an expression. The value of a program is the val

ue of the expression. Note that (as mentioned in the first section,

"General Considerations") if the evaluation of a program leads to

the evaluation of an identifier that is not linked to a value, the

program is in violation.
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EXAMPLE 1:

let F(Y)=(Y+3)
in (F(l)+F(2))

EXAMPLE 2:

let F(X) =(X+X)
in let G(P,X)=(P(X)+P(1))

in G(F,2)

EXAMPLE 3:

let F(X)=(if X>3 then X
else (X+F(X+1))

in F(2)

EXAMPLE 4:

let Y=2
in let F(X)=(X+Y)

in F

EXAMPLE 5

let P(F,G,N)=(if N>100 then 1 else
G(F,G(N+1)))

in let Q(F,G,N)=(if N>100 then 1 else
F(F,G(N+1)))

in P(P,Q,86)

The values of the example programs above are: Example 1, the

natural number 9; Example 2, the natural number 6; Example 3, the

natural number 9; Example 4, the function mapping some object X^

(presumably a natural number) into a summation of X^ and the natural

number 2; and Example 5, the natural number 1.

4.4.1 Notation

All functions and variable names are assumed to be unique.
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4.4.2 Discussion

Mini-language 4 allows functions to be defined, to be passed

as arguments to other functions, and to be returned as the value of

a function call. Thus, it appears that the data space manipulated

by programs in mini-language 4 includes functions. The first ques

tion this raises is "how are functions to be represented in the data

space?" The mathematical definition of a function, as a set of ordered

pairs, cannot be used to represent the function since the set of or

dered pairs might be infinite. To simplify the discussion, we will

first assume that nested function definitions are not allowed. This

restriction-will be removed in the next paragraph. In mini-language

4, a function is always defined by an expression, hence the expres

sion itself could be used to represent the function. Equivalently,

a table of all declared functions can be defined (in the formal def

inition, this is MFUNLIB) and the function name used to represent

the function. Suppose there is a LET expression of the form:

LET f(x)=e, in eo' '

Then when the state vector function corresponding to e, is defined,

references to x are replaced by SEL(1,SEL(f,S)). That is, the sel

ector composed of the function name, and the index of the parameter

list, is used to select the value corresponding to the parameter.

Let fe be the state vector function corresponding to e,, then an

entry is put into MFUNLIB of the form
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Note that the "flowchart" representation is maintained even if there

is only one node; this is for purposes of uniformity. Whenever the'

function is passed as an argument, or returned as a value, actually

its name is passed. Semantically, what is passed is nothing more

than a key, which can be used to reference MFUNLIB. When the func

tion is called, in an expression of the form f(es), then the state

vector function corresponding to this expression is

APPLI(SEL(f,MFUNLIB),Ul(S,l f,f )
e3

(For an explanation of APPLI, see Section 3.3.7.)

The state vector is modified by assigning the parameter value to

the selector 1+f; note above that references to the parameter were

made using this selector. In all of the mini-languages with func

tions, this is the method used to accomplish "parameter passing".

Since nested function definitions (i.e., LET expressions) are

allowed in mini-language 4, the evaluation of a function call may

result in the evaluation of an inner LET expression and the dynamic

definition of a new function. However, the functions defined by

the evaluation of a particular LET expression of the form

LET f(x«.,...,x )=e-| in e2

differ only in the bindings of the variables in e,. Note that ac

tual variables corresponding to the formal parameters are created

whenever a function is called, and initialized to the values of the

arguments of the function call. Since recursive function calls are

allowed, at some point in a computation there may be a number of

actual variables corresponding to a formal variable (or parameter).

109



A binding of the variables in e-j is a map from formal variables to

actual variables. If G= gr...,gn is the set of variables in e^

a binding of these variables will be represented by a VO of the form

9,*

where g^.-.-.g^ are actual variable names.

Functions will be presented by their names, but when a function

is passed as an argument, along with the function name we must pass

the current bindings of the variables in the expression defining the

function. Thus, the evaluation of a function name yields a VO of

the form

9!#

where the NAME component is the name of the function, and the ENV

component is the current bindings of the variables in the expression

defining the function.

When a function is called, the VO representing the bindings of

the variables in the expression defining the function is assigned to

the ENV component of the state vector. If x is a variable in e-j,
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references to x. are represented by the function

SEL(SEL(X,SEL(ENV,S),S)

Note: Each "variable" in mini-language 4 is actually a formal par

ameter of some function definition. Let x be a formal par

ameter of the function f; the arguments to £ are passed as a

list, and the name of the actual parameter assigned this list

is assigned to the f component of the ENV component of the

state vector. Thus, if k is the index of x in the formal

parameter list, the function representing x has the form

SEL(K,SEL(SEL(F,SEL(ENV,S)),S),S)

A sticky wicket arises in interpreting the built-in function

SELECT. What we would like is for SELECT to be one of the basic

functions implemented in SNOBOL, and to replace calls to SELECT in

the program with calls to the basic function SELECT in the state

vector function corresponding to the expression SELECT(e1,e2,e3,e4)=

(if e,>e2 then e3 else e4). The problem here is, SNOBOL uses call-

by-value, and in mini-language 4, SELECT uses call-by-name. Thus,

our SNOBOL implemented SELECT will not work correctly. The solution

is to define SELECT properly and incorporate the definition of

SELECT into the definition of mini-language 4, and this is what was

done, as follows, for each expression:

(if e-j>e2 then e3 else e^)

An entry (selected by a unique name #) is made into EXPLIB of the
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form

Frrif f* >f* tnen Fi else F90 el e?

Fl=fe1 e3

F2=fe
and the expression replaced by

APPLI(SEL(#,EXPLIB),S)

This set of recursion equations defines a function identical to the

function determined by the expression

(if e,>e2 then e~ else e,)

of mini-language 4.

4.4.3 Formal Definition

The basic functions used in the definition of mini-language 4

are

1) the Vienna operators U£, L[, UJ[ and SEL.

2) C0ND(a,3,Yh where

ae{TRUE, FALSE, a)}, 3 and yeH

CQNP("TRUE",3>vH and

COND("FALSE",B,v)=v

C0ND(o),3>y)= w

3) GTN(a,3) where a and 3eN

GTN(g,B)=TRUE if a is greater than 3

GTN(g,6)=FALSE otherwise.

Following the formal definition, the most significant attribute

equations will be discussed.
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MINI-LANGUAGE 4-

SYNTACTIC AND SEMANTIC DESCRIPTION

113

<PROGRAM>A=<EXPRESSION>B MEND'
<FLOWCHART>A4F=UOIOtU(U0(»FUN».•B^F»).UOI»NXT«,J U
<MFUNLIB>A*M=B*N
<EXPLIB>A/rE=B^E
BfO=»NUL'

<expression>a=<$numbr>b;
•c=<let expression>0;
•e=<combination>f;
.G=<IOENT>H

<declnames>d

<MFUNLIB>Af>M=»NUL«iC^H'OtHiE4M»F4M;G*M='NUL»
<EXPLIB>A*E=•NULMC/^E=D*E;E^E=F/!E;G/»E=•NUL•
<FUNCTI0N>A1F=B+VAL;C+F=0'«F;E+F=F^F;G(wF*H4F
D4D=C4D
F*0=E1D

H40*GfD

<IDENT>G=<$ALPHA>H

<OECLNAMES>D
<FUNCTION>GtF=COND(EQU( SELI'TYPE*,SELI'H*VAL» tG*0))•'FUN*1t
• •UlUO<"NAME,,.MH*VAL»,),UOittENV,,fS£L("ENV«»f $))!••

-CONDtEQU(SEL(»TYPE»,SEL(«HfvAL«fGlO»J,«EXP»l»
.•APPLI (SEH'^^VAL^.MFUNLIBItS) »f
••SfcLC SELC'NCSELC'HtVALNG^O)) •,SELI SELI «• SELI'FNAMEM
.SELC'H*VAL',GtD)) •",SEL("ENV'SSIJtS)»»))

»

<LET EXPRESSIONS*'LET • <$ALPHA>B •= • <EXPRESSION>C 'IN • <EXPRESS10N>0;
•E='LET • <$ALPHA>F •{• <PARAM LIST>G •)= • <EXPRESSION>H 'IN • <EXPRESSION>I

<OECLNAMES>0
<FUNCTION>A/|-F=Ol'F;EtF»IfF

<MFUNHB>A*M=JtUOI •B*VAL•#UO(0,U(UOC 'FUN','CfF•J,UOl •NXTSNUL) 11)
•tOtM.CtMl;
.EfM-UIUOI'F^VAL'tUOIOtUIUOC'FUNM'HfFM.Uai'NXT'.NULm)
..UCHtM.MM))
<EXPLI B>At E=U (C1E, DIE ) ; EfE=U( H^E , H E)
C^UtA^D.UOCBfVALSUOI'TYPES'EXP'll);
.OfD=cfo;
.HfD=UCE*D,UlGfD,UO('FfVAL',UO('TYPEM'FUNM)))t
.IfO=H*D
G*.I*i;G*N«'FfVAL'

<PARAM LIST>A=<SALPHA>B ',• <PARAM LIST>C;Q=<*ALPHA>E
<NAME>N

<INDEX>I * .
<OECLNAMES>AtO=UIC+0,UOt'B^VAL».U(UlU01'TYPE't'PARAM»l,UO('NO»,An)/
• UOl'FNAME't'A'TN' ))));
.0''0=UO(,EtVAL»tUlU(UO(,TYPE«,»PARAM,)tUO{«NO,#Dfl))fUO(,FNAME'»
••OfN*)ll
CN»A^N;CtI-Atl ♦ I

<C0MBINAT10N>A='I' <EXPRiESSION>B •♦• <EXPRESSION>C MM
•D='(IF • <EXPRESSION>E •>• <EXPRESSION>F • THEN • <EXPRESSLON>G • ELSE •
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.<EXPRESSI0fOH MM
.L=<IDENT>M •(• EXPRESSION LIST>N •)'

<DECLNAMES>D
<U.MQ>A*U='NJL';DtU=UNO(l^tU^'NUL'

<HFUNLIB>A'?H=U(BfM,CiMJ;
.D*M=U{U(U(E*M,F1M) .G'fMl.H'fMI;
#L^H=N+M
<EXPL I B>A-f£=U( B^EtCfE >;
.0 £=U(U(UtE^£iFTE)tG^EI,Hl£t A ..UOC'SELECT' D<U,U(MKFLCC0f'SM'CONDlGTNIE*F .P?F>,1,21M.
.MKFLCIlf•GrF,tltMKFLC(2t,H*F'fI)ll;
.Lt£=N*E
<FUNCTION>AtF='B^F ♦ C^F'J

.D>F=»APPLIISEL("SELECT" D U,EXPLIB),S>'.
.Li F=»APPLI lSEHSEL("NAME"tM1FltMFUNLWIt „,...:UlS,UO(»ENV%Ul(SEL(«ENV»,M^JfS£L(«NAME«,M+F),UNOI)ll,.
.UOlUNIQUENUM&ERfN*FI I)'
BtD=AlD
CfD=A+D
ElD=DfD
F?D=DtD
GtD=D-tD
H^D=D1D

. M*D=L*0
N*D=LlD;NfI*M'

<EXPRESS10N LIST>A=<EXPRESSI0N>B M' <EXPR£SSION LIST>C;D=<EXPRESS10N>E
<DECLNAMES>D

<INDEX>I .
<MFUNL I B>A?M=UlB4 M, Ci M) ; D>M=EvM
<EXPLlB>A!E=U(BlE,CfE);D4E=E^E ,,„,.,.»..,<FUNCTI.ON>A>Tr=«U(CfF(UO(A<«I,afF)lMDtF='UCID^I.E<fcF)'
B?D=A4D

.C'iD=A*D;CH=A^l * I
E4D=Df D

END
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The function f^ corresponding to.the evaluation of an identi

fier i is given by the rule

<IDENT>G=<$ALPHft>H , , ,v . ,,
^UNCTIOI^F-CONDCEqiKSEU'TYPE' ,SELCHfVAL' .GtDjJ.'FUN'),

.,U(UO(,NAME,"HfVAL,,),UO(ENV,SEL(i,ENV",S)))' ,
.COND(EQU(SEL('TYPE' ,SELCHtVAL' .G+DJJ.'EXP'),

.,APPLI(SEL("HfVAL•;MFUNLIB),S),,^ , ' /u| /lrMAMCI

.'SELC SEL 'NO'.SELCHtVAL',G+D)) ' ,SEL(SELr SEL('FNAME',

.SELCHtVAL'HtVAL' ,GfD)) ^SELO'ENViS))^))'))

There are three cases, as follows:

1) i_ is a function name; in this case, fj has the form

U(UO(NAME,i),UO(ENV,SEL(ENV,S))).

2) If ihas been associated with an expression, then the flow

chart for this expression is in MFUNLIB, and the function

is

APPLI(a,S)

where a is the flowchart in MFUNLIB.

3) If i_ is a parameter, then the function f^ has the form

SEL(a,SEL(SEL(3,SEL(ENV,S)),S))

where a is the index of i in the parameter list for the

function named 3*
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MFUNLIB - is created by the rule

<LET EXPRESSIONS'LET ' <$ALPHA>B '=' <EXPRESSION>C 'IN ' <EXPRESSION>D;
.E='LET ' <$ALPHA>F '(' <PARAM LIST>G ')=' <EXPRESSION>H 'IN • <EXPRESSION>I

<MFUNLIB>AtM=U(UO('BtVALl,UO(0,U(UO('FUN','CtF'),UO('NXT',NUL))))
.,DtM,CfM);
.EtM^CUOCF+VAL'.UOCO.UCUOCFUN'/HtF'J.UOCNXT'.NUL))))
«,U(H+M,I+M))

This table contains the flowchart of the function corresponding to

each declared identifier other than a parameter. Note that each

flowchart has only one node, since there is no sequencing in mini-

language 4.

EXPLIB is created by the rule

<C0MBINATI0N>A='(' <EXPRESSION>B '+' <EXPRESSION>C ')';
.D='(IF ' <EXPRESSION>E ' ' <EXPRESSION>F ' THEN ' <EXPRESSION>G ' ELSE '
.<EXPRESSION>H ')•;
.L= <IDENT>M '(' EXPRESSION LIST>N ')*
•

<EXPLIB>A+E=U(B+E,CtE);
.DtE=U(U(U(EfE,F*E),GtE),GtE,
.UOCSELECT' DtU,U(MKFLC(0,,S','COND(GTN(EtF ,F+F),1,2)'),
.MKFLC(l,,GfF,,),MKFLC(2,,HtF',))));
.LtE=NtE

EXPLIB is fully discussed in the preceding section. Corresponding

to the same syntactic rule is the semantic rule defining the FUNCTION

attribute

<FUNCTION>AtF= 'B+F CtF';
.DtF='APPLI(SEL(.SELECT DfU,EXPLIB),S)';
.L+F=,APPLI(SEL(SEL(MNAME"MtF), MFUNLIB),
.U(S,UO(uENV,,,Ul(SEL(,,ENV,,,MtF),SEL(,,NAME,MtF),UNO())),
.UO(UNIQUENUMBER,N+F)))t

If the combination is of the form i(£), where i_ is an identifier and



I a list of expressions, the function corresponding to this com

bination is

APPLI(SEL(a,MFUNLIB),U(S,Ul(3,a,#),U0(#,fL)))

where a is the name of the function corresponding to i_, 3 is the

VO representing the bindings of the variables in the expression de

fining a and I is a unique name.

Note: Mini-language 4 is the only mini-language in which UN0( )

appears in the recursive functionals corresponding to a pro

gram. UN0( ) is implemented by incrementing the SNOBOL var

iable UNIQUENUMBER and taking its value, and thus is clearly

not a monotonic function of the state vector; however, it is

easy to implement. UNO could be defined as follows:

UN0(S)=the least integer not labelling any branch in S.

With this definition, UNO(S) is a monotonic function of S_,

and in the above semantic equation, UN0( ) and UNIQUENUMBER

would be replaced by UNO(S).

4.5 Mini-Language 5: Passing of Parameters

4.5.1 Ledgard's Description (Verbatim)

Description of Language Elements

Array identifiers are composed of the symbols Al A2.... The

value of an array identifier is a one-dimensional array with ten

(initially unspecified) elements. Procedure identifiers comprise

the symbols PI P2..., and parameter identifiers comprise the sym

bols a b ... z.
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A parameter specification is a string of one of the following

forms: exp t, copy val £, or loc I, where £ is a list of parameter

identifiers. A procedure declaration is a string of the form

proc p(£) s c end, where p_ is a procedure identifier, I a list of

parameter identifiers, s_ a sequence of parameter specifications,

and £ is a sequence of assignment commands (defined below) such

that: each parameter identifier in I is different; each parameter

identifier in s_ is different and occurs as one of the parameters in

l\ and each identifier in c is a parameter identifier. For exam

ple, the following declaration violates each of the above require

ments

proc Pl(a,b,a)
exp a,d
loc a

D:=l
end

An expression is either a numeral or a named expression. A

named expression is either an identifier, a parameter identifier,

or an array identifier followed by an expression enclosed in square

brackets.

An assignment command is a string of the form e-j^eg, where

e, is a named expression, and e2 is an expression. The execution

of an assignment command results in assigning the value of e2 to

the location denoted by e-,. (For a more detailed discussion of

assignment, see mini-language 2.) In particular, if e-j or e2 con

tains an expression of the form a[e], where a^ is an array identifier

and e_ is an expression whose value is the natural number n., then
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a[e] denotes the £-th element of the array a.*

A procedure command is a string of the form p(£), where p_ is a

procedure identifier, and I is a list of expressions. The evalua

tion of the procedure command of this form is as follows:

1) Obtain the sequence of assignment commands £ given in the declar

ation of 2..

2) For each parameter i_ called by "expression", replace each occur

rence of i_ in £ by the corresponding expression £ in I.

3) For each parameter i_ called by "copy value", prefix to £ the com

mand i:=e, where £ is the corresponding expression for i_ in L.

4) For each parameter i_ called by "location," obtain the correspond

ing expression £ for i_: if £ is an identifier, let L^ denote its

location; and if £ is an array expression A[e'], let L. denote

the location of the £-th element of A, where n is the value £'.

Then replace each occurrence of 1^ in £ by L..

5) Execute the sequence of assignment commands £', formed by the

above rules, with the following interpretation for parameters

called by location: if an L. is evaluated on the right-hand side

of an assignment command, its value is the object currently

stored in the location L.; and if an L. appears on the left-hand

side of an assignment command, the assignment of the value of the

right-hand side is made to the location L..

*For example, if the value of the array name AT is the array whose
ten elements are 4,A,A,5,5,A,1,2,3,4 (where A denotes an unspeci
fied element), then the value of Al[7] is 1, and the value of
A1[A1[7]] is 4.
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Program Execution

A program consists of a sequence d of procedure declarations

followed by a sequence £ of assignment and procedure commands such

that:

each declared procedure identifier in d is different;

each procedure identifier in £ is declared in c[;

the number of expressions in the expression list of a procedure

command is identical to the number of parameters in the correspond

ing procedure declaration;

no parameter identifiers occur in £; and

no procedure declaration in ([contains a parameter that is

called by location, appears on the left side of an assignment state

ment, and corresponds to an expression that is a numeral - i.e., a

condition that leads to an assignment to a numeral is syntactically

illegal.

EXAMPLE 1:

proc Pl(a,b)
copy val a,b
x:=a

a:=b

b:=x
end

I :=3
A[I] :=6
P1(I.A[1])
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EXAMPLE 2:

proc P2(a,b)
location a,b
x:=a

a:=b

b:=x

end
I :=3

A[I] :=6
P2(I,A[I])

EXAMPLE 3:

proc P3(a,b)
exp a,b
x:=a

a:=b

b:=x
end

I :=3

A[I] :=6
P3(I,A[I])

Suppose we wish to define and use a procedure that swaps the values

of its two arguments, and we must select one of the three options

above. Which one shall we choose? The three examples are identical

except that the parameter specifications in procedures PI, P2, and

P3 are different.

In Example 1: the values of 1_ and A[3] will be set to 3 and 6,

respectively; and the procedure call P1(I,A[I]) will be executed -

i.e., the values of £ and b_ will be set to 3 and 6, respectively,

and the values of x, a, and b^will be set to 3, 6, and 3, respective

ly. The values.of X and A[3] will remain unchanged, so we shall

not elect PI.

In Example 2: the values of ± and A[3] will be set to 3 and 6,

respectively; and the procedure call. P2(I,A[I]) will be executed -
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i.e., the locations L of I_ and Lb of A[I] will be determined, and

the commands x:=L ,L -=L. ,and L^:=x will be executed, which will

result in settling (sic) the values of I_ and A[3] to 6 and 3, re

spectively. Thus, procedure P2 of Example 2 yields the desired

outcome.

In Example 3 we have a rather surprising result:

1) the values of l_ and A[3] will be set to 3 and 6, respectively;

and

2) the procedure call P3(I,A[I]) will be executed - i.e., the com

mands

x:=I

I:-A[I]

A[I]:=x

will be executed, which will result in 3 being assigned to x, 6

to I_, and then 3 to A[6],

Therefore, we elect only procedure P2.

4.5.2 Discussion

Mini-language 5 has two new features that have not been en

countered in the previous four mini-languages - arrays, and a var

iety of parameter passing mechanisms.

First arrays will be discussed. Suppose A is an array and the

elements of A are a.,,a2,... ,a1Q. Awill be represented by a Vienna
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object having the form

In a statement I=A[5], the state vector function corresponding to

the expression A[5] is

fA[5]=SEL(5,SEL(A,S))
and the state vector function corresponding to I=A[5] is

ui(s,i,fA[5])
If the statement has the form I=A[e], where £ is an arbitrary ex

pression, the state vector function corresponding to A[e] is

SEL(fe,SEL(A,S))

where f is the state vector function associated with the expression
e

£. The state vector function corresponding to the statement

A[e1]=e2

is

Ul(S,f+A,f )•e] e2

The expression f -*A evaluates to the composite selector v+A where
el

v is the value of f .
e2

Like mini-language 2, mini-language 5 emphasizes the difference

between evaluation of expressions occurring on right and left sides

of the equals sign. Consequently, each named expression in mini-

language 5 (array references and identifiers) has two state vector
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functions associated with 1t (LHSFUN and RHSFUN), one which corres

ponds to evaluating the expression on the left of an equals sign,

and one which corresponds to evaluating the expression on the right.

Parameters are passed basically as 1n mini-language 4. Let

Pl(£ ) be an expression, where PI is a function name, and I is a

list £1 £n of expressions. Then the state vector function fe
corresponding to I will, when applied to a state vector S, produce

the value

a^ / \ an

i.e., a Vienna object representing the list of argument values.

The state vector function corresponding to Pl(£) will be

APPLI(SEL(P1,PR0CLIB),U1(S.PLIST,fg)).

Parameters may be passed 1n three ways in mini-language 5: call-by-

value, call-by-location, and call-by-expression. Let Xj,...,xn be

the formal parameters of f above; then
D

if x* is called by value, a_.=f? » where
1 1 Cj

Rffi is the function corresponding to evaluating e.. on the

right of an equals sign.

if Xj is called by location, a^fjj •where
rz is the function corresponding to evaluating e4 on the
ei 1
left of an equals sign

if Xj is called by expression, the case Is more complicated.

As in mini-language 4, a name for e. will be passed as
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the argument. In order to do this, the semantic equa

tions create aname for e^ and e^ is placed in the table

ARGLIB. The argument passed is the name, thus

a.^name of e^ in ARGLIB

In order to be able to determine how each argument is passed, the

SPECTABLE attribute is added to whenever a procedure is declared.

This table can be referenced with a function name and parameter

index (its position in the parameter list) to determine how that

parameter is passed.

There are four possible interpretations for an identifier oc

curring in the body of a procedure declaration, as follows:

1) It can denote a simple variable.

2) It can denote a parameter called by value.

3) It can denote a parameter called by location.

4) It can denote a parameter called by expression.

In each of these cases, the LHSFUN and the RHSFUN corresponding to

the identifier are determined differently. To keep track of what

each identifier denotes, the PARAMTABLE attribute is created for

each procedure declaration; this table has the form

LOC

where x» £» are the formal parameters to the procedure, and the

component corresponding to a formal parameter is the string VAL,

LOC, or EXP, depending on whether the parameter is passed by value,

125



':?•:•{?; t\\*yr

•*»:.« .-.. i j.

'£;'"

•i> \'h;V.

ftf.Wfc

.'•• .'".».•.•;..«.!• 'C'V", -?»>:

f&t v.'^.,3.';

v-'i-T-SO 'v/'t:



126

location or expression. PARAMTABLE is an inherited attribute for

each statement in the body of the procedure declaration. If an

identifier is not in PARAMTABLE, then it denotes a simple identifier.

4.5.3 Formal Definition

The basic functions used in the definition of mini-language 5

are

1) the Vienna operators UO, U, Ul_ and SEL.

Following the formal definition, the most significant attri

bute equations will be discussed.



HINIH.ANGUAGE 5

SYNTACTIC AND SEMANTIC DESCRIPTION

<PROGRAM>A=<DEC LIST>B •;• <COMMANO LIST>C 'SEND*
<FLOHCHART>A|-F*Ct"F
<proclib>atp=&*p
<ARGLlB>A*A=CfA
C^N=,NUL,;CTP=•NUL•;CtS»BtS

<DECLARATION>A=«PROC P« <$NUMBR>B •(• <VARLIST>C ••;• <SPEC LIST>D •;•
• <COMMAND LIST>F «;ENO«

<PROCLIB>ArP=UO(•B fVAL•,Ft FI
<SPECTABL£>A/tS*U0(,B*VAL«,0tS)
CTI=1
DtRaCtV
F^Ns'NUL^F-fPsC^V^^sD^S

<DEC LIST>A=<DECLARATION>B •;• <DfcC LIST>C;0=<DECLARAT10N>E
<PROCLlB>A-Vp=U(B1P»C*P> ;DfP*E*P
<SPECTABLE>AtS=U(B<S,CtSl;DJfS'»fc^S

<VARLIST>A*<$ALPHA>B •,'• <VARLIST>C»D»<$ALPHA>£

<VARLIST>Al'V«UCUOC,B*VAL"tA/HI,C*V);O^V»UOi»EtVAL,tOlkI)-
C*I*AfI «• I

<SPEC L1ST>A=<SPEC>B •,« <SPEC LlST>C!D=<SPEOE
<PARAMTABLE>P
<SPECTABL6>A<Ps=UCBCS,C^S);DtS«EtS
BtPaA^P
C*P*Af P
E*P*D*P

<SPEOA=«EXP • <svarlist>b;
•C»'COPY VAL • <svarlist>d;
•E*«LOC • <SVARLIST>F

<PARAMTABLE>P A .
<SPECTABLE>A*S«BtS|C*S»DfS;ElS»Ft$
BfP=A*P;BU=«EXP«
D>P«C4P8D/,-T«,COPV VAL«
KP*E<P;FfT*»LOC«

<SVARLIST>A»<$ALPHA>B •.* <SVARLIST>C;D*<SALPHA>E
<PARAMTABLE>P
<TYPE>T
<SPECTABLE>AfS»UCUOlSEL(,BtVAL,»AlP>t,An«),CtSi;
.D S=UO(SEL(*£/»VAL,»DfPJ,»D^T«)
C4P«AvP;C^T*AtF

<COMMAND LIST>A=<COMMAND>B •;' <COHMAND LIST>C;D»<COMMANO>£
<NEXT>N
<PARAMTABLE>P
<SPECTABLE>S
<LINENO>A? L»B1L;D1L«E^ L
<FLOkCHART>AF=UC 8' F.C^FI S0/VF«E1F
<ARGLIB>AAA=U(B^A,CVAI;DtAsE*A
b^n«C»l;b-p=a'p;b's*a's
c4n=a1n;C';p»a-p;c1s«a*s

12;
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ElN=DW;EtP=DtP;EfS=D^S

• <COMMAND>A«<ASSIGNMENT COMMANDS'.^PROCEDURE COMMANO>0
<NEXT>N

<PARAMTABLE>P
<SPECTABLE>S

^ <LINENO>Aa=B^L;Cf L*DtL
<FLOWCHART>AlF=B,SF;CtF=DfF
<ARGLIB>A'. A=,NUL«;C1A=D<A
B/'iN=A^N;B1P=A1P;B1S»A^S
0*N=C4N;D*S=CiS

ASSIGNMENT COMMANO>A=<EXPRESSION>B •- <EXPRESSION>C
m <NEXT>N

<PARAMTABLE>P
<SPECTABLE>S

StlSSKi?t>;,S:iic*ti.oiooi.F«...uH$.a*L.etM.|.uo«.NKf..«tNiM.
B^P=A/IvP;B^SaAtS
C*rp=AtP;Cf S=A*S

& <PROCEDURE COMMAND>A*«P« ONUMBK>B •(• <ARGLIST>C •••
<NEXT>N
<SPECTA8LE>S

.UIS.UOIPLISTL.CIFU) • 1.UQt 'NXH. At NI IJ
<ARGLlB>AfA*C*A

_ C1N*8fVAL;C*I*liCtS»AtS

<ARGLIST>A=<ARG>B '.• <ARGLlST>C;D»<AROE
<NAME>N
<INOEX>I
<SPECTABLE>S- .
<FUNCTION>A*F««UlBtF,C*FI»;D*F»EfF
<ARGLIB>AtA*UlBtA,C*A);OfA*E*A

m • " * B4N=ATN;B<I*A;;l;B*S»AtS
k C<N=A/»NJC',1»A/Jl ♦ l;CtS*AtS

E,N=D/iN;E/fI»D'U;EtS*0'tS

<EXPRESSion>a=<snumbr>b;
•c«<$alpha>d; „ . .
,E*<SALPHA>F •«• <EXPRESSION>G •-•

<PARAMTABLE>P
P> • <SPECTABLE>S

. JKSZ^ VALM...NUL..
.CON0(EQUlSELtSELCD"VAL«.CiP):C^S),«LOC- .
.•SELI* SELC'DWAL'tCTP) ' fSELIPLISTL.SI) t
:^s!^;£i^r»£;srLr/c^!!^-:ctp.'.«t«rL«srt.s.,.

^ .tARGLlB)fS)l'i
^. - • .•••DWAL*")));

.E'lL",COMPOS(G/rRi"FfVAL"I#
<RHSFUN>A1R=B1VAL; .mav uai t I.GR»C0ND(EQJCSELCSELi;DfvAL-.c5PI,C>Sl, COPY VAL«I•

•SELM SEL(*D<VAL*,C*PJ • , SELI PL l.SIL, SH • t:coNLB'<eQ"set?sl[u.o'vAL..c-P!.c!s!,:LOc:j.'s6t«c^.s»..
rnwrnPOll SFLISELl •O'lVAL* »C1PI tC1*SJ i'EXP'It

:™£"S«m"Situsa.c*6t«' sa.«.i^v»f.ctPi ..selcplisu.su
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.tARSLIBJtSM't
• • SELI "DWAL"* SIMM;
.E<R=,SEL{E'^L,S>,
gVp=eTp;g1s=e4-s

<ARG>A=<EXPRESSION>B
<NAME>N
<INOEX>I
<SPECTABL£>S

.,COND(eQU(SEL(AtI,SELIAlN,ATSn,«LOCn,-UOCAfU BUJ».
<ARGUB>a?a"cOND(EQU( SELI A^l,SELI AtNrA^).).»EXPM,"oU S^UOlO,U(UO('FUN«,«UlUO(«LHSVAL'SBtL).UOl"RHSVAL-,BfRllM,
.UOt'NXTSNULllllf
.•NULM
BtP=,NUL,;BtS=,NUL*

END
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PROCLIB is a table containing the flowchart for each declared

procedure. The PROCLIB Is created by the rule

<DECLARATIONB>A='PRQC P4 <$NUMBR>B '(' <VARLIST>C ');' <SPEC LIST>0 ';'
. <DECLARATIONA>E V <C0MMAND LIST>F ';END'

. <PRQCLIB>AfP4J0(,BtVAL,fU(E+F,F+F))

ARGLIB is a table of all expressions declared by virtue of

being passed as an argument called by expression. Such an ex

pression is given aunique name and placed in ARGLIB. Expressions

are put in ARGLIB by the rule

<ARG>A=<EXPRESSION>B

<ARGLIB>AtA=COND(EQU(SEL(AtI,SEL(AtN,AtS)),,EXP'),
.U0(A>^U,U0(0,U(U0rFUN^,U(U0(,,LHSVAL,;BfL),U0(,,RHSVAL,;B+R)),),
.UOf'NXT',NUL)))),
.'NUL')

The SPECTABLE contains a declaration for each parameter. It

is created as follows, in a procedure declaration of the form

<DECLARATIONB>A='PROC P' <$NUMBR>B '(' <VARLIST>C ');' <SPEC LIST>D ';*
. <DECLARATIONA>E ';' <C0MMAND LIST>F '-.END1
.

<SPECTABLE>AfS=UOC BtVAL* ,DtS)

The list of formal parameters is passed to the specification list

to be used in creating the SPECTABLE. The SPECTABLE is passed

from the specification list to the declaration and to every command

in the program.
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The LHSFUN corresponding to an identifier 1_ is given by

<EXPRESSION>A=<$NUMBR>B;
.C=<$ALPHA>D;
.E=<$ALPHA>F '[' <EXPRESSION>G ']'
•

<LHSFUN>AtL=' NUL';
.C+L=COND(ELEM(' DfVAL' ,CiV),'.DtVAL' ,
.CONDfEQutSELfSELrDtVAL1 ,CtP ,CfS),'C0PY VAL' J.'NUL',
.COND EQU(SEL(SEL(' D+VAL' ,C+P),CfS),'LOC'),
.'SEL ' SEL('DfVAL',CfP) r,SEL(PLISTL,S)V ,
.'SElHhSVALWPLKSELCSELC SEL('DfVALf ,CtP) ,SEL(PLISTL,S))
.,ARGLIB),S))^)));
B+L=,COMPOS(GfR,,,F+VAL,)

There are four cases, as follows:

1) i is a parameter called by value; in this case, the LHSFUN

corresponding to i_ is null.

2) i is a parameter called by location; in this case, the

function corresponding to i_ is equivalent to

SEL(a,S)

where a is the composite selector corresponding to U

3) i is a parameter called by expression; in this case, the

function corresponding to i is the LHSFUN of the passed

parameter, given by

SEL("LHSVAL\APPLI(SEL(SEL(a,S),ARGLIB),S))

where again, a is the composite selector corresponding to

4) If i_ is a simple variable, the function is the constant

function with value U

RHSFUN for an identifier is defined similarly.



The FUNCTION corresponding to an argument e called by value is

fR, where fR corresponds to evaluating eon the right of an assign-

ment. If e is called by location, the function corresponding to the

argument is f^, where fj; corresponds to evaluating eon the left of
an assignment. If e is called by expression, e is given a unique

name e# and entered into ARGLIB; the function corresponding to the

argument e_ is the e#. These functions are defined by the rule

<ARG>A=<EXPRESSION>B

13^

<FUNCTION>AtF=COND(EQU(SEL(AtI,SEL(AtN,AtS)),'COPY VAL' ),'U0(AH,B
^CONDCEQUlSELfAfl.SELfAfN.AfSjJ^LOO.'UOU-M, BfL)',
.'UOfAtUAfU)1))

4.6 Mini-Language 6: Static Type Checking

4.6.1 Ledgard's Description (Verbatim)

Description of Language Elements

A type designation is either: 1) the symbol "N," in which case

it denotes the class of natural numbers; or 2) a string of the form

Up...,tn-*tn+1), where the t^, l=n=n+l, are type designations, in

which case it denotes a class of functions whose domain is the

Cartesian product of the classes denoted by t,,...,t and whose

range is the class denoted by t .,.

Primitive objects in mini-language 6 include, in addition to

the natural numbers, a unary function, SQ, for computing the square

of a natural number, and an infix binary function, +, for computing

the sum of two natural numbers. The natural numbers have a type U,



and the functions SQ and + have types (N*N) and (N,N*N).

A declaration specifies an identifier as representing a class

of objects of only one type.* A declaration consists of a string

of either of the following forms:

1) dec I type t

2) dec f(l) := ewhere lt

where I is a list of identifiers, t a type designation, f an iden

tifier, e an expression (defined below), and lt is a list of type

designations such that each identifier in I is different; each iden

tifier in e occurs in £; and the number of type designations in l^

is identical to the number of identifiers in I.

A declaration of form (1) specifies that each identifier in

I has the type t.. A declaration of form (2): a) assigns to f the

function from arguments in the domain, denoted by t-j,... ,tn=^t>

into the value of the expression e_, obtained by replacing each iden

tifier in I by its corresponding argument; and b) specifies that the

type of f is (t^ V^n+l^ where tl,"*»tn=^t are the type des"
ignations given in the declaration of £, and tn+-, is the type of

the result expression e_ (defined below), obtained by using the types

tn,...,t for the corresponding identifiers of I in e.

An expression consists of a string of one of the following

forms:

Di

2)j

*Note that this requirement is not made in mini-language 7, where
the types of objects assigned to identifiers may vary.
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3) SQ(e)

(provided e_ is of type H)

4) (d+e)

(provided d and e are of type N)

5) f(elt...,en)

(provided f is of type (ti»•••»tn">tn+i)» and e-j,... ,en are of

corresponding type tpt-.^t )

6) (if d>e then e, else e2)

(provided d and e are ..of. type N, and e^ and e2 are of the same

type),

where p_ is a primitive symbol, i_ and f_ are identifiers, and d[, e_,

e,,...,e are expressions.

Expressions are of the following types:

1) an expression of form (1) is of the same type as p_;

2) an expression of form (2) is of the type declared for i_;

3) if e is of type N^, then an expression of form (3) is of type iN;

4) if d and e_ are of type jN, an expression of form (4) is of type

N;

5) if the types of e,,...,e are t, ,...,t , and if f_ is declared

.to be of type (t,,...t +tn+1)f then an expression of form (5) is

of type tn+1; and

6) if d, e_ are of type N^, and e-,, e2 are of the same type, then an

expression of form (6) is of the same type as e-, or e«.

An assignment command consists of a string of the form i:=e,

where i_ is an identifier, and e_ is an expression such that the
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types of i_ and e_ must be identical.

A program consists of a sequence d of declarations followed by

a sequence c of assignment commands such that each identifier oc

curring in £ is declared once and only once in d, and al]_ of the

above requirements on types are satisfied.

Program Execution

The commands of a program are executed sequentially, with the

conventional menaing for addition, the squaring operation, assign

ment, conditional expressions, and functional application.

EXAMPLE 1:

dec A,B type N
dec F(X):=SQ(SQ(X)) where N
A:=2
B:=F(A)

EXAMPLE 2:

dec X type N
dec A,B type (HkN)
dec F(X) :=SQ(SQ(X)) where N
dec G(X,Y):=X(Y) where

(N+N),N
A:=SQ
B*=F

X:'=(G(A,1)+G(B,2))

EXAMPLE 3 (syntactically illegal):

dec A,B. type N
dec F(X) :=(X+X) where N
dec G(X,Y):=(X+Y) where N,N
dec H(X,Y):=X(Y) where (N^N),N
A:=H(F,1)
B:=H(G,1)



EXAMPLE 4 (syntactically illegal)

dec A
dec B

dec F(X) :

type N
type (N+N)

=X where N

dec G(X) :
dec H(X,Y):

B:=H(G,SQ)
A:=B(2)
B:=H(F,2)

=X where (N+N)
=X(Y) where ((N+Nh

(N*N)),(N+N)
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Example 1 results in setting the value of B^ to 16. Example 2

results in setting the value of X_ to 17.

Example 3 is illegal because of the statement "B:=H(G,1),H

where H_, a function of type ((N+N),N*N), is applied to arguments

G, 1 of types (N,N+N),N. Using the rules given previously, we can

determine that the program of Example 3 is syntactically illegal:

1) A and £ are declared to be of type N_;

2) £ is declared to be of type (N*N);

3) G is declared to be of type (N,N+N);

4) H is declared to be of type ((N+N), I**N);

5) H(F,1), where F, 1 are of types (N*N), N and H is of type ((N*N),

N*N), is of type H;

6) A:=H(F,1) is type-wise of the form N:=N, hence is type-wise cor

rect; therefore,

7) H(G,1), where G, 1 are of types (N, N*N), N and H is of type

((I^N), N*N), is illegal because the type (N,N+N) of G is not

identical to the type (N*N) of the first argument of H.

Example 4 is illegal because of the statement "B:=H(F,2),"

where H, a function of type (((N*NMN*N)), (N*NMN*N)), is ap-



plied to arguments £ and 2 of types (N*N) and N^ Note, however, that

the application of H to £ and 2 is semantically well-defined, i.e.,

results in applying £ to 2, which returns the value 2. (Programs

like that of Example 4 will be allowed in mini-language 7.) Note,

also, that in all syntactically legal programs in mini-language 6,

no condition leading to a type error can arise during execution.

4.6.2 Discussion

In mini-language 6, a program containing an expression having

a type conflict is considered by Ledgard to be syntactically illegal.

However, there is no context-free grammar that generates only the

programs in mini-language 6 that are free of type conflicts, i.e.,

the restriction of type compatibility is not enforceable by a con

text-free grammar. The approach taken here is to give a grammar

for mini-language 6 which generates all programs in mini-language

6 that are free of type conflicts, and also generates programs

having type conflicts. Type conflicts are regarded as semantic er

rors; recall that

Sen\nini-language 6^
is the map computed by any syntactically legal program P in mini-

language 6. Sen^^g will be defined so that if £ contains a type

error, Semnn-ni-_5(P) will be the empty function. In order to make

things more explicit, the nonterminal corresponding to a complete

program is given a special attribute, called CHECKTYPE. Also, each

nonterminal that may generate a phrase having a type error has this

attribute. If the program (phrase) is free of type errors, this
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attribute will have the value "LEGAL". If a type error occurs in

the program (phrase), CHECKTYPE will have the value "ILLEGAL". If

the value of CHECKTYPE for a program is "ILLEGAL", the value of the

FLOWCHART attribute will be null.

Type checking occurs in three places: where an expression is

evaluated, where a value is assigned to a variable, and where an

argument is passed to a procedure. Each expression, assignment,

and argument is checked for type correctness and compatibility; the

result of this check becomes the value for the expression, assign

ment, or argument. The semantic equations for each production

higher in the parse tree check the CHECKTYPE attributes of the des-

cendent nodes, and if at least one of them has the value "ILLEGAL",

the value of the CHECKTYPE attribute for the node representing

the left side nonterminal is "ILLEGAL". Thus, an "ILLEGAL" value

for the CHECKTYPE attribute is passed up to the root node whenever

a type error occurs.

The global SYMBOLTABLE attribute is a list of all identifiers

with their declared types. This attribute is inherited by all of

the command statements in the programs, and is the reference for

checking type compatibility.
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4.6.3 Formal Definition

The basic functions used in the definition of mini-language 6'

are

1) the Vienna operators UO, U, IQ. and SEL.

2) SQ(a), where aeN.

SQ(a)=a2

3) addition, a+$ where a and 3eN. Addition has its usual in

terpretation.

Following the formal definition, the most significant attribute

equations will be discussed.
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MINI-LANGUAGE 6

SYNTACTIC ANO SEMANTIC DESCRIPTION

^ <PROGRAM>A=<DEC LIST>B •;• <COMMANO LIST>C •JENO*
<FLOrfCHART>AtF=CONO(EGUt'A^«,'LEGAL* >,C£F,*NUL*>
<PROCLl8>A/)P=UlB'hP,U0(lSa»rMKFLCIO,«SQIS£Lll.S)>»f)*l
<CHECKTYPE>AlC=CONO(EQUt,BtC»,'LEGAL*i.'CrC*.*ILLEGAL*)- •
C^N^NULMCIS'BtS

<TYPE DESlGNATION>A=*N*;B=M* <TYPE LISTi>C •-• <TYP£ DESIGNATIONS •>•
^ <coDE>Aic=*N*;Bi-c=*ictc-on:>*
^ <TYPE>ArT=U(UO{*RNG',,N,J.UOl«CD*t»N*J);

.BTT=U{UO(*DMN*,C/J'L),UOl,RNG»,*D'rC*),UO(,CO*,,BtC,IJ

<TYPE LI.ST>A=<TYPE DES IGNATlON>B *,* <TYPE LIST>C;D*<TYPE DESIGNATIONS

<CODE>Ar-C=SELCCO*,BfTJ *,* SELI *CD* ,CtLj ;D C=SEL I*CD* ,EtTl
fe <LlST>AyrL»U(UOt,CD,t,A^C*)tUO(AntB^T»,CTL*;

.0 L»UlUOC,CD«,SEL(*CD»,E*T)),UOtDtIte*T)l
CMaA^I ♦ I

<DECLARATIONA>A**DEC * <VARLIST>B • TYPE * <TYPE DESIGNATIONS
<SYMBOLTABLE>AfS*B*S
IKT-C^T

^ <VARLIST>A=<$ALPHA>B *,* <VARLIST>C;D=<SALPHA>E
<TYPE>T
<SYMBOLTABLE>A*S=UCUOC •BfVAL*,U(UO<*TYPE*• A*T ),UOi'KIND*•*VAR*))» t
•C-fS);
.D*S=UOC*E^VAL*,UlUOI*TYPE*, D*T I ,UO( *KIND* , *VAR* i ) I "
CH«AtT

^ <OECLARATIONB>A=*DEC • <$ALPHA>B U* <FPLIST>C •*-• <EXPRESSION>D • WHERE •
. <TYPE<SYMBOLTABLE>AfS=U0I*B^VAL*,U(UOCTYPE*,U{UOl*OMN*,E'»-LI.UOl*RNG*,*DtT*l,

.U0(• CD*, •l£*C-DW)•I 11»
• UOCKIND* ,*NAME*))I
<PROCLlB>AtP=U0(*B4VAL*fU0(0,U(U0(*FUN*,*DtF*l,UO(*NXT*,NULI)))-
<CHECKTYPE>Aft>DfC
CM«iiCtT«E*L

£t DtS=CfS
E4l»M*

<FPLIST>A=<SALPHA>B *,* <FPLIST>C;D=<$ALPHA>E
<INDEX>I

<SYMBOLTABLE>AfS=U(U0C*B VAL*,UIUIU0(•NO*.AN)»UOI'KIND*,*PARAM*)),

<«* #DTS=UOI*E^VAL,.U(U(U0I*N0*',Dli)IuO{ *KIND*.*PARAM*>),U0t'TYPE*rSELlOtl t

Cll=A?I ♦ l;Ctt»A?T

<DECLARATION>A=<D£CLARATIONA>B;C=»<DECLARATIONB>D
<SYMBOLTABLE>AlS=B/iS;C1S=OyfS
<PROCL I B>A'i P= • NUL* ; CI 9=0^ P

^ <CHECKTYPE>Ai.C=*L£GAL*;C:C«OfC
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<DEC LIST>A=OECLARATI0N>B •;• <DEC LlST>C;Ds<DECLARATlflN>E
<SYMBOLTABLE>ATS=U(BlS,CtSJ ;Df$=Et"S
< PROCLI B> A-; P=U( B^ P, CtP) ; D-t P=E* P
<CHECKTYPE>A1C=C0ND(EQUI • B*C*,•LEGAL*),*CfC* t•ILLEGAL*);
.DtC«EfC

<primitive dbject>a=<$numbr>b;c«*sq*;d=***
<VALUE>ATV=B1VAL;CtV=*"SQ"*;OtV*««AOD*,«
<TYPE>A*T=*N* ;C1T=* (N-N) • ;DH=* (N,N-N) •

<IOENTIFIER>As<$ALPHA>B

<SYMBOLTABLE>S
<FUNOAf-F=COND( EQUISEL ( "KIND* ,SEL( *B*VAL* t A*S) ) »• VAR* ) , *SEL< "BtVAL^S) •

IcONDIEQU(SELI*KIND*,SEL( *B^VAL;*tA^S)),*NAHE*>,*«tB^VAL*»*,
• *SEL(* SELI*NO*,SEL(*B4VAL*.Al'S)) *,S)*))
<TYPE>MT-SELI'TYPE*, SELI •B^VAL'fAtS))
<VALUE>A>IVV«*B1VAL*

<EXPRESSION>A=<PRlMITlVE OBJECT>B;
•c=<identifier>d;

•e=*sq(* <expression>f •)•;

•G=*I* <EXPRESSION>H •♦• <EXPRESSION>I •) * *
•J=<IDENTIFIER>K *t* <ARGLIST>L *)*5

•M=*IIF • <EXPRESSION>N •>• <EXPRESSION>0 • THEN • <£XPRESSION>P • ELSE •

• <EXPRESSION>Q •)•

<SYMBOLTABLE>S

<TYPE>AfT«BtT;
• CU=SELI*CD*fDni;

•E*T=*N«;
•GtT«*N*;.

•JtT=SEL(*RNG*,KtT);
• M^T=PtT

<FUNCTI0N>A1VF*B^V;
•C*F=D*F;
.TE4f«*SQ(F?F)»;
• GtF«*(HfF «• ItF)*;
.J^Fs*APPLl(SEL(K^F,PROCLIB)tU(S,LlF))«|
.MfF=*S£LECTCN1 F.O^F,PI F,QtF»*
<CHECKTYPE>A^rc=*LEGAL*;
.CtC='LEGAL*;
.EtC=COND(EOU(*FtT Fft*,*N LEGAL*),'LEGAL*,'ILLEGAL*);
• GfCsCOND(EQU(*HlT H1C MT I*C*t*N LEGAL N LEGAL*),'LEGAL*,*ILLEGAL* ) S

J f C= L^ C *
• MtC=COND(EQU(*NtT MC O^T O^C P+C Q4C*,*N LEGAL N LEGAL LEGAL LEGAL*)»
• CONOIEQUl*Pn•,•Q4T*),'LEGAL• , •ILLEGAL'),* ILLEGAL• )
DfS»C*S
FfS=E*S

* '• ' ! HtS=Gl*S
H%S=G^S
K*S=JfS
L4>S=J>TS;L*I«l;L*A»SEL(*DMN*tSEL(*TYPE*,SEH*KfV*,J*S)))

," NfS=MfS
• v," • o^s-hTs

prs=Mts
'» QlS=NtS

., ' <ARGLIST>A«<EXPRESSION>B *,* <ARGLlST>C;0=<EXPRESSION>E
<SYMBOLTABLE>S
<INDEX>!
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<ARGTYPES>A A A . .„. a
* <FUNCTION>AtF=*U(U0CAfI,B4F),CfF)*;DiF=*UO(Dfl,E^F)*

.;. <CHECKTYPE>A'iC=CONDtEQU(*B>rC C*C*,* LEGAL LEGAL* )t
, .CON0(EQU(lBrT*,SELI*CO*,SEL(A{tffAfA))),aLkGAL'«aILLEbAL«)f'ILLEGAL*);

gfe ." #D CsCOND(EQJ(*EtT* ,SELI *CD* ,SELID1I,D/A))), •E'X*, "ILLEGAL*)
B*S»A*S
CfSaATS;CtI«A4l «• i;C?A«A?A
£rs»ofs

<ASSIGNMENT COMMAND>A«<SALPHA>B *«** <£XPRESS ION>C
<NEXT>N .
<SYMBOLTABLE>S

^ <LlNENU>AfL«UNOI) " ^ . tw
<FLOWCHART>AlF=U0(AiL,UIU0(*FUN* ,*UHS,"BfVAL».C/fF) *),UOl*NXT*,A^N)))
<CHECKTYPE>AlC*COND<EQUlSELl*C0*,SELI*TYPE*,SELI*8tVAL*,A?S))),

• .*C'.r*l,*CfC* , * ILLEGAL*)
CfS»A*"S

<COMMAND LIST>A=<ASSIGNMENT COMMAND>B *;* <CCMMAND LIST>C?
m .0*<ASSIGNMENT COMMAND>£
* ' <NEXT>N

<SYMBOLTABLE>S
<LlNENO>AfL=Bn;D/tL*E^L

. <FLOWCHART>AlF=UlB^F,C/ivF);O^FaE^F
i XCHECKTYPE^C-CaNDtEQUMBlC'LEGALM^CtCS 'ILLEGAL*);OfC*£rC

BTN«C*L;BfS=AfS
C-;N=A4N;CPS=AfS
E1N*DfN;EfS*DtS

END '

(t%
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TYPE'S are represented by Vienna objects of the form

where the CD component is the string representing the type, and

the DMN and RNG components are the types of the domain and range,

respectively. Types are created by the rule

<TYPE DESIGNATION>A=,N»;B=,C <TYPE LIST>C •-' <TYPE DESIGNATIONS ')'

<TYPE>AtT=U(UO(,RNG,,,N,),UO('CD,,,N'));
.BfT^fUOCDMN'.CtD.UOCRNG'/DtO.UOCCD'.'BtC'))

The SYMBOLTABLE has an entry for each identifier in the pro

gram, and the component selected by an identifier i is a VO of the

form

KIND/ \TYPE

Ki

where t. is the type of the object associated with i_, and

("NAME" if i_ is a function name

k.=("PARAM" if i_ is a formal parameter

("VAR" if i is a simple variable

The SYMBOLTABLE is passed to practically every node in the parse

tree.
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1^ Each expression has a type given by the following rule:

<EXPRESSION>A=<PRIMITIVE 0BJECT>B;
,C=<IDENTIFIER>D;
.E='SQ(' <EXPRESSION>F ')';
.G='(' <EXPRESSION>H '+' <EXPRESSION>I ')';

** .J=<IDENTIFIER>K '(' <ARGLIST>L ')';
.M='(IF ' <EXPRESSION>N '>' <EXPRESSION>0 ' THEN ' <EXPRESSION>P ' ELSE '
. <EXPRESSION>Q ')'
.

<TYPE>AtT=BtT;
^ .Cfr=SELCCD»,D+T);

.E+T='N»;

.GtT='N';
.J+T=SEL('RNG',KfT);

.MfT=PtT

Corresponding to the same syntactic rule, the CHECKTYPE attri

bute is defined by

m <CHECKTYPE>AtC='LEGAL';.
.C+C='LEGAL' •
!eK=COND(EQU('F+T F+C','N LEGAL'),'LEGAL','ILLEGAL');
.GtC=COND(EQU('H+T HtC ItT IfC'N LEGAL N LEGAL'),'LEGAL','

ILLEGAL');
•JfC=LtC*

m !MfC=COND(EQU('NtT N+C 0+T OfC PfC QfC','N LEGAL N LEGAL LEGAL
LEGAL'),

.CONDUQUCPfTVQfr'),'LEGAL', 'ILLEGAL'),'ILLEGAL')



CHECKTYPE is also defined for each actual argument passed to

a procedure. The rule checking that arguments are of the correct

type is

<ARGLIST>A=<EXPRESSION>B ',' <ARGLIST>C;D=<EXPRESSIONS

145

<CHECKTYPE>AtC=COND(EQU('BtC C+C,'LEGAL LEGAL'),
.COND(EQU('B+T',SEL('CD',SEL(A+I,A+A))),'LEGAL','ILLEGAL'),'ILLEGAL');
.DfC=COND(EQU(,EfT',SEL('CD',SEL(D+I,DtA)))»,EK',' ILLEGAL')

CHECKTYPE is also defined when an assignment to a variable is

made; the rule checking for type compatibility in an assignment

statement is

ASSIGNMENT COMMAND>A=<$ALPHA>B '=' <EXPRESSION>C

<CHECKTYPE>AfC=COND(EQU(SEL('CD',SEL('TYPE',SEL('B+VAL',A+S))),
.'C+T'j.'CK* ,'ILLEGAL')

Whenever a CHECKTYPE attribute has the value "ILLEGAL", this

value is passed up the parse tree and becomes the value of the

CHECKTYPE attribute for the root node. For example, the following

rule defines the value of CHECKTYPE for a command list to be "IL

LEGAL" if any single command has the value ILLEGAL for CHECKTYPE:

<C0MMAND LIST>A=<ASSIGNMENT C0MMAND>B ';' <C0MMAND LIST>C;
.D=<ASSIGNMENT C0MMAND>E
•

<CHECKTYPE>AfC=COND(EQU('BtC','LEGAL'),'CtC','ILLEGAL');DtC=EtC



4.7 Mini-Language 7: Dynamic Type Checking

4.7.1 Ledgard's Description (Verbatim)

Description of Language Elements

Primitive objects in mini-language 7 are the same as in mini-

language 6.

A declaration is a string of the form dec f(£):=e, where f_ is

an identifier, I is a list of identifiers, and e_ is an expression

(defined below) such that each identifier in I must be different,

and each identifier in e must occur in £. A declaration of this

form assigns to f the function from arguments whose domain includes

any object into the value of the expression e_ obtained by replacing

the identifiers in I by their corresponding arguments. No single

type is associated with an identifier denoting a function.

Expressions are of any of the following forms:

1)R

2)1

3) SQ(e)

4) (d+e)

5) f(e19...,en)

6) (if d>e then e, else e2),

where p_ is a primitive symbol, i_ and £ are identifiers, and c[, e_,

e,,...,e are expressions.

Expressions and their types are evaluated as follows:

1) The value of a symbol £ denoting a primitive object x_ is the

primitive object x. The type of the value is the type of x.
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2) The value of an identifier i_ is the object x currently assigned

to i_. The type of the value is the type of x.

3) If e is an expression whose current value is of type N,, then the

value of SQ(e) is the numerical square of the value of e, and

the result is of type H.

4) If d and e_ are expressions whose current values are of type H,

then the value of (d+e) is the numerical sum of the values of d

and e, and the result is of type N..

5) If e-.,...,en are expressions whose current values are v19...,vn

and whose types are tp...,t ,then the type and value of

f(e.j,...,en) are the type and value of the result of applying the

value of f to v-j,...,v .

6) If d and e are expressions whose values are of type N_, then the

value and type of (if d>e then e-j else e2) are either the value

and type of e-,, if the numerical value of d is greater than the

numerical value of e, or of e«, if the numerical value of e_ is

not greater than the numerical value of d.

A program (defined below) is in violation if, in the evaluation

of an expression, any of the following conditions arises:

1). the value of the expression e in SQ(e) is not of type N_;

2) the value of either expression d or e in (d+e) is not of type N;

3) the number r^ of arguments in an expression f(e, ,...,e ) does

not match the number of arguments in the declaration of the func

tion associated with fj or

4) the value of either expression dore in (if d>e then e^ else

e2). is not of type N.
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An assignment command consists of a string of the form i:=e,

where 1_ is an identifier, and e is an.expression. The execution of

an assignment command results in assigning the value of e to U

Program Execution

A program consists of a sequence d of declarations followed by

a sequence c of assignment commands such that each function identi

fier occurring in c is declared once and only once. The conventional

meaning for execution of programs is assumed.

EXAMPLE 1:

dec F(X):=SQ(SQ(X))
A:=l
B:=2

C:=F
D:=C(B)

EXAMPLE 2:

dec F(P,X,Y)
dec G(X,Y)
dec H(P,Q)
A:=F(G,1,2)
B:=F(H,SQ,SQ)

EXAMPLE 3:

=P(X,Y)
=(X+Y)
=P(Q(2))

dec F(X,Y):=(if Y>3 then (X+Y)
else X(Y))

A:=5
B:=6

C:=F(A,B)
A:=SQ
B:=2

D:=F(A,B)
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EXAMPLE 4.(leads to a type violation):

dec F(X,Y):=(if Y>3 then (X+Y)
else X(Y))

A:=5

B:=6

C:=F(A,B)
A:=SQ
D:=F(A,B)

In Example 1, the final values of A, £, C_, and £ are, re

spectively: the natural number 1, the natural number 2, the func

tion for computing X , and the natural number 16. In Example 2, the

final values of A and £ are the natural numbers 3 and 16, respective

ly.

In Example 3, the final values of A, £, C> and D_ are: the

function for squaring a natural number, the natural number 2, the

natural number 11, and the natural number 4, respectively. Note

here that £ is successively applied to objects of different types.

Furthermore, the declaration of F could not be syntactically legal

in mini-language 6 since no type specification for X and X could

lead to identical types for both (X+Y) and X(Y); i.e., £ cannot be

both a natural number and a function.

The final values of A, £, and £ in Example 4 are: the function

for squaring a natural number, the natural number 6, and the nat

ural number 11, respectively. The final value of [J is undefined

since execution of the statement "D:=F(A,B)U leads to a type vio

lation. The type violation occurs in the attempt to add the square

function denoted by A to the number 6 denoted by &.



4.7.2 Discussion

Values manipulated by mini-language 7 are either integers or

functions. As usual, functions will be represented by their names

Each value will be represented by a Vienna object which also in

cludes type information. Specifically, each value will be rep

resented by a V0 having two components, a component selected by

VAL and a component selected by TYPE. The evaluation of an expres

sion or a function call in mini-language 7 also produces a value

representation of this type. The VAL component is the value one

would expect, and the TYPE component is the type of the VAL com

ponent, in the same notation used for expressing types in mini-

language 6. For example, evaluation of the expression (5+7) in

mini-language 7 produces

TYPE

12 N

The above representation provides the information necessary for

checking for type compatability. Types must be checked at the fol

lowing times (corresponding to the four kinds of type errors):

• 1) Whenever SQ(e) is evaluated, e must be of type N.

2) Whenever an expression (d+e) is evaluated, both d and e

must be of type N.

3) Whenever afunction f(elf...,en) is called, the number of
parameters in the parameter list must be identical to the
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number of formal parameters in the declaration of f.*

4) When an expression of the form (if d>e then e, else e«)

is evaluated, both d and e_ must be of type N.

Undoubtedly, the easiest way of accomplishing the checks of

types 1, 2, and 4 above would be to assume the existence of basic

functions SQ', ADD', and SELECT* for mini-language 7, which take

as arguments VO's having two components (VAL and TYPE) and return

the desired result if there is no type conflict, or the VO

TYPE

TYPE ERROR

if a type conflict occurs. These functions could be used to de

fine the corresponding operations in the language, and there would

be little more to do. Essentially this was the approach taken, ex

cept, rather than assuming the existence of basic functions SQ',

ADD', and SELECT', their definitions are incorporated into the def

inition of mini-language 7.

Functions are normally defined by expressions; however, by

this time, the reader should be familiar with the concept of de

fining functions using recursive functional equations (equivalent-

ly, flowcharts). This is the way in which we will define ADD',

*This check could be made before execution; however, this did not
dawn on the author before the formal definition was written, and
hence it was done the hard way, dynamically. Since this exercise
was somewhat pointless, it will not be discussed in this section
any further.
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SQ', and SELECT'. The explicit semantic equations constructing

the recursion equations for the functions will be discussed in

the next section. For example, the set of functionals defining

SQ' is, letting t'=the type of the argument, and u'=the value of

the argument,

FQ=if t'=N then F] else F2

F1=U(U0(TYPE N),UO(VAL,SQ(f))

F2=U0(TYPE,TYPE ERROR)

where SQ is a basic function defined for integers and returning the

square of the value of the argument. The function definitions for

SQ', ADD*, and SELECT1 are incorporated into the PROCLIB attri

bute of the root node of the program, which also includes flow

charts for each function defined by a function declaration. The

state vector function for expressions of the form SQ(e), (d+e),

(if d>e then f else g) are formed by applying the corresponding

function SQ', ADD', SELECT' defined in PROCLIB. For example, the

state vector function corresponding to SQ(e) will be

APPLI(SEL(SQ,PROCLIB),fe)

where f is the state vector function corresponding to e.
e
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4.7.3 Formal Definition

The basic functions used in defining mini-language 7 are the

same ones used in defining mini-language 6 (see Section 4.6.3).

Following the formal definition, the most significant attri

bute equations will be discussed.
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(RS ' ' ' '

MINI-LANGUAGE 7

SYNTACTIC AND SEMANTIC DESCRIPTION

f» <PROGRAM>A=<DEC LIST>B •;• <COMMAND LIST>C •;ENO«
<FLOrfCHART>AfFsC*F
<PROCLI B>Al P»U t Bt P ,

:SliKESUBC-SO'.l.-EQUISEL(TYPEL.SEL(l,Slli;-N-IS-U|yOiTyPEL.-N-J^
.UO(VALL,SEL(VALL,SELd.SU * SEL( VALL.SbLi US) JU •i
:MAiESUBl'ADDS2.»ANDlEQU(SEL(TYPEL,SEL(L.S)l,«N-),EQUlSELtTYPEL,

ft. .Seu2,S)),«NM))«,»U(U0ITYPEL,«N"),U0lVALL.SEL(VALL,SEL(l,S)) * SELiVAL
1l.
.SEL(2,S>n>»>

ImaILsUBC* SELECTS*.'ANDIEQU(SELITYPEL,SEL( I.S>J»".N«).

^SEl"^^^

:"ppl??Ulc^
• HI)
CfN=,NUL»;CfS*BtS

DECLARATIONS* DEC • <$ALPHA>B •(• <FPLIST>C •>«» <EXPRESSION>D
<DECL <SYMBOLTABLE>A^S=U0CaWAL».U0l»KlND«,*NAMEM)

(ft. <pR0CLIB>A1P=U0CBtVAL«,UlU0l«ARGN0«,CtN)tU0( 'FLOWCHARTS
.UOCO.UIUOl'FUNS'DtFM.UOCNXT',NUDUM)
CI 1*1
D*S=Ct$

<DEC LIST>A»<DECLARAT10N>B •;• <DEC LIST>C;D=<DECLARATI0N>6
<PROCLIB>ArP»UlBrP.CiPJ;DtP=ErP

^ <SYMB0LTABLE>A/(S=U(B1S.C1S);D'JS»E1-S
(Si" • ' . •

;- ' <FPLIST>A=<$ALPHA>B %• <FPLIST>C;D=<$ALPHA>E
<INDEX>1

<SY^L^^.D S=UO(«ETVALSU(UO(,NO«,Dn),UOCKlND«,,PARAM«)II
C^Atl ♦ I

<IDENTIFIER>A=<$ALPHA>B
<SYM30LTABLE>S
<VALUE>A1*VS •Bt'VAL*<FUNCTION>A^F=CONDIEQU(SEL<«KlND',SELl«BfVAL«.AlS))t,NAME,»f
.•UtUO^VALL,"B/^VAL")»UO{TYPEL,MNAMb"))•.
.CONDlEQUlSEL(«KlNDSSEL(«a?VAL».AfS)).«PARAM»)»
• «SEL(« SEL{«NOSSEL('BtVAL,.A'tSn '.SIS

ft" '" #»SEL(HB^AL"iS),IJ

ASSIGNMENT COMMAND>A«<SALPHA>B •=• <EXPRESSION>C
<N6XT>N

<sym80ltable>s

<fSa^t^
- • CtS»AtS
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<command list>a=<assignment command>b •;• <command list>c;
•d=<assignment commano>e

<NEXT>N

<SYMbOLTABLE>S
<LINENO>AtL=BtL;DtL»E^L

ft <FLOwCHAKT>ATF«U(BTF,CtF);0'tF»EfF
b^n=c44l;b1s=aTs
CtN=A<N;CVS«A4S
ElN=D*N;EtS»DfS

<primitive object>a=<snumbr>b;C=«sq»;d*««-«
<VALUE>A*V=B?VAL;C4V=»"SQ",;DtV="»ADD"«

" <TYPE>AtT=»N»;Ctr=«(N.N)«;Dn=MN,N_NJ»

<expression>a=<primitive object>b;
.C=<lDENTIFIER>Oj
•E«(SQ(a <EXPRESSION>F •)•;
• G=M» <EXPRESSION>H •♦• <EXPRESSION>I •>•;

•.J:Jur"«SREsi{i '̂̂ "«»U«IOM»0 . THEN • <«PRESSION>e • ELSE •
ft . . . <EXPRESSION>Q •)•

<SYMBOLTABLE>S . t a qa„ ,»..<FUNCTION>AfF*«UCU0CTYPEL»"B4T">,U0lVALL.B?V >>-5

".EtF=«APPLnSEL(«FLOWCHART». SEL("SC", PROCLIB) >'̂ 01 l.FfFI I•;:GtF=«APPLl(SEL(«FL0wCHART».SELM«ADD%PA0CLlB)).U(U0(l.H'/F).U0C2,irF))l
t •IjtF=*APPLI.(SEL(-FLOHCHART»,SEL("APPLl",PROCLlBI)tUlUO(l,K^F>,

ft IIO(? lT F) ) ) • "!Mlt==»APPLMSEL(«FLOWCHART»,SEL( "SELECT". PROCLIB) If
.UtUlUOll.NfFI.UOU.OtfntUtUOU.PtFI.UO^.Qf-F))!)'
Qn=MtS
DfS=CTS
FfS=E?S
HJTS-G* s .

ft' 'If6!!
LTS«J*S
n^s«m4s
OlS«MtS
P^S=MtS

<ARGLIST>A=<EXPLIST>B
m <SYMBOLTABLE>S

<FUNCTION>A F*«UIU01"NO".B Nl.B FJ»
Bfs«Ars;B^i*i

<EXPLlST>A=<EXPRESSION>B S« <EXPLlST>C;0=<EXPRESSION>E
<SYMBOLTABTE>S
<INDEX>I
<NO>AfN=l ♦ C^NSDtN=l _ .ft-'"' <FUNCTION>AfF«»U(U0(AtI,BtFI.CtF)»;DtF=»UOiDtL,EtFI«
B4S*AfS
C1S=A'!S;C/H*A1I ♦ 1
ECS^D^S

END
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The functions SQ\ ADD', and SELECT' discussed in the preced

ing section are defined by the rule

<PR0GRAM>A=<DEC LIST>B ';' <C0MMAND LIST>C ';END'

<PR0CLIB>AtP=U(BfP,

!SkESUB('SQ,,1,'EQU(SEL(TYPEL,SEL(1,S)),"N")','U(U0(TYPEL,"N"),
.U0(VALL,SEL(VALL,SEL(1,S)) * SEL(VALL,SEL(1 ,S))))')

isUB('ADD',2,'AND(EQU(SEL(TYPEL,SEUl,S)),"N"),EQU(SEL(TYPEL,
.SEL(2,S)),,,N"))',,U(U0(TYPEL,"N,,),U0(VALL,SEL(VALL,SEL(1,S)) + SEL
.(VALL,
.SEL(2,S))))')

iMAKESUBCSELECT'̂ .'ANDfEQUfSELaYPEL.SELd.S)),"^),
.EQU(SEL TYPEL,SEL(2,S)),,,N"))', , % oXXix
.'SELECT SEL(VALL,SEL(1,S)),SEL(VALL,SEL(2,S)),SEL(3,S),SEL(4,S))',
.MAKESUB('APPLI',2,'EQU(SEL(MAR6N0n,SEL(SEL(VALL,SEL(l ,S)),PROCLIB)),
SELC'NO" SEL(2 S)))',;'APPLI(SEL("FL0WCHARfu,SEL(SEL(VALL,SEL(l,S)),PR0CLIB)),SEL(2,S))')

The set of recursive equations defining each of these functions has

the form

FQ=if p then F-j else F2

Frfi
F2=U0(TYPE,TYPE ERROR)

where ^is a predicate and f1 corresponds to SQ, ADD, and SELECT.

The Vienna expression defining such a set of equations is complex,

and rather than writing it for each of the functions SQ', ADD', and

SELECT', the function MAKESUB was defined by the expression, and

used in its place. MAKESUB is found in lines 60700-61100 in Appen

dix II. Note that the use of MAKESUB is entirely a matter of con

venience.
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State-vector functions corresponding to the operations of SQ,

ADD, and SELECT in mini-language 7 are defined by the rule

<PROGRAM>A=<DEC LIST>B •;• <COMMAND LIST>C SEND*
<FLOWCHART>A/TF=C^ F
<PR0CL1B>A1P»U(B*P»
.U{
•MAKESUfl(,SQ»,l.»EQU<SELCTYPEL»SELtl,S)),"N»>«,,U(UO(TYPEL."N"J»
• UOCVALL.SELIVALL.SELU.S)) ♦ SEL(VALL.SfcLCL,S)J))•i
• VU(
•MAKESUB! »ADDS2.,AND(EQU(SEL(TYPEL.SEL(l,S)l,"N"),EQU(SEL(TYPEL.
.SEH2»S).),MN")),»,U(U01TYPEL,"N"),U01VALL, SEL( VALL .SEL (1 ,S )) * SELCVAL
• L.
.SEL(2,S>)))') .
.,U<
• MAKESUBi •SELECT»,^.,ANO(EQU( SEL ITYPEL.SELIi.S) J f".N")t
• EQU(SEL(TYPEL.SEL{2,S))."N"))• .
• «SELECT(SEL(VA,LL,SELC1,S)).SEL«VALL»SEL12,S)),SELt3.S).SEL14,S)) • ) .
•MAKESUBI'APPLI*.2.'EUUiSELl"ARGNO"»SELlSEL(VALL.SELiI.S>>,PROCLIB)>,
• SELCNO'SSEL^.S)))1,
• •APPLUSELlnFL0WCHART",SELCSELl VALL, SEL U,S) I,PROCL IB) ),SEL(2tS))«)
• >)))

In each case, the state vector function consists of applying the

appropriate element of PROCLIB.

4.8 Mini-language 8: Structured Data

4.8.1 Ledgard's Description (Verbatim)

Description of Language Elements

Along with the natural numbers, the primitive objects of mini-

language 8 include a class of objects called "pointers." The val

ue of a pointer is the location at which another object is stored.

In diagrams, a pointer is represented by a directed arrow termina

ting at the location of an object. Also included in the class of

pointers is a special object, represented by the symbol A» which

is interpreted as the "null" pointer - i.e., a pointer with no as

sociated location.



A structure is either a primitive object or an rr-tuple of ob

jects (n=2) each of which is, itself, a structure. A structure is

represented in diagrams by a block, as'shown in Figure 1, in which

each element a. in the block is either the representation of a prim

itive object, if the element denotes a primitive object; or a "dot

ted arrow" to another block, if the element denotes an iv-tuple of

objects or a subcomponent of the object being represented.

al
a2

an

FIG. 1. Block representation of an n-tuple,

A structure identifier consists of a string of two or more

capital English letters.

A component identifier consists of a string of two or more

lower-case English letters.

A unit descriptor is a symbol whose value is a class of ob

jects. "Primitive" unit descriptors are the symbols "num," "ptr,"

or "prim," which denote, respectively, the class of natural numbers,

pointers, and primitive objects (natural numbers and pointers). A

"named" unit descriptor is a structure identifier and denotes the

class of objects defined in the declaration of the structure iden

tifier (structure declarations are defined below). A unit descrip

tor is either a primitive unit descriptor or a named unit descrip-

158



159

tor.

A component descriptor is a string of the form

[c]:u1 c2:u2 ... cn:un]

where the c, l=i=n, are component identifiers, and u.., l=i=n, are

unit descriptors. A component descriptor denotes the class of

rHtuples of objects obtained from the Cartesian product of the sets

denoted by u,,u2,...,un.

A structure declaration is a string of either the form

dec s=d

or

dec s=s..d, v s2d2 v ... v sndn

where s, s, s- are structure identifiers, and d, d1,...,dn are

component descriptors. Structure declarations of either of these

forms define s_ as representing members of the class of structures de

fined either by d or jointly by d1,d2,...,dn, and define each struc

ture identifier s., l=i=n, prefixing a component descriptor as rep

resenting the class of structures defined by the component descrip

tor d.. For example, consider the following structure declarations.

1) dec INFO=[birthday:num|salary:num|period:num]

2) dec ACCOUNT=[iden:num|employee:INFO]

3) dec LIST=UNILIST[atom:prim] v PAIR[head:prim tail:LIST]

4) dec TREE=UNITREE[leaf:num] v BINTREE[node:num £b:TREE|rb:TREE]

The first declaration defines a set of*triples each of which con

tains three natural numbers, such as the objects represented in

Figure 2. The second declaration defines a set of pairs of which



the first element is a natural number (perhaps a social security

number) and the second is an object defined in the first declara

tion, such as the objects represented in Figure 3. The third de

fines a class of objects called "lists," some of whose members are

represented in Figure 4. The encircled object in Figure 4 is,

strictly speaking, not part of the list, but represents one object

to which the pointer might point. The fourth declaration defines a

class of obfects called "trees," some of whose members are repre

sented in Figure 5.

1921 1932 1943

300 200 100

30 30 30

FIG. 2. Some objects defined by Declaration (1).

1921 1932

————

1943

300 200 100

30 30 30

FIG. 3. Some objects defined by Declaration (2).

H3_

03—CE—03—0

FIG. 4. Some objects defined by Declaration (3).
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jL 1

2 |3

FIG. 5. Some objects defined by Declaration (4).

A constructor expression is a string of the form (cons s)(£),

where s_ is a structure identifier declared in a structure declara

tion, and £ is a list of expressions (an expression is defined be

low) whose value is a list of objects. The value of a constructor

expression is an instance of the use of the objects of the list

by the structure s_. For example, using the structure declarations

given previously, the evaluation of the following four constructor

expressions results in the construction of the four objects of Fig

ure 6:

1) (cons INF0)(1921,300,30)

2) (cons ACCOUNT)(022325795,(cons INF0)(1921,300,30))

3) (cons PAIR)(1,(cons PAIR)(2,(cons PAIR)(3,A)))

4) (cons BINTREE)(1,2,3)

161



1921

300

30

(I)

022325795 —*• 1921

300

30

(2)

1
r—

_.__ 2
- —m—a: i

/ \

(3)

/

/
/

/
2

(4)

\
\
\

\
3

FIG. 6. Objects constructed by 4 constructor expressions.

In general, the value of aconstructor expression (cons s)(£)

is obtained as follows:

1) The expression list I is evaluated yielding a list of objects

jc. =Xi 9X«,... >x .

2) Let d be the component descriptor

[c.:u.|c2:u2|...|cn:un]

for s_.

3) The value of (cons s)(l) is the n-tuple of objects constructed

from the x...

4) The case where more than one component descriptor is given for

s_or where the n-tuple constructed from the xi is not a member

of the set denoted by s_ is in violation.

A selector expression is a string of the form c^e), where c..

is a component identifier, and e is an expression. If c.. is the

i-th component identifier for a component descriptor d, and if the
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value of e is an object x contained in the class represented by d,

then the value of the selector expression c^(e) is the i-th com

ponent of x. The case where the value of e is not a member of the

class represented by d. is in violation.

A pointer expression is a string of the form ptr(e), where e

is an expression. The value of a pointer expression is a pointer

to the object defined by e. A value expression is a string of the

form val(e), where e is an expression. If e is an expression whose

value is a pointer to an object x» then the value of val(e) is x;

if not, then the value of val(e) is in violation.

An expression is either an identifier, constructor expression,

selector expression, pointer expression, or value expression.

An assignment statement consists of a string of either the form

1) i:=e, or 2) c.(e)=e., where i_ is an identifier, c^ a component

identifier, and e, e, are expressions. Let y_, v^ denote the values

of e, e,. The execution of an assignment statement of form (1) re

sults in assigning a "copy" of y_ as the value of i_. The execution

of an assignment command of form (2) results in assigning a copy

of v, as the value of the c. component of the value of Cjf provided

v, is an instance of the class denoted by c.. If not, then the com

mand is in violation.

A predicate is a string of the form (is (s)(e))» where s_ is a

structure identifier, and e is an expression. The value of a pred

icate is the truth value "true" if the value of e is an instance of

the class of objects represented by s_. Otherwise the value is
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"false".

A repeat statement is a string of the form

if pthen c, else repeat after c2

where p_ is a predicate, and c, and c2 are assignment commands. The

execution of a repeat command is as follows: if the value of p_ is

"true," then c, is executed; otherwise c2 is executed, and the re

peat statement is, itself, executed again.

Program Execution

A program consists of a sequence s_ of structure declarations

followed by a sequence £ of assignment and repeat commands such

that: each declared structure identifier is different; each struc

ture identifier in the program is declared; each component identi

fier in s_ is different; and each component identifier in _t occurs

in s_.

EXAMPLE 1:

dec LIST=UNILIST[atom:prim] v PAIR[hd:prim|t£:LIST]
dec TREE=UNITREE[leaf:num| v BINTREE[node:num|£b:TREE|rb:TREE]
A:=(cons BINTREE)(1,2,3)
B:=(cons BINTREE)(4,5,6)
C:=(consPAIR)(l,(cons PAIR)(ptr(A),3))
P:=ptr(C)
if(is BINTREE)(val(B))then
hd(val(P)):=ptr(B)

else repeat after
P:=ptr(U(val(P))
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EXAMPLE 2:

dec PERSON=[birthday:num|dad:ptr youngestkid:ptr]
A :=(cons PERSON)(1000,A,A)
I :=(cons PERSON)

(1930,ptr(A),A)
youngestkid(A):=ptr(I)
J :=(cons PERSON)

(1932,ptr(A),A)
youngestkid(A):=ptr(J)
X :=(cons PERSON)

(1955,ptr(I),A)
youngestkid(I):=ptr(X)

After execution of the first three commands in Example 1, the

objects of Figure 7 are formed. Execution of the remaining state

ments in the program results in the conversion of these objects to

those shown in Figure 8.

In Example 2, we wish to develop a structure that gives the

date of birth of the decendants (sic) of a person named A and, for

each offspring, the names of his father and youngest child. The

first command represents the birth of A. The next four commands

represent the successive births of children l_ and J_ to A, and the

subsequent two commands represent the birth of child X^ to I_. The

structure of Figure 9 is obtained after execution of these commands

C:

1

/ \

\

/
/

\
\

2 3

q_ r

B:
4

I \
5 6

FIG. 7. Objects formed by the first 3 commands of Example 1.
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C:

/ \
/

/ \

2 3

-->• 3

^

B:
4

\
1

1

i

\
\

\

5 6

FIG. 8. Objects formed at the completion of Example 1

FIG. 9. Objects formed at the completion of Example 2(in mini-lan
guage 8).
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4.8.1.a Notation

Only capital letters are used.

Angle brackets < > are used in place of square brackets [ 3 in

component descriptions.

Slashes (/) are used in place of vertical lines in component

descriptions.

The null pointer is denoted by * rather than A.

A structure declaration is a string of either the form

DEC s=d

where s_ is a structure identifier and c[, a component description

or

DEC s=St v s0 v ... v s„
I c n

where s, s,,...,s are structure identifiers.

Declarations are required for simple variables.

4.8.2 Discussion

Clearly, the structured data objects of mini-language 8 can

be faithfully represented by Vienna objects. For example, an ob

ject of the type defined by the structural declaration

DEC s= c,:s,/c2:s2/.../cn:sn

will be represented by a VO of the form

where o is a representation of an object of type s.. The TYPE
5i 1

167



component is included in the representation so the type of any struc

tured object can be determined easily.

The numerous operations in mini-language 8 can be translated

into corresponding Vienna operators (or combinations of Vienna oper

ators). Each expression will have an associated state vector func

tion corresponding to evaluation of the expression on the left side

of an equals sign (LHSFUN) and on the right side of an equals sign

RHSFUN). Each of these will be discussed in detail in the next sec

tion. "Pointers" and "locations" are handled as in mini-language 2,

and are discussed in Section 4.2.2.

For each structure identifier s_, there is an entry in the

IDLIST attribute of the root node of the program for s_; if s_ is de

clared in a declaration of the form

DEC s=d

where d is a component description, this entry has the form

xxx

If £ is declared in a structure declaration of the form

DEC s=s, v s0 v ... v s„
I c n

then the entry for s has the form

xxx
xxx
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iii

This table is used in the evaluation of predicates; thus the pred

icate (IS s)(e) corresponds to the state vector predicate

ELEM(SEL(TYPE,fe),SEL(s,IDLIST))

where f is the state vector function corresponding to the expression

e, and ELEM is a basic predicate defined by

ELEM(s,o)=IRUE if SEL(s,o)?<NULL

ELEM(s,o)=FALSE if SEL(s,o)=NULL

4.8.3 Formal Definition

The basic functions used in the definition of mini-language 8

are

1) the Vienna operators UO, U, Ul_, and SEL.

2) the predicate ELEM(a,3), where a is a string and B, a VO.

ELEM is defined by

(TRUE if SEL(a,3)?«ri

ELEM(a,3)=(

(FALSE otherwise

Following the formal definition, the most significant attri

bute equations will be discussed.
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MINI-LANGUAGE 8

SYNTACTIC AND SEMANTIC DESCRIPTION

<PROGRAM>A=<DECLARATION LIST>B ••» <COMMAND LIST>C •;.END«
<FLOWCHART>A F=U(BtF,C*F>
<IDLIST>A I=B+I
Cn=BfT;C+N=»NUL"
B|N=CtS

DECLARATION L1ST>A=<DECLARATI0N>B •;• <DECLARATION LIST>C;D=<OECLARATlON>E
<NEXT>N
<STATENOO>AtS=BtS;DfS=EtS
<IOLIST>A>M=U{BtI,CfI);DtI*EtI
<TYPETABLE>AtT=U(BtT,CtT);Dtt=E*T
<FLOKCHART>A1-F=U(BtF,CtF);OtF=EtF
B*N=C4S
CfN=A*N
E*N»DfN

<DECLARATION>A=«DEC • <VARLIST>B; „,,.,„„..,
•O'DEC • <$10ENT>D •«• COMPONENTS DESCRI PTOR>E;
.F»»DEC • <$IDENT>G •=• STRUCTURE LIST>H

<NEXT>N a
<STATENO>AtS=UNOU;CfS=CtN;FfS=FfN .„*,.,.,„*,. U4, •<IDLIST>A'M=«NUL»;C^I=U0{»DtVAL«.U0(»DfVAL«»,XXX»));F^I=UO(,G|VAL,.HtL)
<TYPfcTABLE>AfT=•NUL,;CtT=UO^•DtVAL•.EtS);F|T=•NUL•
<FLOWCHART>AfF=U0IA^S,U(UO('FUNS'bfF').UU(»NEXI«,A|N)));C*F*'NUL»;
.F+F=»NUL«
Bfl =«l«

COMPONENTS DESCRIPTOR>A=»<« COMPONENT LIST>B •>•
<STRUCTURE>AfS=BfS
Bfl«»l«

COMPONENT LIST>A»COMPONENT DESOB • / • COMPONENT LIST>C;0=<COMPONENJ DESC>E
<INDEX>1
<STRUCTURE>AtS=U(BfS»CtS);D*S«EfS
C*I=A*l ♦ I
BtI*AtI
EfUDtl

COMPONENT DESOA=<$IDENT>B •:• <$IDENT>C
<INDEX>I
<STRUCTURE>AfS=UO(AtI,»BtVAL«)

<STRUCTURE LIST>A=<$IDENT>B • C • <STRUCTURE LI.ST>C;D=<tIDENT>E
<LIST>AH=U(CtL.UO(,BtVAL»,,XXX« ))JD L=U0( «EfVAL» ,"XXX« )

<VARL1ST>A=<$IDENT>B •»• <VARLlST>C;D=<SIDENT>E

<FUNCT ION>AtF=»U(CtF.UOlMB1VAL»,OMEGA) )»;DtF=»UOlwEtVALM,OMEGA)*
CfI=A 1*1

COMMAND LI ST>A=<COMMAND>8 •;• <COMMAND LIST>C;D»<COMMAND>E
<NEXT>N
<TYPETABLE>T
<STATENO>AtS=&tS;D^S=EtS
<FLOWCHART>A;F=U(BtF,CtF);DtF=EtF
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BH=AU;BfN=C+S
C?T=A4T;C*N=ATN
ElTsD^T^TNsDtN

~ <C0MMAND>A=<ASSIG*NMENT STATEMENT>BJC=<REPEAT STATEMENTS
k <NEXT>N

<TYPETABLE>T
<STATENO>AtS=B^S;CtS=DtS
<FLOHCHART>A^F=B^F;CtFsDtF
B^N=AlNjBfT=A*T
DfN=(/»N;D*T=CtT

& <ASSIGNMENT STATEMENT>A=<$IDENT>B •=• <EXPRESSION>C;D=<$IDENT>E
. •(» <EXPRESSION>F •)=• <EXPRESSION>G

<NEXT>N

<TYPETABEE>T
<STATENO>AtS=UNO();D/hS=UNO() ^A«im.. ,nMueyT1 A*u%
<FLOrfCHART>A*F=UOCA S,U(UO(«FUN«,»UIS,UOl "BfVAL",C*R))•).UO("NEXT*,Af N)

!D'TF=UO(D'rS,U{U0(,FUN»,«Ul(S.COMPOS("Et-VAL,»tF^Ll.Gf'R)M .
f> .fUO(»NEXT»,D*Nl)l

CfT=A4T •''':•*.
F4T=D*T
G*T=DfT • •

<REPEAT STATEMENT>A =MF • <PREDICATE>B • THEN • ASSIGNMENT STAT£MENT>C
. MELSE REPEAT AFTER • ASSIGNMENT STATEMENTS

m <NEXT>N
^ <TYPETABLE>T

<STATENO>AfS=UNOC) ,..,.,,,..
<FLOWCHART>A(F=U(UOlAn.U(UO(«FUN«,«ID(S)M.UOl'NEXrS,COND(I^P.CtS.DrS
.rm.ui^F.oJ^))
C*T=An;C*N=A*N ! •
D*T=AlT;DtN=AtS
BtT»AtT '

@H . . ' ' ' •
<PREDICATE>A=MIS • <$IOENT>B •)(• <£XPRESS1QN>C •)•

<TYPETABLE>T
<PREDlCATE>AfP=«ELEM( SEL<TYPEL,C*R),SELI"B*VAL".IDLIST))•
Cf-T*A*T

<expression>a=<$ioent>b;

•c=<$numbr>d:
P . • .e=constructdr expressions;

.i=<pointer expression>j;

.k=<value expressions;

.g=<selector expressions
<typetable>t
<LHSFUN>AtL=,nB^VAL"« ;CM*«NUL«;

• EtLaFlL;G4vLaH'!t;IH«J*L;K^«Ll*L
m <RHSFUN>A'̂ R=•SEL(WB^VALM,SI,; •• •
^ . . .CtR=DtVAL;

.E^R=F1-R;GtR=HlR;nR*J'R;KTR=L;R
F*T»E*T;H*T«G+T;Jlr»MT;L*T»KfT

<CONSTRUCTOR EXPRESStON>A=«CCONS • <SIOENT>B •)(• CONSTRUCTOR LIST>C ')'
<TYPETABLE>T
<RHSFUN>A'?R=,U(UO(TYPEL,"B<VAL" ) .CfF ) •

<«, <LHSFUN>A^L=«SLX{UO(UNO(),AfR))«
C C*SELl«B*VAL«.AfT)



^

^

CTi*«l»
CtT=AT

CONSTRUCTORLIST>A=<EXPRESSION>B•.'CONSTRUCTORLlST>C;O*<EXPRESSI0N>E
<TYPETABLE>T
C0MP0NENTLIST>C

<INDEX>IA.a„jl-4.
<FUNCTION>ArF=#U«UOlw'SELIAfl.A^C)'".STR).CfF)•;
•DlF=«UO{M»SELID'fl.D'jC)•",£*&)•
BfT=AfT
CA-T=AtT;C/K=AtC;CfI*Atl«•I
EH=DH

<SELECTOREXPRESSION>A=<$IDENT>B•(•<EXPRESSION>C•)•
<TYPETABLE>T
<LHSFUN>AfL='COMPOSInBfVAL».CtL)»
<RHSFUN>A/^R=•SEL("&^VAL,,,ORI•
CfT=AfT

<POINTEREXPRESSlON>A=«PTRI»<EXPRESSI0N>8•)«;C=,*»
<TYPETABLE>T
<LHSFUN>AfL=»SLX{U0(UN0().AtR)),;C'<vL=,NUL«
<RHSFUN>ATR=BfL;CfR=,M*HI
BN=AtT

<VALUEEXPRESSlON^^VALi*<EXPRESSION>B•)•
<TYPETABLE>T
<LHSFUN>Af*L=BfR
^HSFUN^tft^SELCB**,S)«
BtT=AU

END
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Each structure declaration of the form

DEC s=d,

where d is a components descriptor of the form <c-|:t-,/c2:t2/.../

c„:t > creates an entry in the TYPETABLE of the form
n n

The components of the form <n:c > originate in the rule

COMPONENT DESOA=<$IDENT>B ':' <$IDENT>C

<STRUCTURE>AfS=UO(A+I,'B+VAL*)
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In a constructor expression of the form (CONS s)(£), the com

ponent selected by s_ in the typetable is the list of selectors for

a structure of type s_. This list is passed to the constructor list

to create the state vector function corresponding to the constructor

expression by the rule

CONSTRUCTOR EXPRESSION^' (CONS » <$IDENT>B »)(• CONSTRUCTOR LIST>C ')'

C+C^SELCB+VAL'^+T)
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The FUNCTION corresponding to a constructor list is defined by

the rule

CONSTRUCTOR LIST>A=<EXPRESSION>B V CONSTRUCTOR LIST>C;D=<EXPRESSION>E

<FUNCTION>AfF='U(UO("' SEL(AtC) ,",B+R),CfF)';
.DtF=,UO("' SEL(D+I,DtC) '".EfR)'

Note that SEL(A+I,AfC) and SEL(DH,D+C) refer to the apprporiate

component names.

The selector function in mini-language 8 is represented by the

Vienna operator SEL by the rule

<SELECT0R EXPRESSION>A=<$IDENT>B '(' <EXPRESSION>C ')'

RHSFUN AiR^SLC^'t^AL",^)1

The flowchart corresponding to a "repeat" statement of the

form a=IF 3 THEN c ELSE REPEAT AFTER d is given by the rule

<REPEAT STATEMENTS'IF * <PREDICATE>B * THEN ' <ASSIGNMENT STATEMENT>C
. ';ELSE REPEAT AFTER ' <ASSIGNMENT STATEMENTS
•

<FLOWCHART>A+F=U(UO(AtS,U(UO(,FUN,,,ID(S)'),UO(,NEXT',,COND(BtP,
.C+S,DtS)'))),U(CfF,D+F))

The statement following d is identical to the statement following

a_; hence, we have

...CtN=A+N

and after d is executed, the predicate should be tried again; hence,

we have

...D+N=A+S.
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The recursive functional corresponding to the flowchart has the form

F =if then Ffl ° F"else F ° F.
a e c a a

where e_ is the statement following a_.

4.9 Mini-Language 9: String Manipulation

4.9.1 Ledgard's Description (Verbatim)

Description of Language Elements

The object alphabet comprises the capital English letters, the

five characters "(", ")", "+", "*", and ",", as well as a null

string (i.e., a string containing no characters at all). The null

string is denoted by the special symbo.l "A"..

Tne variables, in mini-language 9 consist of the symbols a b ... z.

Each variable is defined as representing a set of strings of object

alphabet symbols (see variable definitions given below). Initially,

each variable in mini-language 9 represents the empty set { }, i.e.,

the set containing no strings at all, not even the null string.

A pattern is a string of object alphabet symbols and variables.

A pattern £ represents the set of strings computed by concatenating,

in order, from left to right, each of the object alphabet symbols

in p_with any string represented by a variable in p_, with the re

quirement that multiple occurrences of the same variable in a pat

tern must denote the same object string. For example, if £ is a

variable denoting the set of English letters, then the pattern

'W denotes the set AMA,BMB ZMZ . Furthermore, if any var

iable in £ represents the empty set, then the pattern p_ represents



the empty set. For example, if s_ is a variable denoting the empty

set, then the pattern "AsA" denotes the empty set.

Variable definitions are sequences of rules'of the form

v=Pi|P2|...|Pn
where y_ is a variable, and p., l=i=n, are patterns. The variable

definitions jointly define each variable on the left side of "="

as representing a set containing the union of sets denoted by each

pattern given on the right side of "=". For example, the variable

definitions:

1) £=A|B|...|Z

x=£

s=x|sx

2) £=A|B|,..|Z

x=s

s=x|sx

3) £=A|B|...|Z

x=A

s=x|sx

define the variables £, x, and s_ as representing the following

sets:

1) £={A,B,...,Z}

x={A,B,...,Z}

s={A,AA,AB,AC,...}

2) £={A,B Z}

x={ }

s={ }
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3) £={A,B,...,Z}

X={A}

S={A}

A transformation definition is a construct of the form

let x= P2-*(')s2

Pn-K*)s
ri

,<.< .<.<where x is an identifier, p.., l=i=n, are patterns, and s., l=i=n,

are strings of object alphabet symbols and variables such that each

variable in s.. also occurs in pi, and "(•)" indicates the possible

occurrence of a "-" after "-»-".

A pattern p.. is said to occur within an object string £ if one

or more of the strings represented by p. occurs within (£. The

"left-most and shortest" occurrence of p. in £ is the string (of the

occurrences of p^ in Q) such that the occurrence begins with the

leftmost object symbol and is as short as possible.

A string transformation X_.of the above form, when applied to

an object string £, is taken to mean:

1) Look down among the rules of X_ for the first rule in which p.

occurs in (£.

2) If such a rule is found, replace the left-most and shortest oc

currence of pi in £with the string'obtained from s. by replacing

each variable v in s^ with the string used for v in p.. If a

"•" occurs after the 'V in the substitution rule, terminate the
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algorithm. Otherwise, repeat the application to the newly formed

string.

3) If no such rule is found, terminate the algorithm.

If the above algorithm terminates, the string obtained upon termi

nation of the algorithm is the result of applying X^ to £.*

For example, consider the variable definitions:

£=A|B|..,|Z

x=A

s=£|£s

and the transformation definitions:

let A=[£A>-A]

let B=[.e/W\]

let C=[xA+A]

let D=[sAs^A]

let E= £s+s

then: A transforms YZAZY into YAZY; B transforms YZAZY into AZY; C

transforms YZAZY into YZAZY repeatedly, but the algorithm does not

terminate; JD transforms YZAZY into A; and E transforms YZAZY into

YYY.

A result expression is a string of the form t <...t0<t,<s»...>
1 * n d \

where s_ is a string of object alphabet symbols, and t., l=i=n, are

*The string transformation algorithm is computable only if the var
iables represent recursive sets. The variable definitions allowed
in mini-language 9 define only context-free sets, which are encom
passed by recursive sets.

177.



178

identifiers denoting string transformations.

Program Execution

A program consists of a sequence s_ of variable definitions,

followed by a sequence £ of transformation definitions and a result

expression r such that each identifier in r occurs as the name of

one and only one transformation definition in t. The result of

executing a program with a result expression tn<...t2<t1<s»...>

is computed by successively applying the transformations t^tg,...,^

to an object string whose initial value is s_.

EXAMPLE 1:

£=A|B|.
Wrl

let P=

P<(N0XI

,.|Z

£m*+m*£
(m**m(
( )-A
n^ -

EXAMPLE 2:

£=A
w=£

B|...|Z
l\i

v=w

let Q=

"v,W**W*,V
(w,*>w,(
(w*)-*-w
( h-A

Q<(lHESS
_ r+ )
E,KAFKA,!̂ 1A W)>



EXAMPLE 3:

£=A
p=£
a=p

x=£
y=x

BI...IZ
(a)
p*a

(I)
p+a
*| +

p*a-*a"
p+a+a
(aha
xy+*
a-*. YES

*+-N0

let R=

R<I*(J+K)+J>

In Example 1, the string transformation P defines a function

mapping a parenthesized string of letters into the string with the.

letters reversed; hence, the value of the result expression is the

string "NIXON." In Example 2, the string transformation £ defines

a function mapping a parenthesized list of words into the list with

the words in reverse order; hence, the value of the result expres

sion is the string "MANN,KAFKA,HESSE." The string transformation

R in Example 3 defines a function mapping arbitrary strings into

one of the two strings "YES" or "NO" depending on whether or not

the input string is a well-formed arithmetic expression. Hence, the

value of the result expression is "YES".

4.9.1.a Notational Changes

Only capital letters are used.

Literal strings are enclosed in dashes; thus x=ABC is repre

sented by x=-ABC-.

Slashes (/) separate alternatives in a variable definition in

stead of vertical lines.
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A transformation definition has the form

LET Tk=«a1;

a2;

a »
n

where kis an integer and a.j,a2,...,an are actions.

The null string is represented by £ rather than A.

In an action, the right arrow + is replaced by #.

4.9.2 Discussion

In mini-language 9, both variables and patterns represent sets

of strings. Since these sets may be infinite, it is clear that in

our semantic model, the sets cannot be represented by listing their

elements. In order to get a finite representation of these poten

tially infinite objects, both variables and patterns will be repre

sented by state vector predicates. Let £ be a predicate associated

with a variable or pattern; then

p(x)=TRUE if x is an element of the set represented by

the variable or pattern

p(x)=FALSE otherwise

The predicate associated with each variable is entered into the

VARTABLETABLE attribute of the PROGRAM nonterminal.

Suppose we have a variable definition of the form

A=-a-

that is, where the right hand side is a literal string. Then the
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set corresponding to A is {a}, and the predicate corresponding to

A is given by

PA=-a-(S)=IDEN(S,a)

where IDEN returns TRUE if its arguments are identical and FALSE

otherwise.

The next case is more complicated. Let £ be a pattern of the

form

Pi P2 ... Pn

where p. is either a variable or a literal, i=l,...,n. Let s.. be

the set associated with p.; then the set associated with £ is

St * S/> * ... * S—.
I c n

To construct the predicate associated with £ from the predicates

associated with each of the p. will require some work. Let

SUBSTR(i,,i2,s) be a function taking two integer arguments, i1 and

i2, and one string argument s_, and returning the substring consist

ing of the i\ character of s_ to the i2 character of s_. A string

s_ is in the set represented by £ if and only if

1l»---»1n-l 0=1i=12"---=1n-rN ]
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such that

P1(SUBSTR(0,i1,s))=TRUE

and P2(SUBSTR(iri2,s))=TRUE

and Pn(SUBSTR(iN-2,iN-1,s))=TRUE

this can be written

*AND(p1(SUBSTR(0,i1,s)),AND(p2(SUBSTR(i1,i2,s)),...,AND(...,Pn(SUBSTR(i^1

^N-2' ***
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The problem is the "there exists" phrase preceding this expression.

In defining state vector functions, only composition of known basic

functions is allowed, and 3 ii in such that.*., etc., does not

represent the use of a basic function. This phrase can be elimi

nated from the definition of the predicate associated with £ as

follows:

Let PARTITION be a basic function which produces all the pos

sible sets 1lt...,1 such that 0=i*1=i2=...=in-1=N+l. Using the

function, the following flowchart can be defined (for a more detailed

discussion, refer to the next section):
> 1.

return the
value
FALSE

c
Last

Partition

get first or
next partition,
using the basic

function PARTITION

apply predi
* above

return the value
TRUE

This flowchart defines the desired predicate for £. It is given a

unique name and entered into the CONCATLIB attribute table; thus,

every pattern in the program has a corresponding predicate defined

in CONCATLIB.

Let A be defined by a variable definition of the form

A=31/32/.../3n

where 3-.,...,$ are patterns. Let s. be the set of strings denoted

by 0_. for i=l,...,n. Then the set of strings corresponding to A is
U s.

i=l,n 1



and the natural predicate to associate with A is given by

**PA=pr...,Pn=0R(pr0R(p2,...,0R(pn-1,Pn)...))
where OR is the usual "or" function defined by the truth table

T F

T T T

F T F

Unfortunately, this predicate does not work for the following rea

son: consider A=A'X7'Y\ The associated predicate would be

PAs0R(pA,x,,p.Yl)
and the definition of pA,x, will create arecursive call of pA-

The problem is that the definition of pA is applied to the null

string. From the definition of pA,x,, it can be seen that when

ever this predicate is applied to any string, it involves applying

pA to the null string. Hence pA=G, i.e., the predicate is every
where undefined. If pA(n) is known (n=null string) then PA could

be defined:

PA(x)=if x=null then else 0R(pA,Xi,PiYi).
However, apriori, pA(n) is not known. The solution adopted is to
modify p. so that it updates the state vector with the length of

its argument, it checks to see if it was previously called with an

argument of the same length, and if it was, it returns FALSE; other

wise it applies the predicate ** to the argument. Thus, each var-
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iable in the program has an entry in VARIABLETABLE of the form

a »
n

i
length of

previous argument]
= length of

urrent argument

record length
of current argument

apply **

~T~
In all of the semantic definitions, this is the only construction

that is somewhat unnatural. It may be possible to avoid this con

struction as follows:

Let A=3-,/.../3n

be a variable definition. Pass the variable name A to each of the

patterns 3i»32»...»3n. When defining the predicate associated with

each 3^» if A occurs in the pattern, appropriately restrict the

strings to which the predicate associated with A is applied in de

fining the predicate associated with the pattern 3^.

A transformation defined by

Let Tl=«a,;

a«;
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corresponds to the flowchart of the form

no

c
a yf

y
yes / ^p^

no

a v/

.yes.

<:
no

yes,

no

where each sub-flowchart of the form

^~) < y
i

corresponds to an action. The node labelled a_ represents the pred

icate "does the pattern of this action match a substring of the

argument to the transformation?". The. node labelled b_ represents

the indicated replacement in the argument string. The node label-
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led c represents the predicate "is this action terminal?". Each

transformation defined in a program has such a flowchart, and that

flowchart is entered into TRANSTABLE. The complexity of the flow

chart for a transformation represents the complexity of the defi

nition for transformations.

4.9.3 Formal Definition

The basic functions used in the definition of mini-language 9

are

1) the Vienna operators UO, U, Ul_, and SEL.

2) SUBSTR(a,3»y) where a and 3eN, and y is a string.

SUBSTR(a,3,y)=the substring of y starting with the ath
character and ending with the 3 character

3) LNX(a), where a is a string; the value of LNX(a) is the

number of characters in a.

4) C0ND(a,3,y)» as defined for mini-language 4.

5) LEQ(a,3), where a and 3eN.

LEQ(g,3)=(TRUE if a=3
(FALSE otherwise

6) PARTITIONS,3.Y.S), where a, 3, y and £ are e N. A parti

tion of a string of length £ into substrings is a set of

numbers

1=12=:,*,=1 -1=^ *
These ordered sets {^,...,1* _-,) can be ordered as follows:

if i^Jb for k=l,...,m, m=0

. and WW
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PARTITION returns the 3th coordinate of the nth partition

in the above ordering.

7) PLIM(a,3) is the total number of partitions of a string of

length 3 into a substrings.

8) IDEN(a,3)> defined for strings a and 3

IDEN(a,3)= (TRUE if a is identical to 3

(FALSE otherwise

Following the formal definition, the most significant attri

bute equations will be discussed.

Note: MKFLC(a,3,y) creates the node
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<§&

MINI-LANGUAGE 9

SYNTACTIC AND SEMANT.IC DESCRIPTION

01 <P*OGRAH>A=<VARlABLE DEF LIST>B •;• TRANSFORMATION DEF LIST>C •;•

<VARIABLETABLE>AtV*BtV
<TRANSTA3LE>AtT*Cn

. <CONCATLlB>AtC=U(BtC»CrC)
VARIABLE DEF LIST>A=<VAR.A6LE OefINlTION>B '«• <VAK..ABLb 0« LISms

f* .0=<VAR.A6LERDrB.N,T.ON6>EA^u(8TViCtv)s0m£tv
<CONCALIB>A1C=Ul81-C,CtCt:OJC=etC

<VARIA8LE DEFINITION>A=<tLETTR>B •=• <PATTERN>C
^^"^'^OU^sPmAL. -LNX-.S,. tH«CSELI-S»-.SIII.l.».l.

* I^LC^^U^-BfVAL. "LNX». LNX«SEL«-STR..Sn»..3».
• MKFLCO.'C^PS)
• I)
<CONCALlB>AtC«C*C

<PATTERN>A.<SIMPLE PATTERN>B •/• <PATTERN>C;^SIMPLE PATTERN>E^TTERN^SJHKL^^^^^^p^ p|,. fp
& <C0NCALlB>A^C»U(8')C,C+C);DtC=E*C

<SIMPLE PATTERN>A«<CONCAT LlST>B;C»«a' , ^<PRE01CATE>AVP»«SELC;TH«.AtF)«.C?P- SELI ir •
<FUMCTION>A'!F=iAPPLl(ScL(AtI.CONCATLIBI.il tC<f
.LENISELCSTR-.S))))'

^^L?Si«2;Sut^l««FWC0..UHS.-H..I...lU
fr .MKFLCU.'S'.'CONDIB'hP.Z.SP).
i .MKFLCt2,»UlS.B^F.U0(«'TF«,«T«))«.Jt

I • '. #MKFLCI5.'U0C"TF","F«)».>))
i BH«^BH;BWBl;B'^V*•NUL•

L <CONCAT LIST>A=<PATTERN ELEMENTS <CONCAT LLST>Ci ^PATTERN ELEHENT>E
f <TOTALEN>T
I <NUHBER>N

<VARTABLE>V *
<LENGTH>AtL=l ♦ C*L;D*L=l * cAo<PREDICATE>A^P=»ANDIBrP,CrPI»;D^P»E+P
<FONCTION>AtF«»UIBtF,CtFlt;OtF-EtF
Bn*AU;B^N»AfN;B^V«A^V

• CtT=A'»T;C';N»AtN «• I id V=U< AtV.Bt X)
- • . 7 EfT*DtT;E'!N«DtN;E*V=DfV

<PATTERN ELEMENT>A»«-« <*ALPHX>B •-• ;C»<SLETTR>0
<TOTALEN>T
<NUHBER>N

<xSAR?ABLEENfRY>A^X=.NUL*;CtX=UO(«OTVAL-.C^N)
h . . <SPECIAL>A^P",PlK«-BWAL".AH,AtN)»;
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.CrP=COND<ELEMl«OfVAL«,CtV), «P2Kl» SEL('0fVAL'.CfV) •,CtT,CfN)»
.,•p^K<••DrvAL»,cn,cf,N)•) .

<PRE0ICATE>AU=,IDEN(HBrVAL",SUBSTR(PARTITIUNIA^T.2 * AfN - 1.
„SEL("NM,S),LNX(SEL(MSTR«,S))).PARUT10N(A T.2 * AiN.SELf'N'SS)»
.LNXtSELl••S^R•^S))).SELl"STRM♦S)))•;

^ .C>Z=CONUlELEM(»DfVAL»,C?V), „„,,„„.„..„
.MDEN(SJBSTR(PARTiri0N(CtT,2 * CtN - 1, SELfN", S), LNXI SELI «STR".S))),
.PARIITI0NCC7T,2 • CfN,SEL{«N«,SI,LNX(SEL("STR",S))),SEL("STR",SI).
.SUBSTR(PARTITI0N(C^T,2 » • SEL(•DfVAL*,C^V) • - i.SEL("N«S S).
.LNX<SELCMSTR",S)I),PARTITIONIST,2 * • SEL('OtVAL•,CtV) •,SELCN«,SI,
.LNXlSEL<MSTR",S))).SELl"STR",S))),» .
.•APPLICSELt"0'?VAL",VARLliiJ,UHS,"STRn,SUBSrRlPARTlTlONiCU,2 * W*N - I

fh

• ..SEL("N".S).LNXISEH"STR",S))),PARTITIONIST,2 <! CtN,SELt"N",S),
.LNX(SEL<»STRM,S)H,SEL("STR",S))))«)
^UNCTlOfOAT-Fs'NUL1 ^fF^UO^DtVAL" ,SU8STR< PARTIT lONCCf T.2 *CTN- I.
.SEL<"NM,S),LNX(SELlMSTR",S>)>,PARTITIONIST,2 * CfN.SELI «N",S) .
.LNXISELI»STR",S))).SEL("STRM,S)))»

TRANSFORMATION DEF LIST>D=<TRANSFORMATION DEFINITION>E;
m ^TRANSFORMATION DEF LlST>A=<TRANSFORMATION DEFINITION>B •;•

• <TRANSFORMATION DEF LIST>C
<TRANSTABLE>AtT=U(B'|T,CfT);0/tt=EtT
<CONCATLIB>A^C=UlBVC.CtC);DtC=EtC

TRANSFORMATION DEF INITION>A*«LET T» <$NUMBR>B •=«• <ACTI0N LIST>C •»»
<CONCATLIB>AfC»C*C

_ <TRANSTABLE>An=UOia^VAL,U(MKFLCIO,»S«.CtL),CfF))
^ CW»»NUL« .•;•*.

<ACTION LIST>A=<ACUON>B •;• <ACTION LlST>C;D=<ACTIUN>E
<NEXT>N
<FLOWCHART>Af*F=UIBtF,C*F);0tF»EtF
<LINENO>ATL=BfL;D<L»ER- •• •
B1"N=CtL

M C*N=A*N
E*N=DfN
<C0NCATLIB>AtC=UCB1C.ClCI;DfC*E+C

<ACTION>A=<SIMPLE PATTERN>B • #• <TERMINATION CHARACTERS <REPLACEMENT STRINOD
<NEXT>N

<CONCATLlB>AfC«BfC
<LINEN0>A<L*UNQI)

m <UNmUEN0S>A/VU=UlU0(l.UNO()).U0<2,UNOn).U0(3fUNO()).U0t4«UNOl)).
•U0J5.UN01)))
<S>A*S=UNO()
<KLUDGE>AtF=UU{X,At'YI
<FLOWCHART>ATX*UC ...
•MKFLCIA*L, •UlU0I"Pl",l),U0(«P2",l),U0I*STR»,S))»»SEL<l.Ai*U)),
.MKFLC(SEL(l,AfU),,S«,,COND(APPLI( iKP ,U1( S,MSTR",SUBSTR(SEL<«Pl".S)»
.SELl"P2M.S),SEL(•STR••,S))))., SfcLl2,AfU) •»• SEL (3 tAhJ-1 • •) • I t.

^ .MKFLCIStL(2.A',U),«SUBSTR<l.SELl«Pl",S) . SfcLt«STR«,S))
. APPLIt DfF tAPPLnMBrFH.Ul(S,-STR«SSuasrR(SEL(wPl-.S).SEL(MP2-.S).SEL(,,S

. . .TR",
•S))))l
• SUBSTR(SELl°P2".S).LNX(SELI"STR*,S)) ♦ I,SEL1"STR»,SIM•
• CONDI •C*T*,.0))»
• )

P .MKFLC(SELlJ.AtU).«UllS,«P2».SELI"P2".S) «• 1)•.•CONOILEQISELI-P2-.S) -
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i&s^^
.!)•.!cONDILEQ(SELl-Pl",S),LNXlSELC«STR«SS))).« SELCi.tfUl «.' SEL15.ATU)
.MKFLC(SELl5,AtU),'SEL("STR",S),.AiN))

<TERMINATION CHARACT6R>A»» • ;B=« .«
<terminal>a'/t=«f»;b1T=»t»

(9>

(ffi

0\

REPLACEMENT $TRING>A=<STRING REF LIST>B;C=*&•
<FUNCTION>A^F=BtF;CVF=,NUL»

<STRING REF LIST>A=<STRING REF>B <STRING REF LLST>C;D=<STR£NG REF>E .
<FUNCTIUN>A'rF=«B|F CtF»;DfF=EtF

<STRING REF>A=«-« <$ALPHX>B •-•;C=<$LETTR>D
<FUNCTION>AtF=»HBtVAL»»J
.C<F=•SELt,,D^VAL,,.S)•

<RESULT EXPRESSION^--" <*ALPHX>B -SC^T- <SNUMBR>0 •<• <RESULT EXPRESSION>E
* ,>< <.ExPRESSION>AfE=«"B|VAL"*;ChE='APPLL(SELtDtVAL,TRANSLIB),EtE)«
END



190

The flowchart corresponding to a variable definition is given

by the rule

<VARIABLE DEFINITION>A=<$LETTR>B '=' <PATTERN>C
<VARIABLETABLE>AfV=U0('BtVAL',U(
.MKFLC(0,,S',,COND(EQU(SEL("BtVAL" "LNX\S), LNX(SEL("STR",S))),1,2

!mKFLC(1,,,,F"',),
.MKFLC(2,U1(S,"B VAL" ULNXU, LNX(SEL(,,STR,,,S))), ,3),
.MKFLCO/CtP',)

Letting c^ represent the length of the previous argument for this

function, and ou, the length of the current argument, the functionals

corresponding to the above flowchart are

FQ=if a.j=a2 then F, else Fp

F^'F" Note: "F" represents FALSE.

F2=F3(Ul(S,,,BfVAL,,,LNX(a2)))

F3=CfP

Corresponding to a simple pattern there is an'entry in

CONCATLIB defined by

<SIMPLE PATTERN>A=<CONCAT LIST>B;C=,gl
<CONCATLIB>AtC=UO(A-M,U(MKFLC(0,,Ul(S,,,N",l)",!),
.MKFLC(l,,S,,,C0ND(BtP,2,3),)f
.MKFLC(2,,U(S,B+F,U0(,,TFV'T,'))',)>
.MKFLC(3,,U1(S,"N,,,SEL("N",S) + 1)',4),
.MKFLC(4,,S,,'C0ND(LEQ(SEL("N,,,S),PLIM(BtT,LNX(SEL("STR",S)))),l,5)

!MKFLC(5,,U0(,,TF^,,F,,),,)))

Informally, the functions of the nodes in this flowchart are

0. Initialize n to 1.

1. Try the pattern predicate



191

2. If "1" succeeds, return "TRUE".

3. If "1" fails, increment ru

4. Any more partitions? If yes, go to "1".

5. Otherwise return "F", i.e., FALSE.

The predicate corresponding to a pattern element is given by

<PATTERN ELEMENT>A='-' <$ALPHX>B '-';C=<$LETTR>D
<PREDICATE>AtZ=,IDEN("BtVAL",SUBSTR(PARTITI0N(AfT,2 * AfN - 1,

.SEL(,,N,,,S),LNX(SEL("STR",S))),PARTITI0N(A+T,2 * A+N.SELC'r.S),

.LNX(SEL(',STR",S))),SEL(,,STR',,S))),;

.CtZ^CONDjELEMCDfVAL'.C+V),

.'IDEN(SUBSTR(PARTITI0N(CtT,2 * CtN - 1,SEL(,,N,,,S),LNX(SEL(,,STR,,,S

>ARTITI0N(CtT,2 * CtN,SEL(,,N",S),LNX(SEL(,,STRn,S))),SEL(,,STR,,,S))
.SUBSTR(PARTITI0N(CiT,2 * ' SEL('DtVAL',CtV) ' - 1,SEL("N",S),
.LNX(SEL("STR",S))),PARTITI0N(CfT,2 * » SEL('D+VAL',CtV) ',SEL("N"

!lNX(SEL("STR,,,S))),SEL(,,STR,,,S)))',
.,APPLI(SEL(,,DfVAL",VARLIB.),Ul(S,,,STR,,,SUBSTR(PARTITI0N(CiT,2 * Cti

!SEL("N,,,S),LNX(SEL(,,STR",S))),PARTITI0N(C+T,2 * CtN,SEL("N",S),
.LNX(SEL("STR",S))),SEL("STR",S))))')
<FUNCTI0N>AtF=,NUL' ;CtF='U0(,»D+VAL,,,SUBSTR(PARTITI0N(C+T,2 * CtN-1
.SEL("N",S),LNX(SEL(uSTR",S))),PARTITI0N(CtT,2 * C+N,SEL("N",S),
.LNX(SEL("STR",S))),SEL(,,STR",S)))'

Note: this expression was too complicated for SNOBOL, and as

a result, the attribute SPECIAL was defined. The value

of this attribute is identical to the value of PREDICATE,

except complicated expressions are replaced by a sub

routine call, making the total expression simple enough

to be compiled without causing the compiler to conk out.

Let aA=SUBSTR(PARTITI0N(AtT,2 * AtN-1,

SEL("N'\S),LNX(SEL("STR\S))),

PARTITION(A+T,2 * N,SEL("N\S),

LNX(SEL(,,STR\S))),SEL("STR\S))).



ac=ou with C substituted for A

ac,=^tc with SEL("DtVAL,,,CiV) substituted for CtN

then the above attribute equation simplifies to the docile

AtZ=IDEN("BfVAL,,,a1);

CtZ=COND(ELEM("DtVAL,,,CfV),IDEN(ac,ac),

,,APPLI(SEL("DtVALu,VARLIB),Ul(S,,,STR,,,ac)))
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The flowchart corresponding to an action is given by (here

KLUDGE was introduced because the expression for the flowchart was

too complicated to be compiled):

<ACTION>A=<SIMPLE PATTERNS #• TERMINATION CHARACTERS <REPLACEMENT STRINGS
<KLUDGE>A+F=U(A+X,A+Y)
<FLOWCHART A+X»U(
.MKFLC(A+L, ,U(UO("Pl",l),u6(,,P2,,,l),UO("STRu,S)),,SEL(l,AtU)),
.MKFLC(SEL(l,AfU)f,S,,,COND(APPLI( BtP ,U1(S,nSTR",SUBSTR(SEL(,

;SEL(,'P2",S),SEL("STR",S)))),' SEL(2,A<HJ" V SEL(3,A+U) ')•),
.MKFLC(SEL(2,A+U),»SUBSTR(1,SEL("P1'»,S) ,SEL("STR",S))

. APPLI( LHF ,APPLI("BtF,,1Ul(S,,,STR",SUBSTR(SEL(,,Pl,,,S),SEL(HP2",S),

.SELC'STR",
•S)))))
. SUBSTR(SEL(',P2",S),LNX(SEL("STR,,,S)) + 1,SEL(nSTRn,S)),
.CONDCCtT',,0)),

<Y>A+Y=U(
.MKFLC(SEL(3,AtU),'Ul(S,"P2",SEL(,,P2",S) + 1)','C0ND(LEQ(SEL("P2,,

;LNX(SEL>STR",S))),' SEL(l.AtU) ',' SEL(4,AtU) ')'),
.MKFLC(SEL(4,AtU),,U(S>U0(,,Pl",SEL(,,Pl",S) + 1),U0("P2",SEL("P1 ,S,

;,C0ND(LEQ(SEL("P1,,,S),LNX(SEL("STR",S))),' SEL(1,A+U) ',' SEL(,
.5,AtU)

.MKFLC(SEL(5,AtU),,SEL("STR",S),,AtN))

Informally, the functions of the nodes in the flowchart are:

0. Initialize p, and p?.
i

1. Does the pattern of the action match SUBSTR(p1,p?,a), where j



a is the string argument?

2. Yes, make the appropriate substitution and go to the first

node of the action list, or return, if this action is termi

nal.

3. No, increment and test p«.

4. Increment p-. if necessary; go to next action if no more

substrings to test against pattern, otherwise go to "1".

4.10 Mini-Language 10: Input/Output

4.10.1 Ledgard's Description (Verbatim)

Description of Language Elements

The notion of a stream of items is akin to the notion of a

"list" of items, except that the items in a stream are determined

dynamically. In a sense, a stream is a (perhaps infinite or ini

tially undetermined) list whose items flow by, one by one. A

stream S^ is specified by a list of expressions e,,e2 e . The

first item in the stream is obtained by evaluating the first ex

pression, e,. If e1 denotes only one item, we take it as the first

item in the stream and use the list e2,...,en to obtain subsequent

items. If e-, denotes a series of two or more items, the first item

in the series becomes the first item in the stream, e-, is changed to

expression e,',' indicating that its first item has been removed,

and the list e,',e2,...,e is used to obtain subsequent items. A

stream is "exhausted" when the list used to obtain an item is null.

A stream is "recycled" when the original list of expressions e^,e2,
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...,e is used again to obtain subsequent items.

Two types of streams are used in mini-language 10: "layout"

streams, which specify the way in which characters are arranged on

the input or output medium, and "data" streams, which specify data

objects whose character representations appear on the input or out

put medium.

Let us assume that we have two devices, the input medium and

the output medium, each of which can be viewed as a teletype con

taining an infinitely long piece of paper allowing 100 characters

per line. On the input medium we shall look at the characters

printed thereon in the conventional order, from left to right and

line by line. On the output medium we shall print characters in

the conventional order.

The array identifiers comprise the symbols Al A2.... Each

array identifier represents a one-dimensional array with an unspec

ified number of elements. Data stream identifiers comprise the

symbols Dl D2 Layout stream identifiers consist of the symbols

LI L2....

An expression is either a numeral, a named expression, or an

arithmetic expression. A named expression is either an identifier,

or an array identifier followed by an expression enclosed in square

brackets. An arithmetic expression is a string of either the form

(e^+e2) or (e-|-e2), where ej and e2 are expressions.

A layout expression is either a unit layout expression or a

replicated layout expression. A replicator is an expression. A
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unit layout expression consists of a replicator followed by one of

the symbols d, b^, or I. A replicated layout expression consists of

a replicator followed by a unit layout expression enclosed in square

brackets.

A layout stream declaration is a string of the form

layout stream p=£

where £ is a layout stream identifier, and I is a list of layout

expressions. The items of a layout stream are obtained as follows:

1) If the first expression I. of the current list 1.9l.,...± is
i i j n

a unit layout item, then £.. is taken as the next item, and the

list £•»...,£ is used to obtain successive items.

2) If the first expression I. of the current list 1. ytA9... JL„ is a
i ljn

replicated layout expression of the form r[u], where £ is a rep

licator and u^ is a unit layout expression, then if r_ is an ex

pression whose current value is = 1, u. is taken as the next item,

and the list (r-l)[u], £.,... JL is used to obtain successive

items; otherwise, the list £.,...,£ is used to obtain the next
j ii

and successive items.

A data expression is either a unit data expression or an iter

ative data expression. A unit data expression is a named expres

sion. An iterative data expression is a string of the form

b for i:=e, to e2

where b. is a named expression, i_ an identifier, and e, and e2 are

expressions.

A data stream declaration is a string of the form

data stream p=£
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where £ is. a data stream identifier, and I is a list of data ex

pressions. The items of a data stream are obtained as follows:

1) If the first expression £. on the current list I* ,£..,...,£ is

a unit data expression, then £.. is taken as the next item of

the stream, and the list £.,...,£ is used to obtain successive

items.

2) If the first expression I. on the current list £.,£.,...,£ is
i l j n

an iterative data expression of the form:

b for i:=e, to e2

then let n^ and n2 be the current values of e, and e2:

a) if n^ n2, then i is assigned the value n,, b^ is taken as

the next item of the stream, and the list

bfor i:=(e.|±l) to e£,£.,...,£n

is used to obtain subsequent items (here (e2+l) is used

when n-j<n2, and (e,-l) is used when n-,>n2.); or

b) if n^=n2, i_ is assigned the value n^b is taken as the next

item of the stream, and the list £.,...,£ is used to ob-

tain successive items.

A command is either an input command, an output command, an

assignment command, or an iteration command.

Input and output commands are either of the strings input(l,d)

or output(£,d), where I is a layout stream identifier, and d is a

data stream identifier. An input or output command is executed as

follows:

1) The next item on the layout stream I is obtained; a) if the
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layout item is of the form rb or r£, where r_ is a replicator, a

spacing input or output action takes place (see Table II) and

step (1) is repeated; or b) if the layout item is of the form

rd, the next item on the data stream d is obtained, a data in

put or output action takes place (see Table II), and step (1)

is repeated. If the data stream happens to be exhausted, it is

recycled to obtain the next item.

TABLE II. INPUT/OUTPUT ACTIONS

Let 1. be the next item on the layout stream, £
be the value of the replicator r for I., and let
m be the named expression for tFe next item on
the data stream.
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Form of

Layout item Action on input Action on output

Spacing:

rb

rl

Data:

rd

The next £ characters on the
input medium are skipped.

The remaining characters on
the current line and the
next n-1 lines on the in
put medium are skipped.

The next £ characters on
the output medium are
printed as blanks.

The remaining characters
on the current line and

the next n-1 lines on
the output medium are
printed as blanks.

The next £ characters on the The leftmost £ digits of
input medium will be treated the value of m will be
as a natural number and will

be assigned as the value of
m. If the next £ characters
are not a well-formed natural

number, the input action is
in violation.

placed on the output
medium. If the value of

m can be specified by
fewer than £ digits, the
number will be right-
justified with leading
zeros suppressed.

2) If the layout stream is exhausted, then, if the data stream is

not exhausted, the layout stream is recycled and step (1) is



repeated, or, if the data stream is also exhausted, the input or

output command is terminated.

Note that an input or output command terminates only when both the

layout and data streams are exhausted simultaneously.

An assignment command is a string of the form p:=e, where £

is a named expression, and e_ is an expression.

An iteration command is a string of the form

for i:=e-| to e2 do[c]

where i_ is an identifier, e, and e2 are expressions, and £ is a

sequence of commands. The execution of an iteration command is as

follows: let n, and n2 be the numerical values of e, and e2, and

let m be the absolute value of (n,-n2). The sequence of commands

£ is executed (m+1) times, and on each iteration the value of the

identifier i_ is successively set to one of the integer values n,

up to n2 (if n,=n2), or n, down to n2 (if n,=n2).

Program Execution

A program consists of a sequence d^ of layout and data stream

declarations followed by a sequence £ of commands such that each

layout and data stream identifier in £ is declared once and only

once in d. The commands in a program are executed sequentially.

We take the conventional meaning for assignment commands and the

operations "+" (addition) and "-" (subtraction) for natural num

bers. Any attempt to input or output more than 100 characters per

line is in violation.
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EXAMPLE 1:.

layout stream Ll=(4d,4d,4d)
data stream D1=A,B
A:=ll
B:=22
output(Ll,Dl)

EXAMPLE 2:

layout stream Ll=3d,U
data stream D1.=N
layout stream L2=lb,3d,lb,3d,l£
data stream D2=A,B
data stream D3=B,A
input(Ll,Dl)
for X:=l to N do[input(L2,D2)

output(L2,D3)]

EXAMPLE 3:

layout stream Ll=(48-(J+J))b,
J[4d],U

data stream D1=A1[I] for I:=l to J
for 0:=1 to 2 do[Al[j]:=l

output(Ll,Dl)]
for J:=3 to 5 do[Al[J]:=l

for K:=(J-1) to 2
do[Al[K]:=(Al[K]
+A1[(K-1)])]

output(Ll,Dl)]

EXAMPLE 4:

layout stream Ll=(48-(J+J))b,J[4d],
U

data stream D1=A;[I] for I:=K
to (K-(J-l))

data stream D2=A1[I] for K:=K
to(K-(J-l))

K:=l

for J:=l to 4 do[input(Ll,D1)
K:=(K+J)]

K:=(K-1)
for J:=4 to 1 do[output(Ll,D2)

K:=(K-J)]
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In Example 1, both the layout and data streams are recycled,

and the string printed on the output medium is:

11 22 11 22 11 22

In Example 2, if the first line of the input device contains

a natural number n_ as its first three characters, and the next n_

lines contain two (appropriately spaced) columns of numbers, then

the two columns are printed in reverse order on the output medium.

For example, if

3

1 2

11 22
111 222

appears on the input medium, then

2 1

22 11

222 111

will be printed on the output medium.

In Example 3, the first five rows of Pascal's triangle

1
1 1

1 2 1
1 3 3 1

14 6 4 1

will be printed on the input medium.

In Example 4, if the first four lines on the input medium con

tain an (appropriately spaced) triangular configuration of numbers,

the configuration is inverted row-wise and column-wise on the out

put medium. For example, if

1

2 3

4 5 6

7 8 9 10
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appears on the input medium, then

10 9 8 7
6 5 4

3 2
1

will appear on the output medium.

4.10.1.a Notational Changes

Square brackets [ ] are replaced by angle brackets < >.

4.10.2 Discussion

The data stream and the layout stream of mini-language 10 cor

respond roughly to the variable list and format in FORTRAN 1/0

statements. The primary difference is that the data stream and

layout stream are determined dynamically, and in a complicated

manner. As an aside, it seems ridiculous that Ledgard could offer

mini-language 10 to satisfy the need for "standardized, straight

forward techniques" for specifying 1/0.

In our treatment of mini-language 10, data streams and lay

out streams will be represented by list-valued Vienna objects. Data

streams are represented by VO's of the form

NXT

NXT

ELE

201



Layout streams are represented by VO's of the form

REPL

These data structures are constructed by the attribute equations

for data stream declarations and layout stream declarations.

Two functions are defined in PROCLIB named GNDI and GNLI, which

are acronyms for "Gen Next Data Item" and "Get Next Layout Item",

respectively. The argument for GNDI is a data stream, and GNDI re

turns a data reference and a new value of the data stream. GNLI

takes a layout stream as an argument and returns a layout specifi

cation and a new value for the layout stream. The flowcharts for

these two functions correspond closely to the actions of getting a

data item and getting a layout item as discussed on pages 195 and

196.

Input and output statements are very complicated in mini-lan

guage 10, as they involve stepping simultaneously through the data

stream and layout stream (using GNDI and GNLI), and if one stream

becomes exhausted while the other is not, "recycling" the exhausted

stream and finally terminating when both streams are exhausted simul
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taneously. The action of the I/O statement is on pages 196

and 197. In the flowchart for a program in mini-language 10, each

I/O statement is represented by a "sub" flowchart which corresponds

to the action of the I/O statement as given by Ledgard. These "sub"

flowcharts will be discussed in detail in the next section, but a

word is in order here about their complexity. In both mini-lan

guage 9 and 10, very complicated actions can be specified very

concisely; as a result, the flowchart corresponding to a "simple"

program in one of these languages can be surprisingly complex, since

all of the implied actions are made explicit.

Let f be the function corresponding to a program P. The I/O

actions of P will be represented in f by the functions READX(a,3),

where a is an integer representing the field size and 3 is r, d, or

£, and the function PRINTX(cc,3,y) where a and 3 are as above, and

Y is an integer (the data item). The state of the input device is

not incorporated into the initial state vector, and when the com

putation rule APPLI(f ,S) requires evaluation of the function

READX(a,3), the value is obtained by interpreting the actual input

stream to the semantics-based interpreter appropriately; when

PRINTX(cc,3,y) is evaluated, it returns the null result, and it is

also appropriately interpreted and the output appears on the actual

output'medium. Thus, a program interpreted by the semantics-based

interpreter will be followed by the cards representing its input,

and its output appears on the line printer (see pages 373-402, Appen

dix I).
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4.10.3 Formal Definition

The basic functions used in the definition of mini-language .

10 are

1) the Vienna operators U0, U, IQ_ and SEL.

2) READX and PRINTX, discussed in the previous section.

3) LTN(a,3), where a, 3eN

LTN(a,3)=(TRUE if a<3

(FALSE otherwise

4) integer addition and subtraction

Following the formal definition, the most significant attri

bute equations will be discussed.
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MINI-LANGUAGE 10

SYNTACTIC AND SEMANTIC DESCRIPTION

^ <PROGRAM>A=<OEC LIST>B •;• <C0MMAND LIST>C •.END*
<FLOWCHART>AtF=CrF
<PROCLlB>AtP=Ul
•UOl'GNLl'iUI %1.%
.MKFLClO,»S',»CONDIEQU{SELt"LIST«,S>,NUL>,4,i>«>»
.MKFLC(i,iS»,iCONOILTN(APPLlF(SEL(MREPLM,SEL(a£Lfc",SELlwLlST«,S)n,S),l

mkfi rf 7. «Ul( S.,,LISTMtSELCHNXT,,tSEL(MLIST"»SI IJ'iOJi

I,SEL(-LlST»,SJ})),S))tUO("COOE«,SELI"CODEM,SELl-UNi;T«',SEL("ELE-,SEL(-LI
.nnn!'JO(«LIST",Ul(SELC'LIST«,S)^REPL?ELEM,MKCON{APPLIF(SEL("REPL",

m .SEL(»ELE",SELl"LlST",S)HtSl - lUJINNUL).
^ .MKFLCl^t'NUL'tNUL)

• )),
.UO(»GNDI',U( ....
.MKFLC(0,«S«,»:0N0(EQU(SELC"LlST",S),NUL»,4,l)«)t
.MKFLC{lr»S».,CONDCECUCAPPLlFlSEL(»E2",SELtMELEM,SEL{MLlST«tSI)lfSI -

. . APPLIFlSELlMEl"rSEL{"ELE"rSELl"LI!>T»,S))>fS>tO>,2t3)»>,
.MKFLC(2f»U(JO('»ITEM».APPLIF(SEL("B»,SEL(»,ELE"iSELlnLlST",Sin»

m .UUS,SEL<»I"rSEL(MELEM.SfcLl»LLST»,S)n,APPLlF(SELCMcl"tSEL("ELE»t
W #SELl"LIST«',S))),S))l).UOtMLIST",SEL(MNXr".SEL(»L£SP'fS*)))afNUL)t

• MKFLCI3,«UCUO{M ITEM" ,APPLIF(SEL(MB»,SEL(MELE".,SEL( "LIST", SJ)>t
.UHS,SEHMI".SEL(HELEM,SEL(MLlST",S)))tAPPLlF(SELC*El"fSEL("ELE-t
.SEL<MLIST»,S)n,S>m,UO("LIST»,UUSEL<"LLST«,S),"El?ELE".
• MKC0NIAPPLIF(SEL(,,EIM,SEL(MELE",SEL(WLIST»,S)U,SI ♦

. INCRlAPPLIF(SELC-E2",SELlMELE»,SELl"LIST«fS)l)tS) -

. APPLIF{SEL(«El"tSEL<aELE",SEL(MLl.STM,SU),S>> ilD-'tNULlt
# • •HKFLCI*t,NUL,.NUL»

<LAYOUTLIB>AtL*BTL
<OATALIB>ATt)sBfO
C^N=»NUL«

<OEC LIST>A=<0ECLARATI0N>B •;• <OEC LlST>C;D=<DECLARATION>E
<LAYOUTLIB>ArL=U(BtL,CrL);Ot-L=EtL

~. <DAT4LlB>A{D=UUfD,CfD);DfD=ETD

<OECLARATION>A=<LAYOUT STREAM OECLARATION>B;C=<OATA STREAM DECLARATIONS
<LAYOUTLIB>A?L=B*L;CK='NUL«
<DATALlB>A*0=,NUL«;C^D=DfO

<LAYOUT STREAM DECLARATIONS* LAYOUT STREAM L« <JNUMBR>8 •«• <LAYOUT LIST>C
p .. <LAYDUTLIB>ArL«UO(iL» B^VAL,C?L)

<LAYOUT LIST>A=<L4YOUT EXP>B •,• <LAYOUT LLST>C;D»<LAYOUI EXP>£
<LIST>A+L=U(U0(,ELE'tBtL>tUO(,NXTi ,CtD);
•0?L«U(UO(•ELE'tE1L)rUO(iNXT*,NUL)J

<LAYOUT EXP>A=<EXPk£SSION>B <CODE>CjO«=<EXPRESSION>E •<• <EXPRESS10N>F <COOfc>G

flft * <LISTEL>AtL-U(UO(»REPL«,l)»UO(,UNlT»,U(UO(»REPL,,,BrF«),UOt •CODE* t •C*C'
.mi;
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.DH= UlJOfREPLS»EHM,UOl»UNlT«,U(UOCREPL«,*FtF«).U,Ol'CODES»G/C«)l

<code>a«»b»;b=«l,;c=,d»
<CODE>AfC=,Bl ;BfC=,i.,;CfC»,D»

<OATA STREAM DECLARATION>A=«DATA STREAM D» <$NUM8R>3 •=• <0AIA LlST>C
<DATALia>A|D=UOl»D» B^h/ALfC^L)

<DATA LIST>A=<DATA EXP>B •»• <DATA LIST>C;D=<DATA EXP>£
<LIST>A L=UtUOI»ELE«,BtL),UO(,NXT»,CK)>;
• D^L=U('JO( •ELE'tEHltUOC'NXT* ,NUL)J

^iJjrrx««l?OMeS""i0R^B<lt£TTR>6 ..- <EXP*ESSI0N>F • TO • <EXPRESSUM>6

•n

<expression>a=<snuhbr>b;
•c=<nameo expression>d;
.£=•!• <EXPRESSION>F CARITH OP>G <EXPRESSION>H •)•

<FUNCTION>A^F=BfVAL;
•Cf*F«DtR;
• E+F-MFtF GfV HfF)»

<NAMED EXPRESSION>A=<$LETTR>B;
.C*»A» <$NUMBX>D •<• <EXPRESSION>E •>•

<RHSFUM>A^R=,SEL(MB1VALH»S)•;
.C R*«SEL(EtF,SEL("A" DfVAL,SI>»
<LHSFUM>A1'L=,,,BtVAL,,, ;
.CH^COHPOSIE^F.-A" DfVAU*

<ARITH OP>A=•^••;B«•-•
<VAL>A*V»•«••;B*V»•-,

<COMMAND LIST>As<COMMANO>B •;• <COMMAND LIST>C;D=<C0MMAND>£
<NEXT>N
<LlNENO>At*L=BtL;D*t=E/N.
<FL0HC4ART>A^F=U(B^F,CfF);DfF=£TF
BfN«C*L
CfN=AtN
EtNOtN

<COMMAND>A=<ASSIGNMENT COMMAND>B;C«<ITERATION COMMAND>0;£=<10 COMMANO>F
<NEXT>N
<L I NENO> AH»8+Li CtL*D^L; EtL-F+l.
<FLOrfCHART>A^F^B^F;CtF*D^F JE*F»F*F
BtN-A+N
OtN«CtN
F*N»EtN '

ASSIGNMENT COMMAND>A=<NAMED EXPRESS10N>B ••• <EXPRESSLON>C
<NEXT>N

• <LlNENO>AtL=UNOI)
<FL3WCHART>AtF=MHFLClA/h.,«Ul(S,B^L,CtFI«,AtNI

<ITERATI.ON COMMAND>A=«FOR • OLETTR>B •*• <EXPRESSION>C • TO •
. <GXPRESSION>D • DO <• <COMMANO LIST>E •>•

<NEXT>N
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<LIN5NO>AfL=UNO(> .„„.,.»<u>Atu^uiuoiuuN3(ntUO(2#uNoi)n;
<FLOWCHART>A/?F=U(

iSStclHuJ.AtSl.'-UlCS.-BWL-.SELl-BtVAL-.SI ♦ iNCR(t»F -
. SEL^'BtVAL^tS)))' iEtL»#
.EtF)
EtN=SEL(ltAtU)

<!0 COMMAND>A=<IO INST>B ML' <SNUMBR>C -,D- <SNUMBR>D •>•
<NEXT>N

<FLOWCHART>AtF=U(AtX,A^YI
<XFLOW:HART>A^X=U( , „ PRCCLI8)t Ul(S»wLIST«tiSSSii^^lJiSglSr.;^1 S^-i-" pp tJ'-lo.-procu*,.

UUS.»LIST-.SEL{«D« DVAUDATALlS»H)lf,SEUl,A Ul>.

\S„6KF^is^«^:i;uH^-:-CoiD;Eii;SELl».TEH».S6L«.J.--,S,,.NUL,.AfN..
• .:^?U!yJ.^!:.U«S.-L-. .f,L.«SU«^...««>a..l.UHS.™T..

,«DM,« SEL(6,AtU) S* SELI5,A1U> •!•*,
rKKIlItl^i^^t^^oUSi^li.TEH-.SEU^-.SH.HUL.,.
. SELI7fAMJI ».« SEL18,A1-U) •>•>)

.SEL1»D» DtVAL.OATALIBlDJ'fSELie.Vhjnt

.SEL(MLIST»,SELl"L-M,S))JJ),»SEL(i,Atun

.11

<>° <NST>A=MNP^B-^^
:|^:pROrEins'.pLR^;x!sEU»REPL«.SEt«-irEH».SEtl-t-..S,n.SEL<.C00E..
/B>!U-!;!rs:llLl»«TE;-'.SEU-D--,SU.REA0XISEL«-REPL..SELC-ITEM..

IsELI»ITEM-,SELI"L-»tS)llfSELISELC-lTEM-,SEL«-0-"fS»ltSni
END
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^ .The functions GNLI and GNDI are defined by the rule

<PROGRAM>A=<D6C LIST>B •;• <C3MMAND LIST>C •;END«
<FLOrfCHART>AfF=CfF
<PROCLlB>ATP=Ul

«fc* .UOPGNLI1 »U<
• MKFLC(0,»S',»CONDtEQU(SEL("LlST",S)tNUL),4,l)M,
.MKFLCIl,»SS«COND(LIN(APPLlF(SEL("REPL",SELl,,ELE",SEL("LlST",SJ)),S),i
• It

*mJflC(2.»Ult S."LIST",SEL("NXTM,SEL(MLIST",S) ))• ,0) ,

# IsEL("LlST",S))))fS)) ,UOl"CODE",SELi"CCDE",SELl"UNl.T",SELt"ELE",SEL(BLI

.)jnn!'JO(-LIST«,UUSEL{"LIST",S),"REPL?ELE",MKCONlAPPLlFISELl"REPL",
.SEL("ELE",SELI"LIST",S))),S) - l))J),.NULJt
.MKFLC{<,,»NUL«.NULI

.!>, -
•UO((GNDIa*U( ,i-%

A ,MKFLC(0,«SS,:0^D(EQU(SEL{"LIST",S),NUL),4,1)M,
<^ .HKFLC{i,«S»,»C0ND(EQU(APPLlF(SEL("E2",SELt"ELE",SEL{«LIST",S))l,S) -

• APPLIF(SEL{"El",SEL(,,ELE,,,ScL('fLIbT»,,S))),S» ,0),2,3)»),
•HKFLC(2,iUlJ0{"ITEM",APPLlF(S6L("B",SEL(»ELE",SEL("LlST",S)))»
.UU S,SELI-I %SEL I"EL t",SELI"L I.ST",S) J),APPLI FtSCL( "Ei",StL("ELE",
.SELl"LIST»,S))),S))l).UU("LlSr",SELl"NXT",SfcLr,LlSl",SI)l)*,NUL),
.MKFLCl3,,U(U0(«ITEM",APPLlF(SfcL("iJ",SEL("ELE".,SEL("LlSI",SJ)),
.UUS,SEL("I,,,SEL("ELE«,SELI"LIST".S))),APPLIF{SEL{M.EI".SELI"ELE".

m „SEL<MLISr",S)n,S)>n,UO(»LIST",UHSELC"LLST"fS),"El?EL£"f
.MKCONIAPPLlF(SeLl"fclM,SELl"ELE",SELl"LlST".tS)li,S» ♦ .
. lNCR<APPLlFtSELC"E2",SEL("ELE",SEL{"LIST«,Sm.S> -
. APPLlFISELl"El",SEL("EL£",SEL("Ll.ST",SJn,S)) JJ) )•• »NUi.Jt
.MKFLCU,«NUL',NUL)

& Informally, the function of each of the nodes in the flowchart de

fining GNLI is as follows:

0. If the list is null, go to "4".

4* 1. Is the replication factor for the first element of the list

less than 1?

2. Yes, get next element, go to "3".

m 3. Return a VO of the form

ITEM / \LIST

where the component selected by ITEM is the next layout



item, and the component selected by LIST is the "updated"

list.

4. Return the null object.

The function of each of the nodes in the flowchart defining GNDI

are:

0. If the list is null, go to "4".

1. For the first item on the list, is the index value higher

than the upper bound?

2. Yes, return a V0 of the form

ITEM / X LIST

where the component selected by ITEM is the next data

reference, and the component selected by LIST is the "up

dated" list.

3. Similar to "2", except that the components are calculated

differently.

4. Return the null value.
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The flowchart corresponding to an Input/Output command is de

fined by the rule

<I0 COMMAND>A=<IO INST>B ML- <SNUHBR>C SO" <*NUMBR>D •!•
<NEXT>N

<FLOWCHART>AtF=U(An»A/}Y)

:&&£IW\:>»US.>L-- ,f:L««S5L«-GHL...PROa....Ul«S.-L.ST-.

£» .«D">,« SELl6,AtU) •,» SEL(5,A1U) •)•),
'• :^{!^!:A^::i::^ErsuEi!.uTEM».SEu-D-..s,,.Nuu,.

. SELl7,At-U) •,» SEL18.AHJ) •)•>)
r^SJsEuKi^UllS.-0-..-.PLI^Ll-GMI-.P.Ottiel..UllS..tlSI-.
SEL("D" D>TVAL,DATALlB)))),,SEL(8,VtnJ))t

*•••••• .: JsE{t.ti;:$i:M^^
.SEU»LlST",SELC"L-",Snn>',SELU,A'H>)>

^ The functions of each of the nodes in such a flowchart are as fol

lows:

0. Initialize the "variables" L^ and r> to the first item on

the layout stream and data stream, respectively.

1. Is the layout item null? If not, go to "4".

2. Yes, is the data item null? If so, go to the next state-

ment following the I/O command.

3. Recycle the layout list.

4. Is the layout code "b"?

5. No, make appropriate call to READX or PRINTX (no data is

m <NEXT>N
<LlNENO>AtL=UNO(»

(i*



read or printed here). Go to "10".

6. Yes, is the data item null?

7. Yes, recycle the data list.

8. Make appropriate call to READX or PRINTX.

9. Get next data item.

10. Get next layout item, go to "1".

4.11 Correctness of the Formal Definitions

We would like to have the best evidence obtainable that our

formal definitions of the mini-languages are correct. However, to

be "correct", the formal definitions must capture the meaning in

tended by Ledgard, which has only been specified informally; clear

ly, there is no way we can prove the- formal definitions are correct.

Evidence for the correctness of the formal definitions is provided

as follows: let L be a particular mini-language, and let £ be a

program written in L. Then the result of "simulating" £ based on

the informal description of L can be compared with the result of

translating £ to a set of recursive functional equations and taking

the fixed point, i.e., the function determined by the formal defini

tion of L. The above comparison was made for each of the sample

programs presented in Ledgard's paper (Le 71), and in all cases the

results agree*. These results are in Appendix I. What has been

shown is that Sem,(P) agrees with the intuitive notion of the func-

*This process led to the discovery of several errors in the sample
programs; these errors were confirmed by Ledgard via private com
munication and corrected.
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tion computed by Pfor each of the sample programs, and while this

does not prove that SemL(P) will agree with the intuitive inter
pretation of Pfor every program Pin L, it is the best evidence ob

tainable that Sem, provides areasonable definition of the semantics

of L. '
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Chapter 5. Methods of Semantic Definition Compared,
and Some Directions for Future Research

Abstract

The use of recursion equations in the def
inition of programming languages is discussed.
The advantages of the method of semantic defi
nition presented in this thesis are pointed out
in comparisons with other current methods.
Three directions for further research in
semantics are discussed.
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5.0 Introduction

In our semantic method, Sem. is defined by (see Section 2.6)

Sem. = Senu o Trans, „

where Trans, „ translates programs in L to sets of recursive func

tional equations and Senu maps sets of recursive functional equa

tions to their minimal fixed point (see Section 2.4); Trans, « is

defined using synthesized and inherited attributes as in Knuth (Kn 68)

and Maurer (Mau 73). The idea of explaining programming language

semantics in terms of recursive functional equations is far from

new; the following is a partial list of authors that have consid

ered this approach to one degree or another: McCarthy (McC 63a and

McC 63b); Landin (La 65); Strachey (St 66); Park (Pa 69); deBak-

ker and Scott (deB 69); Scott (Sc 70); Scott and Strachey (Sc 71);

Manna, Ness and Vuillemin (Ma 72); and Cadion and Manna (Ca 72).

This list raises two questions: first, why is the use of recursive



functional equations in explaining programming language semantics

so popular; and second, what does the present thesis add to .the

work that has already been done using this approach?

The outstanding quality of sets of recursive functional equa

tions is that they define a "computational process" without refer

ence to a computer, or a computational process of any sort. It is

thus possible to define programming languages independent of any

machine or abstract machine. The definition of a computational pro

cess using a computer or an abstract machine involves keeping track

of the state of the computer or computation, which is a forever

changing entity. The fixed point characterization of semantics de

fines the computation by an invariant quantity, namely the fixed

point. Invariant entities are easier to. handle mathematically than

constantly changing ones, which makes the latter type of defini

tion appealing from a mathematical point of view. Manna, Ness, and

Vuillemin have exploited the static quality of the semantics of re

cursive functional equations to prove a number of properties about

them in (Ma 71). In fact, McCarthy first suggested this type of

proof in (McC 63a).

Another advantage of our method of using recursive functional

equations is that all implementation details may be left out of the

definition of a language. For example, mini-language 4 permits re

cursive functions, yet its definition was accomplished without ever

describing a stack or a "call and return" mechanism. Arithmetic

expressions are evaluated in mini-languages 4, 6, and 7 with no

mention of storage needed to store intermediate results. None of
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the definitions involve "location counters". These considerations

are all properly a part of a computer implementation of a language,

but clearly are not essential to the definition of a language, and

hence tend to obscure what which is essential if they are present

in a definition.

What the previously mentioned papers have failed to contain

is any application of this theory to anything resembling a reason

ably complete programming language, or any programming language

having any complex features other than simple recursion, which, of

course, is a very simple feature when explained in terms of re

cursion equations. For example, McCarthy (McC 63b) shows that a

very simple flowchart language can be translated into recursive

functionals, but later, when he gives a definition of a small sub

set of ALGOL in (McC 64), he resorts to an interpreter. In (Sc 71)

Scott and Strachey give a complete description of a language so

simple it does not have variables! A description of a slightly

more powerful (!) language is begun in the same paper, and broken

off with the comment, "the reason for passing over this topic is

the difficulty of keeping track of the state transformations invol

ved in such a definition". In Manna's papers, he does not attempt

to define a "real" programming language, but proves his theorems

for a language based directly on recursive functional equations.

In fact, in Ledgard's paper (Le 71) containing the ten mini-

languages defined in Chapter 4, Ledgard suggests that the ten mini-

languages would be good test cases for a definitional method, and

indicates that he does not believe any method current at that time
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capable of giving acceptible definitions of all ten languages.

There are two primary factors that make it possible to give

complete, clear, and concise definitions of the ten mini-languages,

which contain a number of very complex features. First is the

assumption of the state vector thesis of McCarthy, that is, the

effect of a programming language construct is defined by its effect

on the variables it references; and the choice of the Vienna Defini

tion Language subset described in Section 2.2 for defining the neces

sary state vector operations of variable assignment and referencing.

Second was the choice of the "attribute method" for defining

Trans, R. This is attributable to Maurer (Mau 73) whose work is in

turn based on Knuth's (Kn 68). Actually, the list of alternative

formal methods for specifying the translation Trans^ is y/ery

short. A summary of such formal methods is contained in (Ah 72)

and it can be seen that most of the research on syntax-directed

translation has been done on methods in which the translation at

each node depends only on the translation at the nodes immediately

below it in the parse tree (its immediate descendents). Expressing

this in terms of attributes, only synthesized attributes are used.

As can be seen by examining, for example, the attribute equation

for the FUNCTION attribute in the rule

<VALUE>A=<$NUMBER>B;C=<$LETTER>D
<VARTABLE>
<FUNCTION>AfF=B+VAL;C+F='SEL(' SEL('D+VAL',C+V) ',S)'

in the definition of mini-language 1 in Section 4.1.3. The
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function corresponding to a particular nonterminal may be depend

ent on attribute values defined at nodes above it in the parse tree

(1n this case the VARTABLE attribute). In fact, this situation

occurs in all of the mini-languages. Thus, for all practical pur

poses, the methods of formally specifying a translation of the re

stricted type mentioned above would be all but useless for defin

ing the ten mini-languages.

There are also a number of positive advantages in our choice

of method for specifying Trans, ^, as follows:

1) The translation is defined mathematically without refer

ence to any algorithm for implementing the translation.

This eliminates extraneous information in the same way as

defining a language by a grammar G rather than by a

recognition algorithm.

2) The translation is defined locally; this breaks the trans

lation down into parts that can be easily understood, and

modified if necessary. *

3) It associates with each node in a parse tree a set of

attributes representing the information available at that

node. Thus, parts of a program are given a semantic in

terpretation relative to the entire program.

4) The translation is defined so that it corresponds to the

intuitive understanding of the translation process. This

is very important as a semantic difinition is only useful

if it can be understood with a reasonable amount of effort,

hopefully no more than would be required to understand a

"language manual" style of definition.
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5.1 Comparison with Other Method of Semantic Definition

5.1.1 Compiler-Oriented Methods

Representatives of this method include Wirth'and Weber's defi

nition of EULER (Wi 66), along with the compiler-compiler approaches;

see, for example, (Fe 66) or (Fe 68). In these methods, Sem, is

defined by

SemL = SemM o Trans^

where Trans, u translates I to an elementary language M, which may

be the machine language for some real machine, or an independently

defined "machine-like" language. Sem,, represents the semantics of

the elementary language M. Sem., is either taken to be self-evident,

or embodied in some real hardware for a machine that executes M.

There are a number of obvious drawbacks to this method. Trans, u

is typically specified procedurally, that is, a procedure is given

which implements Trans^. As has been pointed out before, this

introduces a great number of detailed considerations that are ex

traneous to the definition of L; further, it ties the definition

down to a particular parsing algorithm. Also, there is the problem

of circularity, as Trans^_R will be in fact a program written in

some special language. Note that none of this is true for our

specification of Trans, „, as is indicated in the previous Section.

Also, because the "language" of recursive functional equations

is much more powerful than a typical machine language, the trans

lation Trans^_R is much simpler than the translation Trans, „. In

fact, Trans^_R(P) will probable look very much like P_ itself, whereas
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TransL_M(P) will typically be much larger than (P). Also, TransL_M(P)
will contain all of the implementation details necessary to imple

ment P on a machine (real or abstract).

Sen^ is defined mathematically, while Sem^ is either taken to

be self-evident or defined by hardware. Certainly the definition

of Sen^ is aesthetically more pleasing. Also, all the methods of

proving program correctness, termination, and equivalence, are

applicable using Senu, whereas their relation to Sem^ is obscure

at best.

5.1.2 Interpreter-Oriented Methods

The foremost representative of this method is the Vienna defi

nition of PL/1 (PL 66). In this definition, SemL = Sern^ o TransL_M

but Trans, u is the identity, hence Sem^ = Sem^ and the semantics

of L are embodied in an abstract machine M. Since M "executes"

programs in L, all the details of a particular implementation,

including stack manipulations, call and return mechanisms, parameter

passing mechanisms, etc., are present in M. In the compiler orient

ed definition, the implementaion details are present in the trans

lation process; in the interpreter-oriented method, they are pre

sent in the abstract machine. In either case, the user of such a

definition must contend with either a translation or an abstract

machine containing all of the details of one particular implementation.

And this is necessary to understand even the simplest construct in

the language. This makes the definition more complex than it needs

to be, and makes it impossible to determine which parts of the



definition are describing intrinsic features of the language, and

which parts of the definition are present effect a particular

implementation. In the method presented in this thesis, it is shown

that any one of a particular class of computation rules computes the

value calculated by the program, but no particular computation rule

or class of computation rules enters into the definition itself.

Using the Vienna method, or any interpretive method, no intrin

sic semantics is attached to individual statements in a program.

Thus, if £ is a statement in a program £, the only way of determining

the significance of c_ is by executing P^and, essentially, monitoring

the execution of c. That is, the Vienna method defines the semantics

of the whole program but does not define the semantics of individual

statements. Thus, verification conditions for statements are

going to be very difficult to derive for a language defined by the

Vienna method. This contrasts with the method of this thesis ,

which associates with each construct in a program a set of attri

bute values which constitute the semantics of that construct.

5.1.3 Floyd's Method

Floyd's original techniques have been extended to handle cer

tain programming language features more complex than those con

sidered by Floyd by C.A.R. Hoare (Ho 69 and Ho 71). These tech

niques have been used by Hoare and N. Wirth to give a formal def

inition of (a subset of?) PASCAL (Wi 71). Still, whether or not

these techniques are sufficiently flexible and powerful to define

programming language features as diverse and complex as those in

the ten mini-languages remains an open question. Also, if Sem, is
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defined using Floyd's method, then Sem,(P) is not the function com

puted by £ but is the verification condition for P., and this does

not seem adequate for definitional purposes. However, this method

1s yery important because it forms the link between programming

languages and correctness proofs. Thus, for any semantic method,

it is important that verification conditions can be derived for the

statements in a program. In Section 5.2.1 it will be shown how

verification conditions can be derived using the semantic method of

this thesis.

5.1.4 Scott's Method

Scott's method has not been applied to any real or even quasi-

real programming languages, although Scott himself has claimed for

the last three years that such a definition is right around the

comer. Therefore, it is difficult to judge this method. Scott's

theory is especially applicable to the definition of programming

languages that manipulate functions as data. This requires a little

explanation. Mini-languages 4, 5, 6, and 7 ostensibly manipulate

functions; functions can be associated with identifiers, functions

can be passed as parameters, and functions can be returned as the

value of a function call. However, in all of these languages (as

is also the case in ALGOL and PL/1) quite a bit is known about these

functions before the program is "executed". Thus it is possible to

pass information representing the function, such as its name, rather

than the function itself. Function names can be treated as ordinary

data and do not introduce any difficulties into the semantic
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definition using the technique of this thesis. However, if the pro

gram can manipulate functions that cannot be represented by their

names (this occurs whenever a language allows strings to be compiled

and treated as functions during execution of a program, e.g. LISP

and SN0B0L4), then the domain of our recursive functional equations

must be expanded to include functions, and the mathematical theory

breaks down because the domain has an unbounded cardinality and the

fixed point theorem is no longer applicable. Scott (Sc 70b) has

shown the existence of a domain that does contain all the functions

that are computable by computer programs, and for which the fixed

point theorem does apply. This domain, however, can also be used

as the domain for the recursive functional equations defined by our

semantic method, with the same result; namely, that semantic def

initions can be given for these languages.

The difference between our method and Scott's is that he

defines Sem^ itself as the fixed point of a set of recursive func

tional equations defined on the. syntactic classes of L (see Section

1.8), and our method defines Sem^ by the equation Sem, =Senu o

Trans^. It seems likely that Scott's method for defining Sem,

will be completely intractible for any real programming language,

because many features of programming languages are primarily for

the user's convenience, and Scott's method has only been applied

thus far to languages designed for its own convenience. That is,

somehow all of the information embodied in the equations defining

Trans^_R must be expressed in the semantic equations defining Sem,

in Scott's method; and at the present, its not clear to the author

of this thesis how it can be done.
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5.2 Directions for Future Research

5.2.1 Program Correctness

In order to prove that a program P. is correct, verification

conditions V (Q,R) must be derived for each command c in P (see

Section 1.4 for a discussion of Floyd's initial paper on this sub

ject. See also (Ho 69) and (Ho 70)). In this section, we will

show that Floyd's verification condition for a command of the form

xH'U.y^yg, ... yn)

namely

Vf(x,yr ... yn)««R> = IVx=f(V*r - V -Q(V*1 •
... yn)) => R(x0,yr ... yn)

can be derived from the semantic definition of the command

x*-f(x,y,, ... y ) that is given by the semantic method of this

thesis. The state vector function that would be associated with

x<-f(x,y,, ... y ) by a formal definition of a language containing

this type of statement would have the form

fc =Ul(S,x,f(SEL(x,S),SEL(yrS), ... SEL(yn,S)))

and the functional equation associated with c_will have the form

(see Section 2.4)

Fc = Fdfc

where d is the statement following c_, this equation has the follow

ing representation as a node in a flowchart

i
'c

I
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Let Q(x,y.j, ... yn) and R(x,y.j, ... y )be assertions about the

variables x, y-j, ... y ) before execution of c. and after execution

of £, respectively; then verifying the path consisting of the

single statement c corresponds to verifying the following path in

the flowchart representation of £

L

Q(SEL(x,S),SEL(yi,S), ... SEL(yn,S))

RCSEL(x,S),SEL(ylfS), ... SEL(yn,S))

=R

224

Q partitions the set of all state vectors s into two disjoint sets,

QT ={SeS |Q(S) =TRUE}

IJp = {SeS |ITCS) = FALSE}

and similarly, R partitions S into two disjoint sets

RT ={Se5 | R(S) = TRUE}

^F ={SeS | ]T(S) = FALSE} '

Verifying the above path consists of showing whenever f is applied

to a state vector S_ for which Q is true, then R(f (S)) is true, i.e.

* fc(<TT) £ &r

This verification condition follows immediately from our semantic

definition of the statement x^-f(x,yr ... y ); we will show that

it is equivalent to the verification condition derived by Floyd,

**• 3x0(x=f(x0,yr ... ,yn) -Q(x0,yr .. ,yn) => R(x,yr .. yn))
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** => *

Suppose Q(S) = TRUE,

let aQ=SEL(x,S), y^SEL^.S), ... ,Yn=SEL(yn,S),

and let a=f(aQ,Y1» ... »Yn).

The hypotheses of ** are satisfied, therefore

R(a,Yr ... ,Yn) =TRUE,

SO R(f(a0,Y-j V'Yr ... >Yn) =TRUE,

and R(f (S)) = TRUE

» => **

Suppose |aQ such that a=f(aQ,Y«j, ... »Yn) and Q((Xq,y-|» ... »Yn)«

Let S_ be a state vector such that •

aQ=SEL(x,S), Y1=SEL(y1,S), ... ,Yn=SEL(yn,S)

then $($) = TRUE and the hypothesis of * is satisfied,

therefore

R(S) = TRUE,

so R^ot^ V,Y1* '" 'V =TRUE*
and R(a,Y-j, ... ,Yn) =TRUE

The reason this proof is trivial is that our definition of the

semantics of x«-f(x,y,, ... ,y ) corresponds to the intuitive notion

from which Floyd originally "derived" his verification condition.

5.2.2 Proving Assertions About Translations

The above discussion was informal,, and no formal study of the

equivalence of the verification condition semantics of Floyd and the

functional semantics of our method has been made. One approach to

a formal proof of equivalence would be to associate verification



conditions with constructs in a language as attributes defined by

attribute equations. Thus, associated with a program P e L we

would have not only

TransL_R(P) but also Vp(Q,R)

where Vp(Q,R) is the verification for the entire program. To show

the equivalence of the functional definition and the definition by

verification would amount to showing

*** SemR oTransL_R(QT) £RT <=> Vp(Q,R)

where & and R are assertions about the input values and output val

ues of P. respectively, and

QT = {input value a |Q(a) =TRUE}

Ry = {output value a |R(a) = TRUE}

The method of proof that appears to he most reasonable for

proving *** consists of making assertions about the relations that

hold for the various attributes defined for the nonterminals in the

grammar generating L. In particular, for any nonterminal having a

functional attribute representing the action of the construct, and

an attribute representing the verification condition for the con

struct, their equivalence could be formulated. Once the necessary

assertions relating the attributes have been formulated, it must be

shown that the attribute equations defining the values of the at

tributes preserve the truth of the assertions. Thus, if we have

an attribute equation of the form

f : V„ x ... x v * V
a a.j a. a
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associated with the production

Xn -Xn Xn ... Xn
PO Pi P2 Pn

then any assertions about the attribute value a must be derivable

from the assertions for the attributes a,,ou, ... ,a. and the func

tion f which defines a.

If the assertions are true for constant-valued attributes, then

each attribute value defined by the attribute equations will satisfy

its assertions, and hence the assertions relating the attributes of

the root node can be proved.

5.2.3 Applications of Recursive Function Theory

In the definition Sem^ =SemR ° TransL_R, the translation

Trans£_R can be regarded as making "notational" changes to the pro

grams in L; the semantics of "execution" is given primarily be Senu.

A number of techniques for proving correctness, termination and

equivalence, for sets of recursive functional equations are devel

oped in a paper by Manna, Ness, and Vuillemin (Ma 72). These tech

niques are applicable to any programming language I for which

Trans^ is defined. Since recursive function theory has been a

(major ?) branch of mathematics for at least twenty years, it seems

reasonable to expect that there are a number of results that are

relevant to the theory of programming languages. This appears to

be an important area for future research.
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APPENDIX I

PROGRAMS RUN ON THE SEMANTICS-BASED INTERPRETER
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MINI-LANGUAGE 1

SYNTACTIC AND SEMANTIC DESCRIPTION

<PR0GRAM>A»<BL0CK>8
•<FL0WCHARr>A^F=BlvF
<SYMBOLTABLE>A^=8tV
B*N=« NUL • ; BT G» • NIK.'

<BLOCK>A»»BEGIN • <DECLARATION>B •;• <COMMANO LIST>C MEND*
<NEXT>N
<GLOBALS>G
<VARTABLE>A/rV=UtA^GtB4V)
<FL0rfCHART>A4F*C*F
<STATEN0>A1'S=C*S
CfN*A in; ci v»a t v :C« L-c^-x

<DECLARATION>A«»IOEN • <VARLIST>B
<VARTABLE>A*V»B*V

<VARLIST>A*<$LETTR>B •*• <VARLIST>C;0*<$LETTR>E
<VARt7bLE>A V-UIU0C8 VAL'.UNOlll.C V);0 V-UOCE VALSUNOO)

<COMMANO LIST>A»<COMMAN0>B •;• <COMMANO LlST>C;0*<CQMMANO>E
<NEXT>N

<vartable>v
<labeltable>l
<xlabels>a*x=u(bni,ci-x>;d*x*e4x
<FL6rfCHART>A4F=U(B^F,C<F);0+F»EtF
<STATENa>A-*S=B<S;0+S«E*S
B*V=»AW;BV'N»C 5S;B1L*A<L
c*i v»a*v: c' n»a-: n; c: l»a^l
E^V«01V;E^N»OtN;E*LaO^L

<COMMAND>A*<LAB£L>B • • <UNLABELLED COMMANO>C;Ds<UNLABEi.LEO COMMANO>£
<NEXT>N •

<VARTABLE>V
<LA8ELTABLE>L
<XLA3ELS>A*X=U0{•B^V•,C*S>;D4X*•NUL•
<FLOWCHART>A'F=C^F;[>^F*E*F
<STATENO>A'iS=CtS;O^S=E*S
C'n=a; N;C;: v*Afv;C*L=A*L
EtN=D'N;E>V=Oj:v;E4L«DU.

<UBEL>A=,L» <$NUMBR>B
<VALUE>AtV=»L« B^VAL

<UNLABELLEO COMMAND>A»<$LETTR>B •«• <VALUE>C;
•O*«H0PTO • <LAB£L>E;
•F«<BLOCK>G

<NEXT>N

<VARTABLE>V

<LABELTABLE>L •
<STATENO>A'.S=UNOIi:D S=UNOC>;F/iS=G'»S .«.«...»
<FLOWCHARr>A/»F*UO(AfS,U(UOfFUN«,»UCS,UOC« SELC •B'.-VAL•.A* VI •,C*FJIM.
.UO(fNXT»,A<Nll>; k «*......
.0 F«J01D1S,U(U0I»FUNN«S«).U0(»NXT«,SEU«E*V« .DflUll;
•F F»G*F

C?V«A*V .



(Si

p»-

APPLY FLOWCHART TO NULL STATE VECTOR S

FIMAL STATE VECTOR

PL1ST-
1 57
2 58

X 3

I 6
AR

3 6

6 3

TIME TO PROCESS SEMANTIC DESCRIPTION 1839 MItLlSEC
TIME TO PARSE 2730 MILLISEC
TIME TO EVALUATE SEMANTIC ATTRIBUTES 31292 MILLISEC
•EXECUTION* TIME 180 MILLISEC
•STATEMENTS' EXECUTED 10
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G*N=F'TN;GfG3FT*V

<VALUE>A=»<$NUMBR>BiC=<$LETTR>0
<VARTA3L£>V
<FUNCTION>A^F=BTVAL;CtF=»SEL{* SELI»D*VAL»,C^Vi 'tSJ'

ENO
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SOURCE PROGRAM

BEGIN IOEN A,B;
b=2;
A=l;
BEGIN lOEN B,CS

b=a;

c*7;
end;
a=3;
6*3?

END
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LISTING OF ATTRIBUTES OF PROGRAM NODE

DISPLAY OF FLOWCHART-F

FUN UCS,U0tl,2l!
NXT . 6

FUN U(S»U0I3V1I1
NXT 11

FUN UfStU0C9,SELC3fSm
NXT 12

FUN UCS,U0C7,7II

NXT 13

FUN UCS,U0(3t3>l
NXT 1*

FUN UCStU0(l,3)l
NXT

OISPLAY OF SYMBOLTABLE-S
A3

B I
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(8)

(B^

APPLY FLOWCHART TO NULL STATE VECTOR S

FINAL STATE VECTOR
9 I
7.7

3 3
13

TIME TO PROCESS SEMANTIC DESCRIPTION 971 MILLISEC
TIME TO PARSE 82* MILLISEC
TIME*TO EVALUATE SEMANTIC ATTRIBUTES 12058 MILLISEC
•EXECUTION* TIME 62 MILLISEC
•STATEMENTS' EXECUTEO 6
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SOURCE PROGRAM

BEGIN IDEN A,B;

A»W
8-2;

BEGIN IDEN B,C;
BaA;.
C*7?

ENDS
HOPTO Ll;
A=3;

Ll B=3;

END
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LISTINGOFATTRIBUTESOFPROGRAMNODE

DISPLAYOFFLOWCHART-F

FUNUIS,U0I30,1I)
NXT.33

FUNUIStU0I28,2l>
NXT38

FUNU(S,U0C36,SELI30,S)I)
NXT39

39
FUNUfS,UOI34,7)l
NXT40

40
FUN

NXT

S
42

41

FUN

NXT

U(S,U0I30,3II
42

42
•-—

FUNU(StUO(28t3>>

NXT

*DISPLAYOFSYMBULTABLE-S
A30
828
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<*H

(§i

^V

(&r

f •

30 1
36 1
34 ' 7i

28 3

APPLY FLOWCHART TO NULL STATE VECTOR S

FINAL STATE VECTOR

TIME TO PROCESS SEMANTIC DESCRIPTION 971 MILLISEC
TIME TO PARSE 10S9 MILLISEC
TIME TO EVALUATE SEMANTIC ATTRIBUTES 13833 MILLISEC
•EXECUTION* TIME 62 MILLISEC
•STATEMENTS^ EXECUTED 6
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MINI-LANGUAGE 2

SYNTACTIC AND SEMANTIC DESCRIPTION

<PROGRAM>A*<ASS!GNMENT LIST>B 'SENO*
<FLOKCHART>A^F»BtF
B?N»*NUL*

<ASSIGNMENT LIST>A=<ASSIGNMENT COMMAND>B •:• <ASSIGNMENT LLST>C;
•D»<ASSIGNMENT COMMAND>E

<NEXT>N M . .
<FLOWCHART>A^FaUIB*F,CtFI;DtF»EtF
<LN1EN0>A*L«34 L;DtL»EtL
BtN=CtL
C4N=A*N
E4N»D*N

ASSIGNMENT COMMAND>A«<LEFT HANO EXPRESSICN>B •*• <RIGHT HANO EXPRESSIONS
<NEXT>N

<FLOWCHARr>MF-UOUH,U«UO(*FUN«,'Ul(StBfL,C*W)tUOCNXT«,AtNI)l

<LEFT HAND EXPRESSION>A=<$LETTR>B;
•C*,7t <LEFT HAND EXP*ESSION>0

<LHSFUN>A/rL=,MB-tVAL"* ;
♦C^>L*•SELCDtL,S)•

<RIGHT HANO EXPRESSI0N>A»<LITERAL>8;
•C«<SLETTR>D;
•E«"?» <RIGHT HAND. EXPRESSION>F

<RHSFUN>Af.R=B*V;
.C4•R*•SEL(nO^VAL"fSI•;
..EfR-'SELIF+R.SM

<LITERAL>A»«(« <$LETTR>B •!•
<VALUE>A*V*•,•B4VAL"•

END



SOURCE PROGRAM
X-(A);

V*CXI;
Z«y;

@ 7Z*CB>; .
END

®

(§)

(§)

®

(§)

®
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LISTING OF ATTRIBUTES OF PROGRAM NOOE

OISPLAY OF FLOWCHART-F

FUN UlIS^X**,^**)

NXT 2

FUN . U1IS,«Y«,»X*»>
NXT 3

FUN UHSf"Z",SEL(«Y",SH
NXT 4

FUN UllS,SELI"Z"tSl,"B"l
NXT
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APPLY FLOWCHART TO NULL STATE VECTOR S

FINAL STATE VECTOR

Y X

Z . X
X B

TIME TO PROCESS SEMANTIC DESCRIPTION 502 MILLISEC
TIME TO PARSE 342 MILLISEC
TIME TO EVALUATE SEMANTIC ATTRIBUTES 2177 MLLLLSEC
•EXECUTION' TIME 48 MILLISEC
•STATEMENTS* EXECUTED 4
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®

®

®

®

SOURCE PROGRAM
X«IAI|
Y«?x;

ENO



®

LISTING OF ATTRIBUTES OF PROGRAM NODE

OISPLAY OF FLOWCHART-F

FUN UltSt"X«,»A"l
NXT . 13

13

FUN •. UUS,-Y«,SEHSEL(«X-,S)fSI>
NXT
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APPLY FLOWCHART TO NULL STATE VECTOR S

FINAL STATE VECTOR

X A

Y

TIME TO PROCESS SEMANTIC DESCRIPTION 502 MILLIS£C

?!m1 TO PEAVALUA?E9SEiALsnCCATTRIBUTES 955 MILLISEC
•EXECUTION* TIME 113 MILLISEC

$> "STATEMENTS* EXECUTED 2

#)
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MINI-LANGUAGE 3

SYNTACTIC AND SEMANTIC DESCRIPTION

O <PROGRAM>A=<BLOCK>B
<FL0WCHART>A$F«8*F
<LABELTABLE>A*L«B*X
<SYM30LTABLE>AtS«34V
BM-'NJL'SBfG-'NUL^BtLsBAX

<BL0CK>A*«BEGIN • OECLARATION>8 *;' <COMMANO LIST>C •;£N0*
<NEXT>N

O <GLOBALS>G
<LABELTABLE>L
<VARTABLE>A4V~U(AtG,B+V>
<XLABELS>A*X«C*X

<FL0WCHART>A4F«C*F
<STAT£NO>AfS»C*S
C?N«AtN;CtV»A*V:C*L«A4L

^ <OECLARATION>A»MDEN • <VARL1ST>B
<VARTABLE>A*V*B*V

<VARL!ST>A*<SLETTR>B 't* <VARLlST>C;0*<SLETTR>E
<VARTABLE>A4V«mU0('B^VAL* ,UNOI I) ,C^V) ;O^V*UO(»E^VAL« tUNOI J )

<COMMAN0 LIST>A*<C0MMAND>8 •;• <COMHANO LIST>C;D«<COMMAND>E
m • • <VARTABLE>V.

<NEXT>N

<LABELTABLE>L
<XLABELS>Afx»U(8tX,C*X|;0tX«E*X
<FL0rfCHART>A*F*UI8<F,^FU0tF*E*F
<statenu>a4s«b*s;o4s=e*s
B*V*A*V;B?N=C1S;B<L«a4L
C*Y«A<V;C*N*A<N5C*L*AfL

# EfV*DiV;E^N«D,»N;E?L»DtL

<COMMAND>A-<LABEL>B • * <UNLABELLEO CONMAN0>C;0=<UNLABELLE0 COMNANO>£
<VARTABLE>V
<NEXT>N

<LABELTABLE>L
<XLABELS>A^X«U0(»B^V«tCtS);O^X«E*X

^ . <FLCWCHART>AfF»C*F;OtF«EfF
^ <STATENO>A*S»C:S;D<S«E?S

CfN*A<N;C*V*A*V;C*L*AfL
EfN«OHN;EfV»D<V;E*L»D<L

<LABEL>A«»L» <$NUMBR>8
<VALUE>AfxV««L» B*VAL

m' <UNLABELLED COMMAND>A*<$LETTR>B •*• <VALUE>C; *
•0=*G0TO • <LABEL REF>E;
•F-<BLOCK>G

<NEXT>N
<VARTABLE>V

<LABELTABLE>L
<STATENO>AiS*UNOli;D*S»UNO«i;F*S«GfS
<xlabels>a<x«»nul*:d1x««nul«5f;x»g'»x
<FLOWCHART>A*F-U0CA?S,UIUO<*FUN*,«U(S.UOI« SELl•BtvAL',A*VI •,C^FI),)t
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.UOI«NXT*,AtNlll; ..*--,,..
.0 F«U0ID*S,UCU0l"FUM»t,$,ltU0l«NXT.N,E F«J1*8

.FtF«GfF
C^V»A^V;C^L*A^L
E<'V»D<V;EfL»D'tL '
GfN-F^GfG-F^GH-FfL

<LAaa ref>a*<label>b;c»<slettr>o
<VARTABLE>V

^Tlo^fF.SELC'B^V^AtLMC^.SELISELl' SELCDtVAL-.C*V>
. •,s),labelta8lei«

<value>a»<$numbr>b;c»<slettr>d;e»<label>f
<vartable>v

<FUNCTIo5>A?F.BtVAL;CtFa'SELl« SELC•OtVAL'.CrVl -.SI-;
#EfF««"FtV*M

END
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SOURCE PROGRAM

BEGIN IDEN A,B;
A=Ll:

B*2;
BEGIN IDEN 8fCS

B=3;

C*4;

GOTO a;

end;

. a*6;

Ll A*l;

END
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LISTING OF ATTRIBUTES OF PROGRAM NOOE

DISPLAY OF FLOWCHART-F

FUN UIS,U0C3,"Ll"n
NXT . 6

FUN U(S«U0Clt2l)
NXT 11

il '•
FUN UIStU0f9,3II
NXT 12

FUN U(S»U0I7,4I)
NXT 13

NXT SELISELC3.S>.LABELTABLE1

14
FUN U<StU0(3#6)l
NXT 15

FUN UIS,U0I3,1M
NXT

DISPLAY OF LABELTABLE-L
Ll 15

DISPLAY OF SYHBOLTABLE-S

A 3
B 1
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APPLY FLOWCHART TO NULL STATE VECTOR S

O FINAL STATE VECTOR
1 2

9.3
7 4

" 3 1

TIME TO PROCESS SEMANTIC DESCRIPTION 1165 MILLLSEC

TIME TO PARSE 953 MILLISEC

#> TIME TO EVALUATE SEMANTIC ATTRIBUTES 15837 MILLISEC
•EXECUTION* TIME 65 MILLISEC

•STATEMENTS' EXECUTED 6
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SOURCE PROGRAM

BEGIN IOEN A.a;
Bs2a

BEGIN IOEN BfC;
B«3;

A«L3;
GOTO LU

L3 04;
GOTO L2;

end;

a*6;

LI GOTO A;
L2 A=l;

END
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LISTING QF ATTRIBUTES OF PROGRAM NODE

01 SPLAY OF FLOWCHART-F

40

FUN

NXT

U(S,U0(36»2)I
45

45
FUN
NXT

UfStU9<43t3>l
46

46

FUN

NXT

47

FUN

NXT

U(StU0(38«"L3"M
47

S

56

48

FUN

NXT

50

FUN

NXT

UCS.U0(41,4II
50

S

58

55

FUN

NXT

U(StU0t38t6)l
56

56

FUN
NXT

S
SEL(SELl38tSltLABELTABLEI

58 • - • - •! ..—«.

FUN

NXT

UtS»U0(38.1)>

L3

LI

L2

DISPLAY OF LABELTABLE-L

48

56

58

A

B

OLSPLAY OF SYMBOLTABLE-S
38

36
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p>

@s

'f

m\

36 2

43 3
41 4

38 1

APPLY FLOWCHART TO NULL STATE VECTOR S

FINAL STATE VECTOR

TIME TO PROCESS SEMANTIC DESCRIPTION 1165 MILLISEC
TIME TO PARSE 1257 MILLISEC
TIME TO EVALUATE SEMANTIC ATTRIBUTES 20018 MILLISEC
•EXECUTION* TIME 81 MILLISEC
•STATEMENTS* EXECUTED 8
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MINI-LANGUAGE 4-

SYNTACTIC AND SEMANTIC DESCRIPTION

257

<PR0GRAM>A»<EXPRESSI0N>8 »;END«
<FLOHCHART>A4F=U0(0fUlU0(,FUN«.»BtF«).UOC,NXT»«JI)
<MFUNLlB>AtM=BfN
<EXPLIB>AfE=B*E
BfO«»NUL«

<EXPRESSION>A*<$NUMBR>B;
•C«<LET EXPRESSIONS;
•E»<COMBINATION>F;
•G«<IDENT>H

<D£CLNAMES>D
OiFUNLlB^^M^'NULMCfMsD^EtMsF+M^M^'NUL'
<EXPLIB>A^E=«NUL«;C/>E*O^E;EiE=Fi?E;GtEa«NUL«
<FUNCTI0N>A*F=B*VAL;C4F«0*F;£4F=F*F;GfF=sMF
D4D=C4D
F*D»E4D

H40«GfD

<IDENT>G»<$ALPHA>M

<OECLNAMES>0
<FUACTI0N>G*F=C0NDCEQUl SELl •TYPE* ,SELI•H+VAL*•G*0) 11'FUN*11
• •UlUOl"NAME%MH*VAL")»UO{l,ENY"»SEL<,,ENV,lf S») )•#

.CONDIEOUCSELCTYPE* ,SEL< »H? VAL« ,G*DJ J , «EXPM »
••APPLI(SEL(MH^VAL"#MFUNLIB»,S)».
• •SELI* SELCNO'.SELI'HtVAL'tG^DI) «f SELC SEL (•• SELI'FNAME*,
.SELI»H*VAL«.GtD}) •« ,SEL( "ENVSSI ) .SW •) I

i

<LET EXPRESSION>A*»LET • <$ALPHA>B •»' <EXPRESS1UN>C •IN • <EXPRESSlON>0;
•E-^LET • <$ALPHA>F •(• <PARAM LIST>G •>=• <EXPR£SSION>H •IN • <EXPRESSION>I

<OECLNAMES>0
<FUNCTION>A*-F*DtF;EtF»IfF

<MFUNLIB>At M»J(UOt•B*VAL S UO(0,U(U0(«FUN«,»CfF•J#U0(»NXT•,NUL)111
• tDfMtCtMl;
•E^M«UIU0(•F^VAL*.UO(0,UIUO« •FUN*t'H^F*)tUQI•NXT*.NULI)II
•tUIHtMfXtMl)
<EXPLIB>A*E=J(C^E,D*E);Ef£=UtH<fE,r»EI
C/?O=U(A<D,U0t •B<VAL».U0C«TYPE'.,EXP«11);
•DfD=CfD;
.HfO=U(E^D,UCGlDfU0(«FfVAL»,UOC,TYPE«f«FUN»)im
•ItD«H*D
GtI*l;G*N=«FfVAL«

<PARAN LIST>A»<SALPHA>B •.• <PARAM LIST>C;Q=<$ALPHA>£
<NAME>N
<IN0EX>I •
<DECLNAMES>AfD=U(C+DtU0(«8^VAL,.U(UlUOI«TYPE,t,PARAM»l,U0(»NO«,A^I)).
.uoi#fname,,«a/!V ))));
• D''0«UOIaEtVALa tU(U(UOC •TYPE* r• PARAM* )*U0< »N0• tDtl) ) tUOC •FNAME* »
• •DfNMI)
CN-A^NJCH-Ail ♦• 1

<C0MBINAT10N>A=M« <EXPRESSION>B •«•• <EXPRESS10N>C • !• ;
• D»MIF • <EXPRESSION>E •>• <EXPRESSION>F • THEN • <EXPR£SS10N>G • ELSE •



Si

•<EXPRESSION>M •!•;
•L«<IDENT>M M" <EXPRESSION LIST>N •>•

<DECLNAMES>D
<UNO>A/^U»•NUL•;OlUsUNOI);LtUa•NUL•

<MFUNLlB>A^M=U(BfMfCtMI;
^ .DtM»U<U(U(E<M,FtMI,G4MI,M4M|;
& .L>M»N*M

<EXPL I B>A-fE»U( B^E»CfEl;
.0 E-UlUlUCE^EfFfElfG^EIfH^Et

• UOCSELECT* OlUfUiMKFLCIC'S'.'CONOCGTNIE^F ,FfF),1,2)«>t
•MKFLCIl,»GrF«,),MKFLC(2t,HfF»,l)l);
.Lf£*N*E
<FUNCTI0N>AtF««8tF ♦ C*F*;

m .D*F»«APPLICSEH"SELECT" 0 U,EXPLIB),S)V ;
#LtF*»APPLUSEL(SELI*,NAME«,M7FJ,MFUNLL8)t
.UlStU0I*,ENVw,Ul(SEL(wENV",M^FI,SEL("NAME"tMtFlfUNOIIIIt
•UOIUNlQUENUMBERtN^FI 11•
BfD»A*D
CfD»A*D
EfD»D*D
F?D=DtD

(^>. ' Gf0*0*0
H*0«D*D
M*D*L*0
N♦D»LfD;NfI»•l•

<EXPRESS10N LIST>A»<EXPRESS10N>8 •»• EXPRESSION LlST>C;0*<EXPR6SSI0N>€
<DECLNAMES>D

~ <INDEX>I
^ <MFUNLIB>A-fM»UIBtM,ClNI;D>fM«EfM

<EXPL I B>At E»U <Bt E#C*EI; D<•£« E^ E
<FUNCTION>A'fF»»UlCfFtUO(A^I»etFII«;DtF*»U0IO^Ite^Fl«
BfD«A4D
CfO-A*D;C*I*A^I «• 1
E4D«0f D

• END

(8)
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SOURCE PROGRAM
LET FIXIsUF X>3 THEN X ELSE CX*FCCXU»IM

IN ftiii
ENO

259
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V

LISTING OF ATTRIBUTES OF PROGRAM NODE

OISPLAV OF FLOWCHART-F

FUN
^ ?UN ^PPLICs1lISEL<"NAME".UIUO<»NAME".-F->,^

uis\u3C-EN^,Jm^^^IfiolHNAM£".»F-) ,UOC »ENV,SELl-£NV-,S> >I>.UNOC >>>.UOIUNUUENUMdER.UJC 1.21) >>
NXT

<« 01SPLAY OF MFUNLIB-M

FUN APPLKSEL("SELECT" 2,EXPLlBltS>
NXT

. DISPLAY OF EXPLIB-6
SELECT2 ~—

MXT CONDIGTNCSELCl.SaiSELl"F-.SELt*»ENV".SII.SII .3ltl.2J

^ fun l SEl7i,SELISEL("F«,SEH«ENV",SII»SII
NXT

FUN SEL(l.SEL(SELC"F%SEL!"ENV».Sn.SI!
F«|tUO(«ENV",SEL(,,ENV",S)M»»MFUNLlB)»UIS.lJ
tUOC«ENVSSELl"ENV"#S>>>>tSELl"NAME««UIUO(«
NO()l),UO(UNIQUENJMBERtU0(l.SEL(



Si

261

<P>

Mi

APPLY FLOWCHART TO NULL STATE VECTOR S

FINAL STATE VECTOR

TIME TO PROCESS SEMANTIC DESCRIPTION 1484 MLLLLSEC
TIME TO PARSE 1117 MILLISEC
TIME TO EVALUATE SEMANTIC ATTRIBUTES 10182 MILLISEC
•EXECUTION* TIME 100 MILLISEC
•STATEMENTS* EXECUTED 10



SOURCE PROGRAM

LET F(X!*CX*X1
IN LET G(PtX)«(PlXI*Ptlll

IN GCF.2I;

END

262



(ft

LISTING OF ATTRIBUTES OF PROGRAM NODE

DISPLAY OF FLOWCHART-F

263

0
fW APPLI<SELtSELIwNAHE»fUCUOC"NAME"»"G"I.UOI«ENV"»SELl"ENV"»Sm)»MFuNLlB*»
UIStUOI*,ENV*»tUl(SELt,,ENV,*fUlUO("NAME"f"GH),UOC',ENV,,.SELl,*ENVwtS)J»ltSEL(*,NAME*»tU
(UO(MNAME**,NGN),U0(NENVHfSEL(nENV**»Sn))tUNOn))»U0(UNIQUENUMBER,U(UO(2f2)fUO(l,
UCUOt WNAME«*,"F"1 ,U0("ENV",SELI"£NV",SI 1111)11
NXT *

DISPLAY OF NFUNLIB-M

FUN SELTT7sELISELC*»F*»tSELl"ENV*»tS»).SII ♦ SELC WSELISEH*,F«,SELC"ENV*»»SI>tSI
I

NXT

FUN APPLlCSELISEL<*»NAME«,SELatSEHSELI"G*»»SELI"ENV«fSlltSllltMFUNLlflltUCStU
OI"ENV*»tUl(SEL("ENV*,tSELCitSELISELI*,G".SEL("ENV*,tS»ltSllltSELl,,NAME"tSEL4ltSEL(S
EL((*G**ffSEL(*>ENVNtSI)tS)ntUNO(llltU0(UNLQUENUM8ERtUO(l»SEL(2»SEL(SELCMG**tSEL(',£N
V**«S)lfSM)ll) ♦ APPLl(SELlSELl"NAME«SSELll»SEL{SkLC«G".SfcLI"ENV"tSI)tSI)).MFUNL
IBI.UIStUOCENV-tUlCSELCENV.SELd.'SELISELt-G-tSELl^ENV^Sn.SMItSELCNAME^tSE
LUtS£LISELIMGMtSEL("ENV**ffS)ltS)))tUNO()))»UOCUNIQUENUMBER»UOa»l)ll)
NXT

DISPLAY OF EXPLI8-E
NUL



APPLY FLOWCHART TO NULL STATE VECTOR S
(Pi

FINAL STATE VECTOR

P>

Si

It*

TIME TO PROCESS SEMANTIC DESCRIPTION 1484 MILLISEC
TIME TO PARSE 1016 MILLISEC
TIME TO EVALUATE SEMANTIC ATTRIBUTES 12083 MILLISEC
•EXECUTION* TIME 83 MILLISEC
•STATEMENTS" EXECUTED 4
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SOURCE PROGRAM
LET Fm»CV*3l

IN CF(l)+FC2t);

END
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LISTING OF ATTRIBUTES OF PROGRAM NOOE

DISPLAY OF FLOWCHART-F

FUN "APPLKSEL(SEL("NA»1E*»,U(UOC"NAME",,*F".»»UO(MENVM.SEH,*hNV"»SlllltMFUNLlBl»
UCS»UO(HENV",Jl(SEH"ENV*,,U(UJI*'NAME",«F"),UO(MENV»#SELl*,ENVH.tS>»))tSELC"NAME",U
(UOt "NAME",«F« ).UO( "ENV" »SEL("ENVH,S)) M .UNOI))I.UOl UNI QUENUMBER.UOi 1.1)11) ♦> AP
PLltSELfSELC"NAME",U<UO{»NAME«*,«F'M.UOl"ENVM.,SEL("ENVM.S>> »» .MFUNL IB) ,UCS.UOl«EN
V*,.UlCSELl"ENV'*,UlU0t,*NAM6'*,"F*»),UOIwENV",S6L(ttENV".SI))).SEL("NAME",U(U0I"NAME*»
t"F"l,uaiMENV".SEL("ENV".S))))»UNO()I).UOIUNIQUENUMBER.UOI1.211))

£» NXT

DISPLAY OF MFUNLIB-N

FUN SEL(l.SEL(SELI"F*».SELI*»ENV«,S))fSII ♦ 3
/a NXT

DISPLAY OF EXPLIB-E
NUL

(§s>

ill



APPLY FLOWCHART TO NULL STATE VECTOR S

FINAL STATE VECTOR

TIME TO PROCESS SEMANTIC DESCRIPTION 1484 MILLISEC
TIME TO PARSE 550 MILLISEC

- TIME TO EVALUATE SEMANTIC ATTRIBUTES 6966 MILLISEC
^ 'EXECUTION* TIME 33 MILLISEC

•STATEMENTS* EXECUTED 3

(S&

(Pi

(Pi

f
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SOURCE PROGRAM

LET Y-2
IN LET FCXI«CX*Y)

IN F;

END
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LISTING OF ATTRIBUTES OF PROGRAM NODE

DISPLAY OF FLOWCHART-F

FUN UIU0C«NAME,*.*,F«I.UOI"ENV*,.SEH*»ENV,*.SIII
NXT

OI.SPLAY OF MFUNLIB-N

FUN 2
NXT

0
FUN SEL(l.SEL(SELIa,F"fS£Lf**ENV**»S>)tSM ♦ API>LI ISELI'Y-.MFUNLIBI fSI
NXT

DISPLAY OF EXPLIB-E
NUL
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(8>

(Pi

APPLY FLOWCHART TO NULL STATE VECTOR S

FINAL STATE VECTOR

NAME F

ENV

TIME TO PROCESS SEMANTIC DESCRIPTION 1484 MILLISEC
TIME TO PARSE 333 MILLISEC
TIME TO EVALUATE SEMANTIC ATTRIBUTES 4833 MLLLISEC
•EXECUTION* TIME 0 MILLISEC
•STATEMENTS* EXECUTED 1
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NINL-LANGUAGE 5

SYNTACTIC AND SEMANTIC DESCRIPTION

<PROGRAM>A»<DEC LIST>B •;• <COMMANO LIST>C.•SEND*
<FLOWCHART>AfF«C1tF
<PROCLia>A1P=BtP
<ARGLIB>A4A»CTA
C*N*«NUL•;C?P«*NUL» ;CtS«B*S

<DECLARATION>A»»PROC P* <$NUMBR>d *(* <VARLIST>C •'•;• <SPEC LIST>D •;•
• <COMMAND LIST>F ^ENO*

<PROCLlB>AtP»U0I«8fVAL,.FtFI
<SPECTABLE>AtS«UO(»B*VALf.DfS>
CTI*1
DfP*C*V
F4N**NUL*;FfP»C*V;F*S*D*S

<DEC LIST>A«<DECLARAT10N>B •;• <OkC LIST>C;0«<DECLARATIQN>E
<PROCLIB>AtP«UIBtP»Ctp>;OtP»EtP
<SPECTABLE>AtS"U(BlS.CtSl;0;rS*fcfS

<VARLIST>A«<$ALPHA>B *.• <VARLIST>C;D«<$ALPMA>£
<INDEX>I M _..
<VARLIST>A>V«U(U0liBtVALi»A'HltC*VI;DlV«UOI,EtVAL».0tII
CtI«AfI ♦ 1

<SPEC LIST>A*<SPEC>8 •»• <SPEC LIST>C;D»<SPEOE
<PARAMTABLE>P
<SPECTABLE>A^S«UCBrStC^Sl;OtS*EtS
BfP*A*P
C*P«At P
EtP»D*P

<speoa«*exp • <svarlist>b;
•C-*COPY VAL • <svarlist>d;
.E-*LOC • <SVARLIST>F

<PARAMTABLE>P
<SPECTABLE>A««BtS;C/tS»OfSj£/JS-FtS
BtP-A-tPiBn-'EXP*
D*P«C4P;D^T«*COPV val»
rtP«E4PSFfT««LOC«

<SVARLIST>A*<SALPHA>B *,• <svarlist>c;d-<$alpma>e
<PARAMTABLE>P
<TYPE>T .
<SP£CTABLE>AfkS»UlUOlSEL(*BtVAL»»A^PI.«An»l»Ct$>;
•D S»UO(SELC*E/»VALt,OfPI.,D4Ttl
C4P»AvP;C*T«ArT

<COMMAND LIST>A»<C0MMAND>8 •;• <COMMANO LIST>C;D»<CQMMAND>6
<NEXT>N

<PARAMTABLE>P
<SPECTABLE>S
<LINENO>A" L"Bf L;0?L*E4 L
<FL0HCHART>A F»UlB?F.C*FI*D*F«6*F
<ARGLIB>A^A»U(BtA.C1A);0tA«ElA
B^N»C^L;BtP»A.,P;B^S«A'lS
ClN-A^CIP-A^CCS-AtS
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EtN«OfN;Etp*DfP;EtS«0*S

<COMMAND>A»<ASSIGNMENT COMMAND>B;C»<PROCEOURE COMMAND>D
<NEXT>N-

m <PARAMTABLE>P
r <SPECTABLE>S

<L!NENa>A?L»B4'L;CtL»DtL
<FLOWCHART>A*F»blF;C<F*DfF
<ARGLIB>AtA»•NUL*;C1A»D1 A
BlN'AfN^IP-AfP^IS-A^S
DlN=C*N;04S»ClS

'm <ASSIGNMENT C0MMAND>A*<EXPRESS10N>B •*• <EXPRESSION>C
<NEXT>N

<PARAMTABLE>P
<SPECTABLE>S

1flCW^M>A^^
B'J P=A?P;B*S=AfS
Ci'P-AtP^tS-A-tS

(Si
PROCEDURE C0MMAND>A»«Pt <*NUHBR>B •!• <ARGLIST>C •)•

<NEXT>N
<SPECTABLE>S

<LlNENO>AH«UNOII »«-.,, cci . «u*uai • oanri Ifll.<FL0WCHART>A<F«UO4A1L.U(U0l«FUN».« APPLUSELl WVAL-tPR0CLI8l.
.U(S.U0CPLISTL,C1FI)> M.UOI •NXT'.AtNIII
<ARGLlB>AfA«C*A

# CTN*BfVAL;Ctl*l;CfS«AtS

<ARGLIST>A*<ARG>B *.* <ARGLIST>C;D«<ARG>E
<NAME>N
<INDEX>I
<SPECTABLE>S
<FUNCTION>AAF««UlBtF,C^FI»;OjF«EfF

_. <ARGLlB>AtA«UtBtA,C*Al;D'fA«E*A
^ B4N»AlN;BlI«A';i;B*S«AtS

C^NaA^^C^I-A^I ♦ l;CtS«AtS
E •N*D^N;E* 1*D11 ;Ef S-01S

<EXPRESSION>A*<$NUMBR>B;
•c«<salpha>d;
.E«<$ALPHA>F ••»• <EXPR€SSlON>G •-•

m, <PARAMTABLE>P
<SPECTABL£>S
<LHSFUN>AtL*,NUL*;

.CtL-CONDtEQUtSELCSELt«OrVAL«fttPI.C4SI.'COPY VALM.5NULS
.COND<EQUISEHSELC«D'fVAL».ClP).C*S>f*LOCM.
.•SELC* SELC'DWAL'.CPP) •.SELCPLISTL.SII*»
.COND(EQlMSEHSELC*04VAL*.C*PI»C*S).,EXP«l. „ilBlf(?1 ...
:»SEL<"LHSVAL".APPLIISELCSELI« SELI•D*VAL*.CtPI -.SELIPLISTL.SII

O .,ARGLIB)»SII*.
••"DIVAL"*)));
•E'i L««COMPOSIG/rR."F'tVAL"l •
<RHSFUN>A1R-81VAL;

.C R»CONDCEQUCSEHSEH«OtVAL«.C?Pl.C*SI.«CCPV VAL«I»
••SELI* S6LC»D<VAL*.C1*P) •.SELIPLLSIL.SI I • .
.CONDIE0JISELCSEH»DlVAL*.C'PI.C<SI.»LOC«).«SfcLlC^LtSI«»
•CONDfEQJlSELCSELC«01VAL*.CAPI.C^S).»EXP-l. .»,,„. «n

^> stSEL!»RHSVAL".APPL!4SELlSEL4« SELI•DfVAL'.CTP) ••SELIPLISTl.SII

*«f

^
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^P

• •ARSLIBI.SII*.
••SELI•DtVAL".SI»III!
•EtRs*SELIEtL.SI*
Grp«ETP|GlS«EfS

° <ARG>A-<EXPRESSIONS
<NAME>N
<INOEX>I
<SPECTABLE>S

<FXnON>A?F^^ VAL«>.*UOIA*I. dt»M
• .CONDCEQUCSELCAlI.SELIAlN.AISII.'LOCM.-UOIAn* BUIS
••UOlAtl.AfU)•II<ARGLlB>AtA«CONDIEQUCSELlA^I.SELlA^N,AtSII.»EXP«l, ......#|
•UOIA u.UOIO.U4Uai,FUN»,»UCUO(»LHSVAL".BtLl.UOl*»RHSVAL«tBtRII«lt
•UO(aNXT*.NULllllt
••NUL*I
BtP«»NUL«lBtS»»NUL»

ENO

(iil

(i>
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SOURCE PROGRAM

PROC PIIA.BI;
LOC a.b;

• s»
B*x;

ENDS

133;
AR"I-S6;
PlCI.AR*»I-l;
END

<§)

@

(§)

(§)
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LISTING OF ATTRIBUTES OF PROGRAM NOOE

01SPLAY OF FLOWCMART-F

FUN UIIS.»I*».3>
NXT 7

7
FUN UHS,COMPOSCSELI«l*».SI.-AR-I ,61
NXT 8

FUN APPL!CSELC-1",PROCLIB).UIS.UOCPLISTL.UCUOII. •|«J9U0(2t COMPOSISELI*
l**tSI.**AR«*llllll
NXT

01SPLAY OF PRQCLIB-*

FUN UlCS,"X«tSELlS£LCl,S£HPLlSTL.SII»SJi
NXT 4

FUN UIIS.SEHI.SEHPLISTL.SII. SELI SELI 2. S€L4PLlSTLtSII.Sll
NXT S

FUN UllS.SELC2.SEHPLlSTL.SI).SEH"X«tSII
NXT

01SPLAY OF ARGLIi-A
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APPLY FLOWCHART TO NULL STATE VECTOR S

FINAL STATE VECTOR
PLIST-

1 I
2 37AR

X 3
I 6

AR

3

TINE TO PROCESS SEMANTIC DESCRIPTION 1839 MILLISEC
TIME TO PARSE 2468 MILLISEC
TIME TO EVALUATE SEMANTU ATTRIBUTES 30439 MILLISEC
•EXECUTION* TIME 118 MILLISEC
•STATEMENTS* EXECUTEO 6
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SOURCE PROGRAM
PROC PlIAtBl;

COPY VAL a.b;
x«a;
a»b;

B-x;
END;

1*3;
AR»Ir*6;
Pitl»AR»fc-i;
ENO
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LISTING OF ATTRIBUTES OF PROGRAM NODE

DISPLAY OF FLOWCHART-F

FUN U1CS."IN.3I
NXT 31

FUN UilSrC0MP0SCSELC«»I",S>.»AR«>.6l
NXT 32

FUN APPLICSELC-1".PR0CLIB).UCS.U0CPLISTL.UIU0C1, S£LC"I*».SI).U0C2. SELIC
OMPOSISELC"i«*.SI."AR«*),S>.l)ll)
NXT

DISPLAY OF PROCLIB-P

1

FUN UlIS»"X".SELC1.SELIPLISTL.SIII
NXT 28

28
FUN U1IS.NUL.SELC2.SELIPLISTL.SIII
NXT 29

29 r—

FUN U1IS.NUL,SELI**XN»SII
NXT

DISPLAY OF ARGLIB-A

NUL
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APPLY FLOWCHART TO NULL STATE VECTOR S

^ FINAL STATE VECTOR
I 3

3 6

PL 1ST-
I 3

(Si 2 6

X 3

TIME TO PROCESS SEMANTIC DESCRIPTION 1839 MILLISEC
tTmI tS £5SLSA2T6E67SE!;iNT!rATTRIBUTES 30910 MILLISEC
•EXECUTION* TIME 102 MILLISEC

f> 'STATEMENTS' EXECUTEO 6

pi

01

01
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. SOURCE PROGRAM
PROC P1IA.BII v

EXP A.BI .
x*a;
a*b; -
a*x;

end;

i«3;
ar«I-«6;

piii.ar*»i-i;
END
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LISTING OF ATTRIBUTES OF PROGRAM NODE

DISPLAY OF FLOWCHART-*

FUN U1CS.«*1".3)
NXT . 55

FUN UllS.COMPOSISELI"Ia.SI.•AR"IV6I
NXT 56

FUN APPLIISELI»l«.PROCLlBl#UCS.U0IPLlSTL.UlU0Clt57lfUOI2.58lllll
NXT

281

DISPLAY OF PROCLIB-P

FUN unS.*»X-,SELI«RHSVAL«.APPLHSELCSELll.SELCPLlSTL.S)I.ARGHai.SIII
NXT 52

FUN UllsTsEll»LMWAL-.APPLIISELISELCl.SELIPLISTLtSIJ.ARGLlBltSII»$IU»RNSIfRi
•*APPLIISELISELI2»SELIPLISTL*S)I.ARGLIB>tS»ll
NXT 53

FUN UllsTsELI«LHSVAL%APPLilSELCSEH2.SEL4PLlSTLtSlltARGLIBItSII.SEL««I««$ll
NXT

DISPLAY OF ARGLIB-A

0
FUN UIUOC**LHSVAL**.aI*>I.UOI**RMSVALa.SELC<*I**ffSIII
NXT

58 —

FUN uiUo7"L^sTAL**.COMPOSISELI"I*.S>f**AR**nfUOI-RMSVAL».SELlCOMPOSISai*I*tSI
t**AR«l»SIII
NXT
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APPLY FLOWCHART TO NULL STATE VECTOR S

^ FINAL STATE VECTOR
^ PLIST-

1 57

2 58

X 3

I 6
AR

pi 3 6
6 3

<f%

TIME TO PROCESS SEMANTIC DESCRIPTION 1839 MILLISEC
time to parse 2730 millisec
•time to Evaluate semantic attributes 31292 millisec
•execution* time 180 millisec
•statements* executed 10
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LJjf^

MINI-LANGUAGE6

SYNTACTICANDSEMANTICDESCRIPTION

<PROGRAM>A»<DECLIST>B•{•<CUMMANDLIST>C•;ENO«

<FLOWCHART>A'VF=CONUCEGU(•AfC*.•LEGAL*).CfF»•NUL*I
<PROCLlB>A'N>=UCa/>P,UO(*Sg».MKFLClO,*SQlS£LCl.S)l,.))l
<CHECKTYPE>AfC=CONDCEQUC•BtC*.•LEGAL*).*C7-C•»•ILLEGAL*I*
C4sN=*NUL*;erS=B'fS

.<TYPEDESIGNATION>A»*N*;B«*I*<TYPELISTi>C•-•<TYPEDESIGNATION>D•!•
^*<coDE>Arc=*N*;Bfc=*cctc-oift:)*

<TYPE>AlT=UCUOC*RNG*.*N*I,UOC*CD*.*N*I);
.B*T=U(U04*DMN*,C^LI,UOC*RNG*t*D^C*l,UOC*CD*.*B^C,)l
CM»1

<TYPELIST>A*CTYPEDESlGNATION>B*»*<TYPELIST>C;0»<TYP£D£SIGNATION>E
<INOEX>I

m<CODE>AfC«SELC»CD».BfTI•,*SELCfC3*.CtLJ;DC*SEL4•CD»tEfTI
^<LIST>A*L»UCUOC*CD*»«AfC»).UOCAfl.a*TI.CfLl;

.0L*UCUOI*CD*,SfcLC*CD*.E*T)),UOCDtI,E*TII
Chl*4H♦1

<DECLARATIUNA>A=*DEC•<VARLIST>B•TYPE•<TVPEDESIGNATIONS
<SYMBOLTABLE>AfS»B*S
BT*C^T

(8>
<VARLIST>A*=<SALPHA>B•«•<VARLIST>C;D»<$ALPHA>£

<TYPE>T
<SYMBOLTABLE>A^S*UIUO(aB^AL*»UCU(iC*TYPE«.A*TI.U04'KIND*.»VAR»III.
•CfSI;
•D*S=U0C«E'TVAL,.U4UQI*TVPE».0*TI.UOC*KIND*.VVAR«III
CH«AtT

d*-<OECLARATIONB>A»*DEC*<SALPHA>B*l*<FPLIST>C•!»*<EXPRESSION>0•WHERE•
•<TYPELIST>E

<SYMBOLTABLE>AfS*U0C*B^VAL*.UCU0C*TYPE*,UCUO|*OMN*.E'»"LI.UOI'RNG».,DtT»l.
..•UO(aCDN'CE*C-OWIM)lt

•UOC*KIND*.*NAME*l)l
<PROCLIB>A^P*U0(*B^VALa.U0C0.UCU0(*FUN*.*0^F*).U0I^NXT*.NULIIII
<CHECKTYPE>AfC»OfC
CM-WC4T«EtL

f»,DtS«CfS
Efl-*1»

<FPLIST>A»<$ALPHA>B*.*<FPLIST>C;D"<SALPHA>E
<INDEX>I

<TYPELIST>T
<SYMQOLTABLE>A^S«UCU01*BVAL*.UCUCUOI'NO*.Aft>,UOC'KtNO*."PARAM*>»t

m•UOI*TYPE*,SELCA'M,A'tTI)l).C^S);
^•01>S"UOC*ElVAL*»UCUCUO(>NO*.D/iI)»UOC>KlNO<.(PARAM«)).UOI'TYPE*»SELlOfIf

.Off))))

C^I«A?I♦UCtTaAtT

<DECLARATI0N>A»<DECLARATIONA>B;C*<DECLARATIONB>0
<SYMaOLTABLE>AlS»BH;ClS*0'?S
<PR0CLIB>A'iP»*NUL*;C1P=D/IP

m<CHECKTVPE>AfC»*L£GAL*sC:C-DfC

<f^
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<OECLIST>A=OECLARATION>B•;•<0ECLlST>C;D=<DECLARAT10N>E
<SYMBOLTABLE>A'rS=UCBfS,CTSJ;OfS*E*S
<PROCLlB>A*:P«UCB'VP.CfP);OtP*E^P
<CHECKTYPE>A1C=C0NDCEQU(*B^C,,»LEGAL*).*CtC«»*ILLEGAL,)|

_.DTC-EfC
(S

<PRIMITIVEOajECT>A*<$NUMBR>a;C»*SQ*;Os*^t
<VALUE>A'^V=B4VAL;tfV»•••SQw•;0tV«•«•A00,••
<TYPE>AtT**N*;C1T»*CN-N)•;DtT»*CN.N-N)•

<1DENTIFIER>A»<$ALPHA>B
<SYMBOLTABLE>S

^<FUNC>A^F=C0NDCEQUCSELC•KIND•.SELC•8>^VAL•tA*SI)••VAR•)»•SELl•8*fVAL••SI•

•C0NDtEQUCSELC*KlN0*.SELC*8*VAL*»A*S)),*NAME*>»*«tttyAL*"t
••SELC*SELC*N0*.SELC*B4VAL*.A4S))*.S)*))
<TYPE>An»SELl«TYPE*»SELC*B*VAL*,An)>
<VALUE>AytvV«*B1VAL•

<EXPRESSION>A=<PRIMITIVEOBJECT>B;
m.Cs<ioentifier>d;

•E**SQC*<EXPRESSION>F•)•;
•G»*C*<EXPRESSION>H•♦•<EXPRESSION>I•)•;

•J*<IDENTIFIER>K•(•<ARGLIST>L•)•;
•N**CIF•<EXPRESSION>N•>•<EXPRESSION>0•THEN•<EXPRESSIUN>P•ELSE•
•<EXPRESSION>Q•>•

<SYMBOLTABLE>S

<TYPE>AfT*8tT;
m*cu*seli*cd*.oni;

.E*T»»N";
•GtT««N«;

•JfTsSEU'RNG'.XtTI;
•MtT-PtT

<FUNCTION>AfF«B*V;
•C4F«DtF;
.E4F«*SQCFfFI*;

#•GtF=*|HfF♦ItFPl
•JfF**APPLlCSELCK?F9PROCLIBI.U(S.LlFI)*;
•MfF»*SELECTINGF,OtF,FtF.Q^F)*
<CHECKTYPE>A*C**LEGAL*;
•C4C«*LEGAL*;
•ETC«CONDCEQUC*F4TF*t»,»NLEGAL*I.•LEGAL*•'ILLEGAL-!;
•GfC»CONOIEQUC*HiTH1CIfTPCS'NLEGALNLEGAL*)•'LEGAL*.•ILLEGAL*ll

m.j?c»l*c;
**•MfC«CONDCEQUC,NtTMC0*T0*CP*CQ^C'.'NLEGALNLEGALLEGALLEGAL*)*

•C0NDCEQUI'Pnv.*Q4T*).*LEGAL*f"ILLEGAL*)»•ILLEGAL*I
D*S«C*S
FfS*E*S

*H*S«G*S
ifs«Gfs
k*s»jTs

m•,.LlVjTS^I-iafA«SELC#DMN«.SELC•TYPE*.SELC'KlVSJ^S)))
V!NfS-M^S

•V.'Cis^mTs
P1*S»M>S

**Q-S-NfS• «

.'•<ARGLIST>A«<EXPR£SSI0N>B*.*<ARGL1ST>C;D»<EXPRESSI0N>E
<SYMBOLTABLE>S

m<INDEX>I

(III
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<ARGTYPES>A

<FUNCTION>AtF»*UCU0CAfI,BtF),C*>)*;DjrF««U0CO'ri.E^FI«
<CHECKTYPE>A?C*CQNOCEQUC»BfC C*C*. 'LEGAL LEGAL*).
. COND CEQUf • BtT ', SELI • CD', SELC A f, I, A?AI I l»*LfcGALS* ILLEGAL* I. 'ILLEGAL' ll
.0 C«CONDCEQUC '£tT' .SELC 'CD' , SELCOtl.OtA) ) ) . 'E^C . • ILLEGAL' I
B*S*AfS
CtSaATS;Ctl«A4l ♦ l;CtA«A*A
EfS-DfS

<ASSIGNM£NT CONMAND>A*<$ALPHA>B •«• <EXPRESSION>C
<NEXT>N

<SYM80LTABLE>S
<LINENO>AfL»UNOCI

<FLOWCHART>A?F«U0CAfL.UCU0C,FUN','UlCS,"BfVAL".C*FI'),U0I'NXT',A4N)))
<CHE:kTVPE>A*C«CDNDCEQUCSELC'CD'.SELC•TYPE',SELI•Bt VAL'.A?SI)I•
.'C'.T'l.'CfC .'ILLEGAL'I
CfS»Al"S

<COMMANO LIST>A«<ASSIGNMENT COMMANOB •;• <CGMMAND LIST>Cj
• D* ASSIGNMENT COMMAND>E

<NEXT>N

<SYMBOLTABLE>S
<LIN£NO>AfL»B^L;Dyl>L»E^L
<FLOwCHART>AlF«UIB^F,C^FI;DtF»£tF

- <CHECKTYPE>A^C*CONDCEQUI* B1C.'LEGAL'I,'CtC*.'ILLEGAL* I ;Otc«E^C
BTN=CL;BtS»AfS
C-;N*A*N;C*S»AfS
PJN=O^N;ElS»OtS

END



(P • . •
286

*(§)

(8)

(§)

(§)

(g)

SOURCE PROGRAM
OEC A TYPE N;
DEC B TYPE CN-NI;
OEC F(X)»X WHERE N;
DEC GCX>«X WHERE IN-NM
DEC HCX.VMXCY) WHERE I(N-N)-(N-N)).IN-NI;
B»HIG«SQ);
AxBC2>;
B»HCF»2);
END



LISTING OF ATTRIBUTES OF PROGRAM NODE

DISPLAY OF FLOWCHART-F

NUL

F

DISPLAY OF PROCLIB-P

FUN

0

SELC1.S)
NXT

G

FUN

0

SELC1.S)
NXT

H

FUN

0

APPLICSELCSELCl.S)»PROCLIB).UIS.UOC1.SELI2.S)))l
NXT

SQ
0

, __

FUN SQCSELCUS))
NXT

DISPLAY OF CHECKTYPE-C

ILLEGAL
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APPLY FLOWCHART TO NULL STATE VECTOR S

® FINAL STATE VECTOR

TIME TO PROCESS SEMANTIC DESCRIPTION 2158 MILLISEC
TIME TO PARSE 3973 MILLISEC
TIME TO EVALUATE SEMANTIC ATTRIBUTES 42802 MILLISEC.
•EXECUTION* TIME 8 MILLISEC

q 'STATEMENTS' EXECUTED 0

®

(§)

(§)

®

@-



SOURCE PROGRAM

DEC A.B TYPE n;
DEC FCX)=SQCSQCX)) WHERE N;

A*2;
a»F4Ai;

END
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LISTING OF ATTRIBUTES OF PROGRAM NODE

DISPLAY OF FLOWCHART-F

FUN UKS.-A-.2)

NXT 6

FUN UlCS."B»,APPLICSELC"F",PROCLIB>,UCS.UOCl»SELC«A".S>>>n
NXT

DISPLAY OF PROCLIB-P

FUN SQCSQCSELC1.SIII
NXT

0

FUN SQISELIl.S))
NXT

DISPLAY OF CHECKTYPE-C

LEGAL

290
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^

APPLY FLOWCHART TO NULL STATE VECTOR S

FINAL STATE VECTOR
A 2

B 16

TIME TO PROCESS SEMANTIC DESCRIPTION 2158 MLLLLSEC
TIME TO PARSE 2263 MILLISEC
TIME TO EVALUATE SEMANTIC ATTRIBUTES 12160 MILLISEC
•EXECUTION* TIME 35 MILLISEC
•STATEMENTS' EXECUTED 3
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SOURCE PROGRAM

DEC X TYPE N;
OEC A.B TYPE IN-Ni;
dec fcxj=sqcsqcx)i where n;
oec g(x,y)=xcy) where cn-ni.n;
a=sq;

b=f; .
X=CGCA,l)+GCBt2));
END
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LISTING OF ATTRIBUTES OF PROGRAM NODE .

DISPLAY OF FLOWCHART-F
37
FUN UlCS^'A-.-SQ")
NXT 38

FUN U1CS,"8".WF")
NXT 39

?UN "^TsT"X«"icAPPLllSELC«G".PROCLIB).UCS,U4UOCl.SELC«A-.S)).UOC2.i)))) * APP
LICSELC"GM.PR3CLIB),U<S,UCU0Cl,SELC"aM.S>)»U0C2,2))))>)
NXT

DISPLAY OF PROCLIB-P

FUN SQISOCSELCl.SD)
NXT

FUN APPLICSELCSELCl.S).PR0CLIB).UCS.U0U.SELl2.Sn>>
NXT

FUN SQCSELU.SII
NXT

DISPLAY OF.CHECKTYPE-C
LEGAL
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A SQ

B . F

X 17

APPLY FLOWCHART TO NULL STATE VECTOR S

FINAL STATE VECTOR

TIME TO PROCESS SEMANTIC DESCRIPTION 2158 MILLISEC
TIME TO PARSE 3078 MILLISEC
TIME TO EVALUATE SEMANTIC ATTRIBUTES 34774 MILLISEC

<§ 'EXECUTION1 TIME 86 MILLISEC
•STATEMENTS' EXECUTED 7

(§)

<g)

®

8
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SOURCE PROGRAM

DEC A,B TYPE Hi
DEC FCX)=(X+X) WHERE N3

^ DEC GU,Y) =CX+Y) WHERE N.N;
™ DEC HCX,Y) =Xm WHERE CN-N)»N;

A=HCF,l)f
B=H(G,ll;
END

@

®

@

@

(§>

@

@



LISTING OF ATTRIBUTES OF PROGRAM NODE

DISPLAY OF FLOWCHART-F

NUL

DISPLAY OF PROCLIB-P

0 •—

FUN (SEL(l.S) + SELIl.S))
NXT .

FUN CSELC1.S) > SELC2.S))
NXT

0
FUN APPLICSELCSELCWS).PR0CLIB1,U{S,U0CI»SELC2.S))I)
NXT

0

FUN SQCSELCl.S))
NXT

O.ISPLAY OF CHECKTYPE-C

ILLEGAL

296
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APPLY FLOWCHART TO NULL STATE VECTOR S

® FINAL STATE VECTOR

TIME TO PROCESS SEMANTIC DESCRIPTION 2158 MILLISEC
TIME TO PARSE 2810 MILLISEC
TIME TO EVALUATE SEMANTIC ATTRIBUTES 36155 MILLISEC
•EXECUTION* TIME 8 MILLISEC

@ 'STATEMENTS* EXECUTED 0

©

<§)

#
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MINL-LANGUAGE 7

SYNTACTIC AND SEMANTIC DESCRIPTION

^ <PROGRAM>A=<DEC LIST>B •;• <COMMAND LIST>C';END'
<FLOWCHART>A/TF=C,t F
<PR0CLIB>A1P=UC8*P,
• UC
.MAKESUBC'SQ* ,I,'EQUCSELCTYPEL,SELC1,S)),"N">•,•UCUOCTYPEL,"N«J.
•UOCVALL.SELCVALL.SELCi.Sn * SELCVALL.SELl1.SI!)>'J
*,UC
.MAKESUBC,ADD»,2.,ANDCEQUCSEL(T.YPEL.SELC1.S)>.«,NW),EQUCSEL4TYPEL,

^ .SELC2,S)),w.MM>>a,»UCUOlTYPEL,wN"),UOIVALL,SELCVALL,SELCl,S>) ♦ SELCVAL
• L.
•SELC2tS)>))*>

• »uc
• MAKESUBCSELECT*,4,*ANDCEQUiSELCTYPEL.SEL4l.S)J» tt.N«).
.EQUCSELCTYPEL,SELC2,S)),ttN"))•,
.•SELECTCSELCVALL,SEL(l.S)I.SELCVALL,SELI2,S)l,SELC3,S),SELC4,Sn*).

m .MAKESUBIIAPPH',2,»EQUISELCMARGN0,'.SELISELCVALL»SEL(1,S>>,PR0CLIB>>,
- .SEL(wNOM,SELC2,S)))'»

.'APPLICSELC"FLOWCHART",SELCSELCVALL.SELC1,S)),PROCLlB)),SELC2.S))')
• I)))

CfN=s»NUL';CfSaBtS

<DECLARATION>A='DEC • <$ALPHA>B •!• <FPLIST>C ')=' <EXPRESSION>0
<SYMBOLTABLE>A^S=UO{»BrVAL,,UOC'KIND','NAME'))

m <PROCLIB>A1P=UOC'BtVAL',UCUOl'ARGNO',CtN),UOC'FLOWCHART'.
.UOCO,UIUOC'FUN','DTF'),UOl»NXT',NUL))))))
cri«i

o*s»crs

<DEC LIST>A=<DECLARATION>B •;• <DEC LIST>C;D=<DECLARATION>E
<PROCLIB>AfP=UCB/P,ClP);DtP»Erp
<SYMBOLTABLE>Al>S=UCBlS,CfS);DfS=E*S

0b •• '
<FPLIST>A=<$ALPHA>8 ',' <FPLIST>C;D*<$ALPHA>E

<INDEX>I

<NO>AtN=l ♦ C N;D*N=l
<SYMBOLTABLE>ATS=UC UOC'B*VAL'.UCUOC 'NO' .A|-i:i • UOPKIND', 'PARAM' ) )),CtS) ;
.0 SsUOI'EfVAL'.UCUOC'NO',D1D.UOCKIND','PARAM')))
C^I»A^I ♦ 1

f> . <IDENTIFIER>A=<$ALPHA>B
<SYM30LTABLE>S

<VALUE>AtV='B1-VAL'
<FUNCTION>At"F=CONDCE0UCSELC 'KIND', SELC 'BfVAL',A IS)) , 'NAME' ),
.'UCUOI VALL ,"B/hVALH),UOlTYPEL,"NAME"))',
.CONDCEQUCSEL(•KINO',SELC'BtVAL',A fS)),'PARAM'),
.'SELC SELC«NO*,SEL(,BtVAL',A'tS)) »,S)',

m •" ' "'" : .'SELC"8^VAL-,S)'l)
ASSIGNMENT C0MMAND>A=<SALPHA>8 '= • <EXPRESS ION>C

<NEXT>N

<SYMBOLTABLE>S

<LINENO>AtL«UNOC)
<FL0WCHART>A4F=U0IAtL,UCU0I*FUN','UiCS,"B>rVAL".C^F)'),U0C4NXT',AfN))l
CtS=AtS
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<COMMAND LIST>A=<ASSIGNMENT COMMAND>B •;' <COMMAND LIST>C;
•D=<ASSIGNMENT COMMAND>E

<NEXT>N

<SYMBOLTABLE>S
<LINENO>AtL=BtL;DfL=E^L
<FLOwCHART>A/rF=UCBrF,CtF);0/(F=EfF
B<N=C-lL;B/rS=A'fS
CTN=A^N;C^S»A^S
ElN=D*N;EtS=D^S

<PRIMITIVE object>a=<snumbr>b:c=*sq,;d«'*'
<VALUE>AtV=BtVAL;C4V='MSU"';0tV=',»ADD"'
<TYPE>AtT =,N,;CtT='(N.N),;0'rT=,CN»N_NJ'

<EXPRESSION>A=<PRIMITIVE OBJECT>B;
•C=<IDENTIFIER>D;
.E='SO(* <EXPRESSION>F •)•;
.Gs'l* <EXPRESSION>H •♦• <EXPRESSION>I •)';
.J=<IDENTIFIER>K *I' <ARGLIST>L ')';
.M='IIF • <EXPRESSION>N •>• <EXPRESSION>0 • THEN • <EXPRESSION>P • ELSE *
. <EXPRESSION>Q ')•

<SYMBOLTABLE>S
<FUNCTION>AfF='UCU0CTYPEL,"B'HM>,U0CVALL.B?V ))•;
.C^F»DfF;
.E1F='APPLIISELC"FLOWCHART",SELCwSC",PROCLIB)),UOCl.FfFl)'5
.G1F='APPLICSELC"FL0WCHART",SELI"A0D",PR0CLIB)).UCU0CI,H7F),U0C2,I?FI))

•J/rF='APPLLCSELC"FLOWCHART",SELCnAPPLIw»PROCLiai),UIUOCl.K^F»,
.U0C2.LTF)))';
,M1F='APPLIISELC"FLOWCHART",SELC"SELECT",PROCLIB)).
.UlUlU04i,Nt*FI,Uul2,0r*:n,UCU0C3,PfFI,U0<4,Q/*:))))'
ors-Mts
DtS=CtS
FtSsEfS
HfS»G^S
ItS=GfS
KTS=JfS
LTS=J*S
N*S«M4S
OtS=MfS
P^S=M*S

<ARGLIST>A=<EXPLIST>B

<SYM30LTABL£>S
<FUNCTION>A F=*UCU0C"N0",B N),8 Fl'
B7SsA7S;Btl»l

<EXPLIST>A=<EXPRESSION>B ',' <EXPLlST>C;Q=<EXPRESSION>E
<SYMBOLTABTE>S
<INDEX>I

<NO>AfN=l «• C^N;DtN=l
<FUNCTION>AfF='UCU0CA'Tl,B^FI,CtF)';DtF='U0CDtL,EtFI'
B1S=A?S
C?S=A*S;C/tI=AlI ♦ 1
ECS=D*S

END



DEC

A=5;
B=6;

C=FCA,BI;
a=sq;

b=2;

D=FCA.B>;

END

. SOURCE PROGRAM
FCX,Y)=CIF Y>3 THEN CX+YI ELSE XCY));
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LISTINGOFATTRIBUTESOFPROGRAMNODE

DISPLAYOFFLOWCHART-F

FUNUUS»"A",UCU0CTYPEL,"N"),U0CVALL,5III
NXT62

FUNU1CS,"B",UCU0CTYPEL,"N"),U0CVALL,6))»
NXT63

301

63

F
it

)

NXT64

UNui4S^»C«TAPPLIISELI»FLOWCHART'',SELI*»APPLl".PROCLlB)I.UlU0lltUIU0IVALL.»F
WUOITYP^NATC-m^

64—"*"'•--
FUNUiCS,"A",UCUOCTYPEL,"CN_N)"l,UOCVALL,"SQ"111
NXT65.

FUNU1CS,"B".UCU0CTYPEL."N"I,U0CVALL,2Jl)
NXT66

66FUN"uiCS,"D",APPLICSELC"FLOWCHART".SELC^APPLI".PROCLIB)),UCU0Cl,UCU0CVALL,«F
«)%0CTYPEL%AME"ll),UOC2,UCU0C«NO",2),UCU0Ci,SELC"A",S)).U0C2,SELC"B%S))^
)
NXT

DISPLAYOFPROCLIB-P

F

ARGNO2
FLOWCHART

0

FUN

0

0

UNAPPLICSELC"FL0WCHART",SELC"SELECT",PR0CLI8)>,UCUCU0J^fUZ.Sn.UO2,UU
CTYPEL,"N">,U0CVALL,3)))),UCU0C3.APPLLCS£LC"FLOWCHART«,SEL(«AUJ«,PROCLIB)),UU
t!•SELII.S,U0l2,SELC2,S))l)),U0C4,APPLlCSELC"FL0WCHART",SfcLC«APPLl".PR0CLIB)l

fUCUOC1,SELCi,Sn,UOC2,MU0C"NO",i>.UOCl,SELC2,S>>»)>>>>*>
NXT

SQ
ARGNO1

FLOWCHART

FUN5
NXTCONDCEQUCSELITYPEL.SELCI.S11»nN").1.21

FUNUCUOCTYPEL,"N"»,U0CVALL,SELCVALL,SELCl,S)>*SEL4VALL,SELCi.S))))
NXT



FUNUOCTYPEL,"TYPEERROR")
NXT

ADD

ARGNO2
FLOWCHART

0

FUNS

302

NXT£0NDUN0IEQUISELITVPEL.SELI1.S)I.-N-I.EQUISELITYPEL.SEU2.SII.-N-I1.1,21

FUN•UIUOITYPElT-N^TuDIVALL.SELIVALL.SELU.SII♦SELIVALL,SELC2,S>)>)
NXT

2

FUNUOITYPEL,"TYPEERROR"I
NXT

SELECT

ARGNO4
FLOWCHART

NXTCONDCANDCEQUCSELCTYPEL,SELCi.S)),"N"),EQUCSELCTYPEL.SELC2,Sl»,"N«M,1.2l

FUN

NXT

SELECTCSEl7vALL,SELCI,S)1,SELCVALL,SELC2,S)).S£LC3,S),SELC4,S)I

FUNUOCTYPEL,"TYPEERROR")
NXT

APPLI

ARGNO2
FLOWCHART

0

NXTCOND[EQUCSELI"ARGNO",SELCSELCVALL,SELCI,S>).PROCL1B)).SELC"NO".SELC2.SI)
),1.2)

FUNAPPLICSEU^FLOWCHART",SELCSELCVALL.SELCl.S)).PROCLIB)),SELC2,S)J
NXT

FUNUOCTYPEL,"TYPEERROR"I
NXT



p*

APPLY FLOWCHART TO NULL STATE VECTOR S

FIjNAL STATE VECTOR

(t>

c __—.—-.—

TYPE-

VAL-

N

11

A

TYPE-

VAL-

CN_N)

SQ

B

TYPE-

VAL-

N

2

D

TYPE-

VAL-

N

4dl

TIME TO PROCESS SEMANTIC DESCRIPTION 1410 MILLISEC
TIME TO PARSE 2919 MILLISEC
TIME TO EVALUATE SEMANTIC ATTRIBUTES 15790 MILLISEC
•EXECUTION' TIME 690 MILLISEC
•STATEMENTS* EXECUTED 26

0)

<s&

(t>

m

303



#

<§

(§)

(§)

(§>

(§)

@

®

SOURCE PROGRAM

OEC FCP.X,Y)=PCX,Y);
DEC GCX,YI=CX+Y);
DEC HCP.Q)=PCQ<2));
A=F(G',1,2>;
B=FCH,SQ,.SQ);
END
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LISTING OF ATTRIBUTES OF PROGRAM NODE

OISPLAY OF FLOWCHART-F

FUN UlIS,"A",APPLICSELi"FLOWCHART",SELC"APPLI",PROCLIB)),UtUOC1,U(UO(VALL, "F
"),UOCTYPEL,"NAME"))),UO(2,U(UO("NO",3),U(UQI1,UlUO(VALL,"G" ),UOCTYPEL,"NAME") 11
,UCUOI 2,UCUOCTYPEL,"N"),UO(VALL, I ))),UOC3,U(U0CTYPEL,"N"),UOlVALL,2 ))))))))>)
NXT 29

29

FUN U1CS,"B",APPLICSEL("FLOWCHART",SELC"APPLI",PROCLIB)),U<UOIl,UlUOCVALL»"F
"), UOCTYPEL,"NAME"))),U0(2,UCU0I"NO",3) ,UCUOCWUCUOiVALL,"H"),UOCTYPEL,"hAME")))
»U(U0(2,U(U0(TYPEL,"(N_N)"> ,UOC VALL, "Sti" ))>,U0C3 ,UCUUCTY.PEL,"(N_N)" I,UOI VALL,"S
Q" ))))))))))
NXT

DISPLAY OF PROCLIB-P

ARGNO 3

FLOWCHART

FUN APPLICSELC"FLOWCHART",SELC"APPLL",PROCLLB)),UCUOC1,SELCI.S)).U0C2.UCU0C"
NO", 2) ,U.CU0C1,SELC2.S)),U0C2,SELC3,S >)))>!>
NXT

G

ARGNO 2

FLOWCHART

FUN APPLICSELC"FLOWCHART"tSELC"ADO,!,PROCLIB)),UCUOCl,SEL41.S}).UOC2,SELC2,SI
)))

NXT

ARGNO 2

FLOWCHART

FUN APPLI(SELC"FLOWCHART",SELC"APPLL",PROCLIB)>,UCUOCl,SELC1,S)),U0C2,UCU0C"
NO",I),UOC1.APPLICSELC"FLOWCHART",SELC"APPLI",PROCLIB)},U(UOC I,SELC2, S)),U0C2,UC
UO("NO",1),UOC1,UC UOC TYPEL,"N"I,UO CVALL,2 11)) )11)))11
NXT

ARGNO 1
FLOWCHART

FUN S

NXT CONOCEQUCSELCTYPEL,SELCl,S)l,"N"),l,2)



FUN UCU0(TYPEL,"N"),U0(VALL,SELCVALL,SELC1,S)) * SELCVALL,SELC1,S))))
NXT

2
FUN UOCTYPEL, "TYPE ERROR" )
NXT

306

ADD

ARGNO 2
FLOWCHART

FUN S
NXT CONDCANOCEQUC SEL I TYPEL .SEL C1, S >), "N" >,EQU( SEL (TYPEL. SELC 2. S)),"N")J. 1.2)

FUN UCUOCTYPEL,"N"),UOCVALL,SELCVALL,SELCl,S)l «• SELCVALL,SELC2,S)))) •
NXT

FUN UOCTYPEL, "TYPE ERROR" )
NXT

SELECT

ARGNO 4

FLOWCHART

FUN S
NXT CONDCANOCEQUCSELCTYPEL, SELCI, S)),"N"),EQUCSELCTYPEL,SELC2,S)),"N")),1.2)

FUN SELECTCSELCVALL,SELC1,S)),SELCVALL,SELC2,S)),SEL13,Si,SELC4.S))
NXT

FUN UOCTYPEL, "TYPE ERROR" )
NXT

APPLI
ARGNO 2

FLOWCHART

FUN S

NXT CONDCEQUCSELC"ARGNO",SELCSELCVALL,SELCl,S)).PROCLIB) )•SELC"NO",SELC2.SI)
>.1»2>

FUN APPLICSELC"FLOWCHART",SELCSELCVALL,SELCl,S»),PROCLIB)>,SELC2,SI)

NXT

FUN UOCTYPEL, "TYPE ERROR" )

NXT



APPLY FLOWCHART TO NULL STATE VECTOR S

. FINAL STATE VECTOR

TYPE- N

VAL- • 3

B- .

TYPE- N

VAL- 16

TIME TO PROCESS SEMANTIC DESCRIPTION 1410 MLLLLSEC
TIME TO PARSE 3221 MILLISEC -
TIME TO EVALUATE SEMANTIC ATTRIBUTES 15884 MILLISEC
•EXECUTION' TIME 463 MILLISEC
•STATEMENTS' EXECUTEO 24
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SOURCE PROGRAM
DEC FCX,Y)=CIF Y>3 THEN IX+Y) ELSE XCY));
A*5;
8=6;

c=fca,bj;
a=sq;
D=FCA,B);

END
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LISTING OF ATTRIBUTES OF PROGRAM NODE

DISPLAY OF FLOWCHART-F

42
FUN Ul(S,"A",U(UOCTYPEL,"N"),UO(VALL,5 III
NXT 43

FUN UICS,"B",UCU0(TYPEL,"N"),U0CVALL,6 )))
NXT 44

FUN UlCS,"C",APPLICSEL("FLOWCHART",SELC"APPLI",PROCLIB)),UCUOC1,UCUOCVALL,"F
"I,UOCTYPEL,"NAME"!)),UOC2,UCUOC"NO",2),UCU0C1,SELC"A",Sll,UOC2,SELC"B",S)))))))
)
NXT 45

FUN UlCS."A",UCUOCTYPEL,"CN.N)"),UOCVALL,"SQ" )))
NXT 46

FUN U1CS,"D",APPLI(SELC"FLOWCHART",SELC"APPLI",PROCLIB)),UCUOC1.UCUOCVALL,"F
"), UOC TYPEL, "NAME"))), UOC 2, UCUOC "NO", 2), UCUOC 1,SEL C".A" ,S) ) ,U0(2,SELC "B",S) ))))))
)

NXT

DISPLAY OF PROCLIB-P

ARGNO 2

FLOWCHART

FUN APPLCISELC"FLOWCHART",SELC"SELECT",PR0CL18)),UCUCUOCl,SELl2,S)).U0C2.UCU
OCTYPEL,"N"),U0CVALL,3 )))),U(UO(3,APPLECSELC"FLOWCHART",SEL("ADO",PROCLIB) ) ,UCU
OCl.SELCI.S)),U0C2,SELC2,S))))),UOC4,APPLICSELC"FLOWCHART",SELC"APPLI",PROCLIB))
,UCUOC1,SELC1,S)I,UO(2,UCUOC"NO",1),UOC1,SELC2,S111)1)11)1
NXT

ARGNO 1
FLOWCHART

FUN S
NXT CONDCEQUCSELCTYPEL,SELCl,S))."N")»1.2)

1 —

FUN U(UOCTYPEL,"N"),UOCVALL,SELCVALL,SELCl,S)l * SELCVALL,SELCI,SI III
NXT

FUN UOCTYPEL, "TYPE ERROR" )
NXT
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AOD

ARGNO 2

FLOWCHART

FUN S
NXT CONOCANDCEQUtSELCTYPEL,SELC1,S)),"N").EQUCSELCTYPEL,SELC2,S)),"N")), I,2)

FUN UCUOCTYPEL,"N"),UOCVALL,SELCVALL,SEL(l.S)) ♦ SELCVALL,SELC2,S)))l
NXT

FUN UOCTYPEL, "TYPE ERROR" )
NXT

SELECT

ARGNO 4
FLOWCHART •

FWi S . . „4
NXT CONDCANOCEQUCSELCTYPEL,SELC1,SII,"N"I,EQUCSELCTYPEL,SELC2,S))."N"I).1.2)

FUN SELECTCSELCVALL,SELC1,S)),SELCVALL,SELC2,S)),SEL43,S).SELC4,SII
NXT

FUN UOCTYPEL. "TYPE ERROR" )
NXT

APPLI

ARGNO 2
FLOWCHART

FUN S
NXT CONDIEQUCSELC"ARGNO",SELCSELCVALL,SELCl»S)).PROCLIB)),SELC"NO«,SELI2,S))
).1.2)

FUN APPLICSELC"FLOWCHART".SELCSELC VALL.SELCI,S)),PROCLIB)),SEL42,S))
NXT

FUN UOCTYPEL, "TYPE ERROR" I

NXT



®

<§l

(§>

(§)

(§>

®

SOURCE PROGRAM

OEC FCX)=SQCSQCXM;
A«l;
B=2;
C=F;
0=CCB);
ENO .
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LISTING OF ATTRIBUTES OF PROGRAM NODE

DISPLAY OF FLOWCHART-F

FUN UlCS,"A«,UCUOCTYPEL,"N"),UOCVALL,i )))
NXT . 4

4

FUN U1CS,"B",UCU0CTYP£L,"N"),U0(VALL,2 )))
NXT 5

5
FUN U1CS,"C",UCUOCVALL,"F"),UOCTYPEL,"NAME")))
NXT 6

FUN UlCS,"0",APPLICSELC"FLOWCHART",SELC"APPLI",PROCLIB)l,UCUOCI,SELC"C",SI).
U0C2.UCU0("N0".1).U0C1,SELC"B",S))))))I
NXT

01SPLAY OF PROCLIB-P

ARGNO 1

FLOWCHART

FUN APPLICSELC"FL3WCHART", SELC"SQ",PROCLIB)).UOCl.APPLICSELC"FLOWCHART".SELC
"SQ",PROCLIBI),UOCI,SELC1,S)I)))
NXT

SQ
ARGNO 1

FLOWCHART

FUN S
NXT C0N0CEQUCSELCTYPEL,SELC1,S)I,"N"I.1»2>

FUN UCU0CTYPEL,"N"I,U0CVALL,SELCVALL.S£LC1.SII * SELCVALL.SELC1.S))))
NXT

FUN UOCTYPEL, "TYPE ERROR" )
NXT

ADD

ARGNO 2

FLOWCHART

FUN S
NXT CONDC ANDCEQUC SELC TYPEL, SEL CI, S ) ),"N"),EQUC SELC TYPEL, SELC 2, S))."N")), 1,2.)



FUN U(U0CTYPEL,"N"),U0CVALL,SELCVALL,SELC1,S)) ♦ S£HVALL,SELC2,S))))
NXT

FUN UOCTYPEL, "T.YPE ERROR" I
NXT

313

SELECT

ARGNO 4

FLOWCHART

FUN " S
NXT CONOCANOCEQUCSEL(TYPEL,SELC1,SII,"N"I,EQU(SELCTYPEL,ScLC2,S)),"N")1,1.2)

FUN SELECTCSELCVALL,SELCI,S)),SELCVALL,SELC2,SII,SELC3,SI,SEL44,S1I
NXT

FUN UOCTYPEL, "TYPE ERROR" )
NXT

APPLI
ARGNO 2

FLOWCHART
0

FUN S
NXT CONDCEQUCSELC"ARGNO",SELCSELCVALL,SELCI.S)),PROCLIB)),SELC"NO",SELC2, S) )
1,1,2)

1
FUN APPLICSELC"FLOWCHART",SELCSELCVALL,SELC1,S)),PROCLLB)).SELC2.S))
NXT

FUN UOCTYPEL, "TYPE ERROR" I
NXT



*t>

APPLY FLOWCHART TO NULL STATE VECTOR S

FINAL STATE VECTOR

A

TYPE-

VAL-

N

1

B — - .-..--——

TYPE-

VAL-

N

2

C -_ -—-

VAL-

TYPE-

F

NAME

0 _—_———.

TYPE-

VAL-

N

16

TIME TO PROCESS SEMANTIC DESCRIPTION 1410 MILLLSEC
TIME TO PARSE 1966 MILLISEC
TIME TO EVALUATE SEMANTIC ATTRIBUTES 7057 MLLLLSEC
•EXECUTION' TIME 189 MILLISEC
•STATEMENTS' EXECUTED 11
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MINI-LANGUAGE8

SYNTACTICANOSEMANTICDESCRIPTION

&<PROGRAM>A»<DECLARATIONLIST>B•{•<COMMANDLIST>C•UNO*
<FLOWCHART>AF=UCBtF,C*FJ
<IDLIST>AI»BtI

C^T=B*T;CtN»»NUL"
BfN=CtS

<DECLARATIONLIST>A»<OECLARATlON>B•«•DECLARATIONLIST>C;D=<OECLARATlON>E
<NEXT>N

P><STATENOO>A*S=BfS;DtS=E*S
<IDLlST>AtI=U(BtI.CfI);DtI»EtI
<TYPETABLE>AtT=U(BtT,CtT);OtT*EH
<FLOHCHART>AfF«U(BtF,CtFJ;OtF*EtF
B*N=C*S
CfN=A*N
E*N»DfN

^<DECLARATlON>A=«OEC•<VARLIST>B;
•C»'OEC'<SIDENT>D•••COMPONENTSOESCRIPTOR>E;
.F»»DEC•<$IOENT>G•=•<STRUCTURELIST>H

<NEXT>N
<STATENO>AtS»UNOI)SCfS=CtN;FfS*FfN
<IOLIST>A'M=fNUL»;C>M=UO(*DtVAL,FUOl»DtVAL,t,XXX»));F^l=UO{,G+VAL,tHtL»
<TYPETABLE>A*T=«NUL,jCtT=UO(•OfVAL*tEtS);F*T»,NULt

m<FLOWCHART>A^F=UO{A^StU(UO(»FUN»,'BtF»)fUOt»NEXI«.AtNI)l;C^F*»NUL«;
•F*F»»NUL«

Bfl»«l«

COMPONENTSDESCRIPTOR>A*«<«COMPONENTLIST>B•>•
<STRUCTURE>AfS*BfS

mCOMPONENTLlST>A»COMPONENTOESOB•/•COMPONENTLlST>C;0«<COMPONENlDESOE
<INDEX>I

<STRUCTURE>AfS=UIBtStCfSI;D*S=E*S
CfI=A*I♦I
BtI*AtI
Efl-Dtl

COMPONENTDESOA«<$IDENT>B•:•<$IDENT>C
<^<INDEX>I

<STRUCTURE>AfS=UOCAfl••BtVAL*I

<STRUCTURELIST>A»<$IDENT>B•6•<STRUCTliRELLST>C;0=<$IOENT>E
<LIST>An=U<C*L,Uq{,BtVAL»,,XXX,>);0L'UOCEtVAL*,«XXX»I

<VARLIST>A=<$lOENT>B»•'<VARLlST>C;D=<tIDENT>E

-/"<INDEX>I
m<FUNCTION>A>^F=•U{CtF,UOI••BtVAL",OMEGAJI,;DtF»•UO(••EtVALMtOMEGA)•

CfI=AI«•I

COMMANDLIST>A=COMMANO>B•;•<COMMANOLIST>C;0»COMMANO>E
<NEXT>N
<TYPETABLE>T

<STATENO>AtS»BtSsDtS*EtS
m<FLOHCHART>AH»U(BlFtCtFI;DfF=EtF
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BH=AtT;BfN=C*S
CfT=A+T;C4N=ATN
EfT=D*T;EtN=DtN

COMMAND>A«<ASSIGNMENT STATEMENTS ;C=<REPEAT STATEMENTS
<NEXT>N

<TYPETABLE>T

<STATENO>A-fS=BtS;CtS«DtS
<FLOWCHART>A;lF =BtF;CtFaOtF
b^n=a^n;b^t*a^t
DfN=C*N;DU»CfT

<ASSIGNMENT STATEMENT>A=<*IDENT>B •=• <EXPRESS10N>C;0=<$IDENT>E
• •(• <EXPRESSION>F •»=• <EXPRESSION>G

<NEXT>N

<TYPETABEE>T

<STATENO>A^S=UNOU;D*S=UNO(l
<FLOtfCHART>A*F=UO(A S,U(UO(»FUN»,»UIS,UOt"BfVAL"fCtRIJ•)tUOI'NEXT1 ,AfHi
.));
• D4F-UO(DtS,UIUO(»FUN»f «Ui(S tCOMPGS{"E'hVAL",F*Llt G?*>••
.,UOC»NEXT«tD*N))l
CfT*A*T
F^T=D*T • * " •
GAT»OfT

<REPEAT STATEMENT>A«»IF • <PREDICATE>B • THEN • <ASSI£NMENT STATEMENTS
• «;ELSE REPEAT AFTER • ASSIGNMENT STATEMENTS

<NEXT>N

<TYPETABLE>T

<STATENO>Af-S«UNOt»
<FLOWCHART>A{F=U(UOtA-fStU(UO(»FUN«,,IDISIMtUO(»NEXT,t,COND(B^PfCtStD>S
• i*niffUCCtrvotFii
C*T»AH;CtN=AtN !
DfT=*Al-T;DtN*AtS
BH-ATT

<PREDICATE>A=M IS • <UDENT>B •)!• <£XPRESSIQN>C •»•
<TYPETABLE>T
<PREDICATE>AfP=«ELEMISEL(TYPEL,C*R>»SELl"B4'VAL"fIDHST)*»
Cfl-T*A*T

<EXPRESSION>As<SIDENT>8;
.C=<SNUMBR>0;

.E«CONSTRUCTOR EXPRESSIONS;
•I*<POlNTER EXPRESSIONS;

•K*<VALUE EXPRESSIONS;

•G*<SELECTOR EXPRESSIONS
<TYPETABLE>T

<LHSFUN>AtL*,wB*VAL»" ;Ctt.«'NULsS

•ETL»Ff L;GfL*H4t;IH*J*t;itfl.aLfL .
<RHSFUN>At-R=«S£LI«BfVAL",SJ»; •• • .
.CrR«DtVAL;
.EtR*FtRjGtR=HtR;KR*J^R;KfR*LtR
F1-T»E*T;H*T»G+T;J4TsI*T;L*T*KfT

<CONSTRUCTOR EXPRESSIONS** ICONS • <$IDENT>B •!(• CONSTRUCTOR LISTS • !•
<TYPETABLE>T

<RHSFUN>A^R=«UlUOITYPEL,"BfVALtt ) t CfF ) •
<LHSFUN>A^L-«SLX(UO(UNO(),AfR))«
C C-SELl'BtVAL'.AtT)
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&<TYPETABLE>T
<LHSFUN>AfL=«COMPOSI«BfVALMfCtD•
<RHSFUN>A'1-R=•SEL(,»B^VALMfG^RI,
CfT=AfT

<POINTEREXPRESSION>A»,PTRIl<EXPRESSI0N>8•),;C»,*»
<TYPETABLE>T

m<LHSFUN>A^L=«SLXIUO(UNOl)tAtRI)»;C'a«,NUL«
<RHSFUN>AtR=BtL;CtR=»M*"»
BTT»A*T

<VALUEEXPRESS10N>A*»VALI*<EXPRESSION>B•!•
<TYPETABLE>T
<LHSFUN>Af-L=BfR
<RHSFUN>AtR*,SEL(BtR»Sl»

^BtT^AfT
END

cfi««i«
CtT=AT

CONSTRUCTORLIST>A=<EXPRESSION>B•»•CONSTRUCTORLISTS;D*<EXPRESS10NS
<TYPETABLE>T

COMPONENTLISTS
<INDEX>IAA
<FUNCTION>ArF=•U{UO!,••SELlA-M.AfC)•"tB'ftUtC^F)«;
.OrF^UOI"*SELID-MtO^C)•«^Ei^R)•
8fT=AfT
Ci-T=AtT;C/K=AytC;Ctl-=Atl«•1
EfTaDtT

<SELECTOREXPRESSION>A*<$IDENTS•I•<EXPRESSIONS•)•



SOURCE PROGRAM

DEC A,BfCtP;
DEC UNILIST=<ATOMcPRIM>;

DEC PAlR=<HO:PRIM / TL:HST>;
m DEC LIST=UNILIST £ PAIR;

DEC unitree=<leaf:num>;
DEC BINTREE=<NODE:NUM / LBsTREE / RB:TR£E>;
DEC TREE=UNITREE & BINTREE;
A=(CONS BINTREE)Ilr2t3);
8=(CONS BINTREE)(4,5,6);

C=lCONS PAIRMl,ICONS PAIR) IPTRI A) ,3) I;
P=PTRIC)*

<P* IF I IS BINTREEMVAUHDlVALlPn)) THEN HDIVALIP) »*PTRi<B) ;
ELSE REPEAT AFTER P=PTRITLlVALIPII)»

END

0)

P>

(ft>

\
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LISTING OF ATTRIBUTES OF PROGRAM NODE

OLSPLAY OF FLOMCHART-F

FUN UIUIUIUOl"P",OMEGA),UOI"C"fOMEGA)>fUOl"B"tOMEGA) >,UOt"A"»OMEGAI >
NEXT 38

FUN MS »UDt "A-.UlUOITYPEL, "BINTREE" ) ,UlUOt"NODE", I) tUIUOI "LB",2),UOI"RB",31

NEXT 39

39
FUN UIS,U3I"B",UIU01TYPEL,"BINTREE" ),UlUOI"NODE"t4),UtU0l"LB",5),U0I"RB",6)
)))))
NEXT 40

40

FUN UIS,U3I«C",UIU0ITYPEL,"PAIRM ),U(UOI"HD", l),UO l"TL",Ul UOITYPEL,"PAlR" ),
U(UOl"HO","A") ,U0I"TL",3))>>))))
NEXT 41

FUN UIStU3I"P"."C"))
NEXT 42

FUN IOCS)
NEXT CONDIELEMlSEHTYPEL.SELISELl"HD",SEL<S£Ll»P",S)tS)),S)).SELt"BINTREE". I

0LlST))v43f45)

43

FUN UllS,COMP0St"H0",SEH"P".S))t"B")
NEXT

FUN UIS»U3I"P",C0MP0SI"TL",SELl"P",S)IM
NEXT 42

DISPLAY OF IOLIST-I

UNILIST

UNILIST XXX

PAIR

PAIR XXX

LIST

PAIR XXX

UNILIST XXX

UNITREE

UNITREE XXX

BINTREE

BINTREE XXX



TREE —

BINTREE XXX

UNI TREE XXX

320



(m

0>

(f^

Pi

p»

APPLY FLOWCHART TO NULL STATE VECTOR S

A

TYPE-

NOOE

LB

RB

B

TYPE-

NODE

LB

RB

FINAL STATE VECTOR

BINTREE

1

2
3

BINTREE

4

5

6

P

C

TYPE-

HD

TL?C

PAIR

1
• TL —_———.

TYPE-

TL

HO

PAIR

3

B

TIME TO PROCESS SEMANTIC DESCRIPTION 2156 MLLLISEC
TIME TO PARSE 26398 MILLISEC

TIME TO EVALUATE SEMANTIC ATTRIBUTES 36820 MILLISEC
'EXECUTION* TIME 220 MILLISEC

•STATEMENTS* EXECUTED 9
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SOURCE PROGRAM

DEC A,I,J,X;
DEC PERSON=<BIRTHDAY:NUM / DAO:PTR / YOUNGESTKiOSPTR>;

A=ICONS PERSONM1900,*,*);
^ 1= 1CONS PERSON)U930,PTR(A),*);

YOUNGESTKIDIA)*PTRIL);
J=(CONS PERSQNH1932,PTRIA),*);
YOUNGESTKIDIA)=PTRIJ);

X=(CONS PERSON)I1955,PTR<2),*);
YOUNGESTKIDII)=PTRl X);
END

(S8>

(8&

m
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LISTING OF ATTRIBUTES OF PROGRAM NODE

DISPLAY OF FLOWCHART-F
63

FUN UtUtUtUO!"X",OMEGA),UOt"J",OMEGA)),UOt"I"9OMEGA)I,UOI"A",OMEGA))
NEXT 73

FUN UIS,UOfnA",U(UOITYPEL,"PERSON" ),UtUOt"BIRTHOAY",1900),UfUOI"0A0","»"),U
0("YOUNGESTKID","*»)>))))
NEXT 74

FUN U(S,U3("I",UIU0ITYPEL,"PERSON" ),UIU0t"BIRTHDAY",l930),U(UO("DAD","A"),U
OI"YOUNGESTKID","*")•))))
NEXT 75

75

FUN UlIS,COMP0S(«YOUNGESTKlD","A")t"I")
NEXT 76

FUN UIS,U3I"J",UiIJ0ITYPEL»"PERS0N" )tUIU0("BIRTHDAY",1932)tUIUOI"DAD"»"A"),U
0("YOUNGESTKID","*"!)))))
NEXT 77

77

FUN U1IS,C0MP0SI"Y0UNGESTKI0"*"A")9"JN)
NEXT 78

78

FUN UIS.UOI"X",UIUO(TYPELt"PERSON" )»U1U0I"BIRTH0AYM.1955)>UlU0I"0A0"tNUL),U
Ol"YOUNGESTKlO","*"))))))
NEXT 79

FUN U1IS,C0MP0SI"Y0UNGESTKI0"."I"),"X")
NEXT

OISPLAY OF IOLIST-I

PERSON

PERSON XXX
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L

APPLY FLOWCHART TO NULL STATE VECTOR S

m FINAL STATE VECTOR

TYPE- PERSON

BIRTHDAY 1932

DAO . A
YOUNGESTKIO *

A

m TYPE- PERSON
BIRTHDAY 1900

DAD *

YOUNGESTKIO J

TYPE- PERSON

BIRTHDAY 1955

<•* OAD
YOUNGESTKIO *

TYPE- PERSON

BIRTHDAY 1930

DAD A

YOUNGESTKIO X
(8)

TIME TO PROCESS SEMANTIC DESCRIPTION 2156 MILLISEC

TIME TO PARSE 3486 MILLISEC
TIME TO EVALUATE SEMANTLC ATTRIBUTES 26504 MILLISEC

•EXECUTION* TIME 203 MILLISEC

•STATEMENTS* EXECUTED 8
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MINI-LANGUAGE 9

SYNTACTIC AND SEMANTIC DESCRIPTION

m <PROGRAM>A«<VARIABLE DEF LISTS •;• <TRANSFORMATION DEF LISTS •;•
• <RESULT EXPRESSION>D «;END*

<EXPRESSION>A E»U010,U(UOI*FUN*,fDtE*>,UOt*NXT*,NUL)>)
<VARIABLETABLE>AtVafltV
<TRANSTABLE>AfT*CTT
CONCATL IB>AtC=Ul BtC, CtCI

m <VARIABLE OEF LI ST> A=<VAR t ABLE DEFINITIONS •;• <V ARIAOLE OEF LISTS;
•D»<VARIABLE DEFINITIONS

<VARIABLETABLE>AfV»UC BfV.C^V) ;D*V=»Et V
CaNCALIB>AtC=UlB1*C,CrC);DfC=ETC

<VARIABLE DEFINITION>A«<(LETTRS •«• <PATTERN>C
<VARlABLETABLE>AfV»UOI*B*VAL*.UI
♦ MKFLC<0,*S', •CONOtEQUlSEL(rtB^VAL- "LNX**,S), LNXISEL("STK",S))),1,2)*) •

m .MKFLCIl,*"F"«,),
.MKFLCl2,*Ul(S,"BtVAL" nLHX", LNXISELt"STR".S)>>•,3),
•MKFLCC3,*C?P»,)
.) )

<CONCAHB>AtC*C*C

<PATTERN>A*<SIMPLE PATTERN>B • / • <PATTERNS;0*<SlMPLE PATTERNS
<PREDICATE>ArP»*ORIBtP.C* P)•;OhP»EtP

m CONCALIB>A*C*UIBtC,C4C);DtC»E*C

<SIMPLE PATTERN>A*CONCAT LIST>B;C«« £•
<PREOICATE>A^P«»SELl"TF*,AfF)*;CtP«*SELI«,TF",OlkF)»
<FUNCTION>AtFa«APPLIISEHAfI,CONCATLlB),S),;C^:»,UO(,*rF",EQUCO,
.LENISELI"STR",S))))*
< 10> AM«UNOt ) ;C^ I* *NUL •

-; <CONCATLIB>AtC»UOIAM,UlMKFLCIO,»UllS,*»N"ri)«.l).
1 .MKFLCIl,*S*.*CONDIB^P,2t3)*),

.MKFLCI2,*UtS,BfF,U0twTF","TM))»,lt
• MKFLCt3,,UHS,"N",SEL("N".S) ♦ 1)%4),
•MKFLCI4,*S*,*C0NDtLEQISELI"N",S),PLlM(BtT,LNXISEL4"STiC",Sn))tl.5)t).
.MKFLCt5,«UOI"TF"t"F")»,)))

B^T*B'^L;BfN*i;B'^V*•NUL•

n <CONCAT LIST>A=»<PATTERN ELEMENTS CONCAT LLSTS;D*<PATTERN ELEMENT>E
<TOTALEN>T

<NUMBER>N

<VARTABLE>V

<LENGTH>AfL=l ♦ C*L;0*L*l
<PREDICATE>A4P=*ANDCBrP,C'rP)*;0'?PaE*P
<FUNCTION>AfP= *UIB*F,C*F)•;DtF«E^F

. BfT=AU;B*N=AfN;B*V»A4V
m • C*T*A4T;C'i,N»AfN ♦ 1;C<?V»UIAtV,BtX)

EfT»DfT;E'!N=0*N;E<t>V»Ot*V

<PATTERN ELEMENT>A»«-« <$ALPHXS *-• ;C»< SLETTRS
<TOTALEN>T

<NUMBER>N

<VARTABLE>V

<XVARTABLEENTRY>A>Tx»*NUL#;C/?X»UO(tO?VAL,,C^N)
^ <SPECIAL>Al-P=*PlKt"BfVAL",An,A1vN)»;
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.CrP=CONDIELEM(*DfVAL*.CrV), *P2K(* SELI *D fVAL *»CfV) *,CfT,CtN)*
.,,P3K("DTVAL",CtT,CfN)•)

<PREDICATE>An =*IDEN("Bf,VAL",SUBSTR(PARTlTIUNIA4T,2 * AfN - 1.
.SEL{HNM,S),LNX(SELtMSTR",Sn ) .PART IT ION! A T,2 * AfN,S£L("N"»S),

- .LNXISELl"STR",Sm,SELl"SrR»,S)))*:
^ .C>Z=COND<ELEMf»DfVAL*,C?V),

.*IDEN(SJBSTR(PARTITI0N(Ltr,2 * CtN - 1,SELI"N",S),LNXtSELI"STR",S))),
• PARTITIONISTS * CtN,SEL(MNw,S),LNX{SeLl"STR",S))),SEL(«»STR",S)),
.SUUSTR{PARTITION(C?T,2 « • SELI*UfVAL*,CtV) * - 1,SELI"N",S),
.LNXCSELlwSTR",S))),PARTiTI0N(CrT,2 * • SELI*OtVAL•,CtV) •,SEL("N",S) ,
.LNX(SEL("STRM,S))),SELlwSTR",S)))*,
.*APPLI(SEL("D'?VAL",VARLlB),Ul{S,"STR",SUBSTRIPARTITIONtCrT,2 * ChH - 1

rSEL("N",S>,LNXtS£L<"STR",S)>)rPARriTl.ONtcn,2 *. CtN,SELl"N",S).
.LNX(SELI"STRM,S))),SEL('»STR«,S))))«)
<FUNCTION>ArF=»NUL*;CfF=*UOI"D^VALM,SUBSTR{PARTlTIONlCrT,2 * C?N - 1.
•SEL("NM,S),LNX(SELl"STR",S>>),PARTIT10NIC7T,2 * C?N,SELl"N",S).
.LNXISELlMSTR",S))),SELI"STR»,S)))*

TRANSFORMATION DEF LI STS=<TRANSFORMATION UEFINITION>E;
fa .^TRANSFORMATION DEF LIST.>A=<TRANSFORMATION DEFINITIONS •;*

• TRANSFORMATION DEF LISTS
<TRANSTABLE>AtT=U(B^T,CtT);0/?T=Et'T
CONCATLIB>A<-C=U!B+C,CtC);DtC=*EtC

<TRANSFORMATION DEFLNlTlON>A**LET T* <$NUMBR>B •=«• <ACTION LISTS •»*
<CONCATLIB>AfC»CtC
<TRANSTABLE>An=UOtatVAL,UtMKFLCtO,*S*,C?L)fCfFI)

& C4W"(NUL*

<ACTION LIST>A«<ACTION>B •;• <ACTION LISTS;D=<ACTION>E

<NEXT>N
<FLOWCHART>AfT=UtBtF,C*F);DtF*EtF
<LlNENO>AlL«BfL;OlL*Et-L
B1*N«CtL

- C*N*A*N
^ E+N*DfN

C0NCATLIB>AfC*UIB1C,CtC);0fC=E+C

<ACTION>A*<SIMPLE PATTERN>B • #• <TERMINATION CHARACTERS <REPLACEMENT STRINGS
<NEXT>N

CONCATLIB>AfC«BtC
<LINENO>aU»UNOI)

m <UNIUUEN0S>A/tU-UtU0tl,UNOt)),U0!2,UNOt)),UOt3ffUNOt)),U0I4«UNOt)).
•UO(5,UNOII))
<S>AtS=UNOI)

<KLUDGE>AtFsUtAfX,A^Y)
<FLOWCHART>AtX*UI
•MKFLCIA^L, *UlU0lttPi",l),U0I«P2",l),U0t"STR",S))*,SELU.Ah)l),
.MKFLCISELlltAfU),*S*,*COND(APPLI( WP ,U1IS,MSTR",SUBSTR(SEL("P1".S).
• SELI»P2",S),SELI"STR",S)))),* SEL(2,A*U) '•,* SELI3.AhJ) •)*)*

m •MKFLCISELC2,AfU),*SUBSTRIl,SELt"Pl",S) *SfcLt"STR",S))
. APPLIt DfF ,APPLII?»Brf:",Ul(S,"STRM,SUaSTRISELI"Pl",S),SEH"P2",S),SELl"S
• TR",

.S»>)M

• SUBSTR(SELIMP2",S),LNX1SELI"STR",SI) ♦ 1,SELI"STR",S))•»
•CUNU(*C*r*.,0)),
• )

<Y>AtV«UI
^ .MKFLC(SEL(3,AtU),*Ul(S,"P2",SELI"P2",S) ♦ I)*,'CONDILEOtSELI"P2",S) -

(Si
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• it
•LNXISELl"STR",S))>,* SELCltAtU) •,• SEU4»Atll) •>•),
.MKFLCISEH4,AtU),»UIS,U0("Pl",SELt"PiM,S) «• 1) .UOI "P2",SELI"P1", S) » 2

.*C0NDILEQISELI"P1",S),LNXISEH"STR",S))),* SELIl.AfU) *,* SELl5,AfU)

. •)•),
•MKFLCISELI5,AfU),*SEL("STR",S)••A*N))

termination characters-* • ;b»* ••

<terminal>a?-t=*f*;bK**t*

<replacement string>a=<string ref lists;c=«c*

m <FUNCTI0N>A^F=8tF;CtF*,NUL*

<STRING REF LIST>A=<STRING REF>B <STRING REF LISTS; D=<STRLNG REFS
<PUNCTIUN>A*F=*afF CtF*;DfF»EtF

<STRING REF>Aa*-* <$ALPHX>B •-•;C=<$LETTR>D
<FUNCTION>AfF=*"BfVAL"*;
.C1F«*SELlMDfVAL",S)*

<RESULT EXPRESSIONS**-* OALPHXS •-•;C"»Tt <$NUM6RS •<• <RESULT EXPRESSIONS
• •>•

<EXPRESSION>AtE=•"BtVAL"•;C'^E*•APPLLISELtD/^VAL,TRANSLIB),£'^E)•
ENO



ip>

0}

m

m

fSs

SOURCE PROGRAM

DEC A,B,C.P;
DEC UNILIST=<AT0M:PRIM>;
DEC PAIR*<HO:PRIM / TL:LIST>;
DEC LIST=UNILIST t PAIR;
DEC unitree«<leaf:num>;
OEC BINTREE=<NODE:NUM / LBsTREE / RBsTREE>;
DEC TRE£=UNITREE £ BINTREE;
A=ICONS BINTREE)U,2,3);
B=tCONS BINTREEM4,5,6);
C=(CONS PAIR)Ii,(CONS PAIR)(PTRIA),3));
p—pTD(r) •

IF IIS BINTREE) (VAUHDtVALtP)))) THEN HD(VALIP) )*PT*IB);
ELSE REPEAT AFTER) P«PTRITLIVAL(P)) ) ;

END

328
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LISTING OF ATTRIBUTES OF PROGRAM NODE

DISPLAY OF FLOWCHART-F

FUN UIUIUIUOI"P",OMEGA),UOI"C".OMEGA)),U0I"8".OMEGA)),UOt"A".OMEGA))
NEXT 38

FUN ~U(sTu3l"A",U(UO(TYPEL,"BINTREE" ),U(UOl"NOOE",I),UIUOI"LB".2).UOI"RB",3)
)))))
NEXT 39

FUN "uisTu3T"B".UlUOITYPEL,"BINTREE" ),UlU0("N00E»,4),U(UOl"LB",5),U0("RB",6)
))>))
NEXT 40

40 •-•—
FUN UIS,U3("C",U(U0ITYPEL,"PAIR" ).U(UOI"HD".I),U0(«TL",UIUOITYPEL."PAIR" )•
UCUOI"HO","A"),UOI "TL".3))))))))
NEXT 41

FUN UIS.U3C"P"."C"I)
NEXT 42

NEXT CONDI ELEMISEL(TYPEL.SEL1SEL("HD",SELISEL("P",S),S))»S)).SELI"BINTREE", I
OLIST)).43.45)

FUN U1IS.COMPOSI«HO".SEL("P".S))."B")
NEXT • *

FUN ms,U3I"P"»C0MP0SI»TL".SELI"P".S))JI
NEXT 42

DISPLAY OF IDLIST-I

UNILIST
UNILIST XXX

PA IR

PAIR XXX

LIST

PAIR XXX
UNILIST XXX

UNITREE

UNITREE XXX

BINTREE :-

BINTREE XXX



i

<§)

®

<§)

©

®

TREE
BINTREE XXX
UNI TREE XXX
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A

TYPE-

NOOE

LB

RB

B

TYPE-

NODE

LB

RB

P

C —

TYPE-

HD 1
TL

TYPE-

TL 3
HO B

APPLY FLOWCHART TO NULL STATE VECTOR S

FINAL STATE VECTOR

BINTREE

BLNTREE

5

6

TL?C

PAIR

PAIR

TIME TO PROCESS SEMANTIC DESCRIPTION 2156 MtLLlSEC
TIME TO PARSE 26398 MILLISEC
TIME TO EVALUATE SEMANTIC ATTRIBUTES 36820 MILLISEC
•EXECUTION* TIME 220 MILLISEC
•STATEMENTS* EXECUTED 9
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SOURCE PROGRAM

DEC A,I,J,X;
DEC PERSON=<BIRTMDAY:NUM / DADsPTR / YOUNGESTK10:PTR>;
A=ICONS PERSON)11900,*,*);

@ I=ICONS PERS0N)(1930,PTR(A),*);
Y0UNGESTKID{A)=PTR(1);

J=(CONS PERSONH1932,PTRIA),*);
YOUNGESTKIDI A) =PTRU) ;

X=(C0NS PERS0NH1955,PTR(2),*);

YOUNGESTKIDII)=PTRIX);

END

©

©

@

(§)

©
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LISTINGOFATTRIBUTESOFPROGRAMNODE

DISPLAYOFFLOWCHART-F

FUN~u7u7uiUo7"X",OMEGA),UOI"J",OMEGA)),UO("I",OMEGA)),UOt"A",OMEGA))
NEXT73

FUN~UlS,UoT"A",UIUO(TYPEL,"PERSON"),UtUOf"BIRTHDAY",1900),U!UOI"OAD","*"),U
01"YOUNGESTKIO","*"))))))
NEXT74

FUN~u7sTu37"I",U(JOITYPEL,"PERSON"),UlU0t"BIRTHDAY",1930),U(UOI"DAD","A"),U
OI"YOUNGESTKID","*")))))>
NEXT75

75
FUNU1IS,COMPOS("YOUNGESTKID","A")."I")
NEXT76

FUNU(S,U3T"J",UIU0(TYPEL,"PERS0N"),UIU0I«BIRTHDAY",1932),UtUOI"DAD","A"),U
01"YOUNGESTKID","*"))))))

NEXT77

FUNU1IS,COMPOSI"YOUNGESTKID","A")."J")
NEXT78

FUNU(S,U3t"X",UIU0CTYPEL,"PERSON"),UIUOI"BIRTHOAY",1955),UIU0("OAD",NUL).U
OC"YOUNGESTKI0","*"))))))
NEXT79

FUNU1IS,C0MP0SI"Y0UNGESTKI0","IM)."X")
NEXT

DISPLAYOFIOLIST-I

PERSON•—

PERSONXXX



APPLY FLOWCHART TO NULL STATE VECTOR S

FINAL STATE VECTOR

J
TYPE- PERSON
BIRTHDAY 1932
OAD A
YOUNGESTKIO *

TYPE- • PERSON
BIRTHDAY 1900
DAD *
YOUNGESTKID J

TYPE- PERSON
BIRTHDAY 1955
DAD
YOUNGESTKIO *

TYPE- PERSON
BIRTHDAY 1930
DAD A
YOUNGESTKIO X

TIME TO PROCESS SEMANTIC DESCRIPTION 2156 MILLISEC
tImI TO ErASLUA3Tr6SESANLTLCECATTRIBUTES 26504 MILLISEC
•EXECUTION* TIME 203 MILLISEC
•STATEMENTS* EXECUTED 8
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SOURCE PROGRAM

L=*-N- / -I- / -x- / -o-;

l*m;
LET Tl=«LM-*- # M-*-L;

-i-m-*- # M-I-;

-o- # .t;
-)- # -*)-»;

TK-INOXIN)->;

END
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LISTING OF ATTRIBUTES OF PROGRAM NODE

DISPLAY OF EXPRESSION-E

FUN APPLI(SELI1,TRANSLIB),"1N0XIN).")
NXT

DISPLAY OF VARI ABLETABLE-V

0

FUN S
NXT CONDIEQUISEL("L" "LNX",SI, LNXISEL("STR",S))),1,2)

FUN "F"

NXT

FUN UHS,"L" "LNX", LNXl SEL("STR",S) ))
NXT 3

FUN SELI"TF",APPLItSELI5.C0NCATLIB),S))
NXT

DISPLAY OF TRANSTABLE-T

0

FUN S
NXT 7

FUN UIU0l"Pl".l).U0("P2",i),U0I"STR",S))
NXT 8

FUN S

336

NXT C0N0(APPLU*SEL("TF",APPLIISELC15,C0NCATLIB).S))*,UIIS,"STR",SUBSTR(SELI
"Pi",S).SEL("P2",S),SEH"STR",S)))),9,10)

9pun SUBSTRI1.SELI"P1".S) ,SEL("STR",S)) APPL l( *SELt".M", S) "*" SELl"L",S>*
X>LH"A^UISE^LI"STR".S))))) SUBSTRISEH"P2",S),LNXIS£L("STR",SM ♦ 1,SELI "STR", S))
NXT 0

FUN UHS,"P2",SELl"P2",S> ♦ i)
NXT C0NDCLEQ(SELl"P2",S) - i,LNXISEL("STR",S))1,8,111

FUN UIS,UO("Pl",SEH"PlM,S) ♦ I) ,U0C"P2".SELI "Pi". SJ ♦ 2) )
NXT C0ND[LEQISELI"Pl",S>,LNXtSELl"STR",Sl)»»8,12)



FUNSELI"STR",S)
NXT19

19
FUNUIU01MP1",D.UO("P2",1),UOIMSTR",S))
NXT20

20

FUNS

337

NX??0N0(APPLn*SELl"TF",APPLIlS£L(27,C0NCATLIB).S))*,UUS,"STR",SUBSTRlSEH
"Pl",S),SELl"P2",S),SEL<"STRM,S)))>,21,22)

cm2lQim<;Ta77~SEL7"Pl».S),SELl"STR",S))APPLI(*SELI"M",S)"("•,APPLII"APP
[nSELt27^NC^^ ))>SUBSTRISELt"P2M,S).LNXtSELt"STR«,S>)♦1,S£L("STR",S))
NXT0

22
FUNUl(S,"P2",SELl"P2",S)♦I)^
NXTC0NDILEQIS£LIMP2",S)-1,LNXISELl"SIR",S))),20,23)

FUNU(S,U0I"PI",SELI"P1".S)♦1),U0l«P2".SELt"Pl",SI♦2J)
NXTCONDILEQISELI"Plrt»S),LNX(SEL(MSTR",S))),20,24)

FUNSELI"STR",S)
NXT29

29

FUNUIU0t"Pl",l),U0t"P2",l),U0l"STR",SJ)
NXT30

NXTC0ND(APPLn*SELt"TF",APPLUSELI37,C0NCATLIB),S))*.UlIS,«STR«,SUBSTRlSEL(
-Pl",S),SELt"P2",S),S£H"STR",S)))),31,32)

pun3lSUBs7r777sEl7"PI°,S),SELI»STR",S))APPLIt*NUL*,APPLII"APPLIIS£LI37,C
O^ATLIbS"^SUBSTRI
SELt"P2",SI,LNXtSELl"STR*,S))♦1,SELt"STR",S))
NXT

32
FUNUltS,"P2",SELt"P2",S)♦I)^^^%
NXTC0N0tL£QISEH"P2",S)-I,LNXtSELt"STR",S)»),30,33)

FUNUIS,U0("PI".SELI"PI",S)♦1),U0("P2",SELt"Pl",SI♦2))
NXTCON0tLEQlSELi«Pl",S),LNXtSEL("STR",S))),30,34)

FUN.SELI"STR",S)
NXT38

38



FUNutU0("Pl".l>tU0t"P2".l)»U0l"STR",S)>
NXT39

39

338

Ex??0NDtAPPLl(.SELt"TF".APPLltSEL(47.C0NCATLlB).S))*.UnS,"STR".SUBSTRlSELl
«Pi",S),SEL("P2«,S),SELl"STR",S)))).40,4i)

40.,,.,„„„CllAppiif.n^in.tAPPLI1"APPLIISELI47,

ISELl"P2",S),LNX(SELt»STR«,S))♦l,SELl"STR",S))
NXT0

41

NX?C0N0i'LEQtS£U"Pr",Sr-'i;LNXtSELt"STR",S))).39.42) FUNUUS,"P2",SEL("P2",S)♦1)

cum*2ill*Uo7«Pl"7sELl"Pi"fS)♦l),U0I"P2".,SELt"Pi".S)♦2))
NX?CONDaEQlSELt"Pl«,S»:LNXISELt"STR",S)>),39.43)

43
FUNSELI"STR",S)
NXT

DISPLAYOFCONCATLIB-C

0*—
FUNUltS,"N".l)
NXT1

FUNS
NXTCONOtPlKt"N",i,l)»2,3)

FUNUIS,NUL,UOI"TF","T"))
NXT

FUNUltS,"N",SEL!"N",S)♦1)
NXT4

NX?f!oN0tL£Q(SELt"N",S),PLIMti,LNXtSELt**STR",S)))),i.5)

FUNU0t"TF","F"l
NXT

2

FUNUitS."N",D
NXT1



FUN S
NXT COND(PlKl"I",1,11.2.3)

FUN U(S,NUL,UO("TF","T"))
NXT

3

FUN UiIS,"N",SELt"N",S) ♦ 1)
NXT 4

NXT C0NDtLEQISEL("N",S),PLlM(l,LNX(SELt"STR",S)>))»l,5)

FUN UOt"TF","F")
NXT

0

FUN U1IS,"N",1)
NXT 1

FUN S
NXT C0NDIP1KI"X",1,D,2,3)

FUN UtS.NUL,UOI"TF"."T«))
NXT

FUN U1IS,"N"»SELI"N",S) ♦ 1)
NXT 4

NXT C0NOILEQISELt"N".S).PLIM(l,LNXISELt"STR",S)))),i,5)

FUN UOI"TF","F")
NXT

4

0

FUN UltS,"N",i)

NXT 1

1

FUN S
NXT CONDtPlK("0",l,l),2,3)

FUN UIS.NJL,U0I"TF","T"))
NXT
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3
FUN UitS,"N",S£LtMN",S) ♦ II
NXT 4

4

NXT COND(LEQtS£LtMN",S),PLlMti,LNX(SELl"STR",S)))),l,5)

FUN UOI"TF","F")

NXT

FUN U1IS,"N",1)
NXT 1

FUN S
NXT C0ND(P3KI"M",1,1),2,3)

340

2

F

RT

NXT

UN 2 UlS,Uo7"M«7sUBSTRIPARTITIONIl,2 * 1- i.SELI"N«,SI.LNXISELt"STR«,S))) ,PA
TITIONtl,2 * l,SELl«N».S),LNXtSELI"STR",S))).SfcH"STR«.S))),UOt«TF","T"))

FUN UlIS,"N",SELt"N",S) ♦ 1)
NXT 4

4 ~-

FUN S
NXT C0N0tL£QtSELt"N",S),PLIMIl,LNXISELt".STR",S)))).l,5)

5

FUN U0t"TF","F")

NXT

0

FUN U1IS,"N",D
NXT 1

NXT C0NDIAND(P3KI"L",3,l).ANDtP3Kt"M",3,2),PlKI"*".3,3))).2.3)

FUN UlS,UtU0t"L",SUBSTRtPARTlTI0NI3,2 * 1 - 1. SELt "N"., S) ,LNXt SEL ("STR", S) )) ,
PARTITION!3,2 * 1,SEL("N",S).LNXtSELt"STR",S))),SELt"STR",S))>,U(UO<"M«.SJBSTRtP
ARTITION(3,2 * 2 - 1,SEL("N",S),LNXlSELI "STR",S>)I,PARTIriON(3,2 * 2,SELt"N",S) ,
LNXtSELl"STR",S))l,SELt"STR",Sin,NUL)),UOl"TF","T«))
NXT

FUN Ul(S."N".SELt"N".S) ♦ I)
NXT 4



341

FUN S , Blk
NXT COND(LEQISEL("N",S),PLIMt3,LNX(SEL("STRM,S)))),l,5)

5

FUN UO("TF«,"F")

NXT

FUN U1(S,"N",1)

NXT 1

NXT C0NDtANDtPlKI«t,,,3,l),AND(P3Kt"MM,3,2),PiKt"*",3,3))).2»3)

FUN UIS,UtNUL,U(U0("M*,SUBSTR(PARTITIONt3,2 * 2 - I,SELI"N",S),LNXIS£LI"STR"
,S))),PARTITIUN(3.2 * 2,SELt"N»,S),LNX(SEL.(»STft",S))),SELt"STR",SI)),NULU,UOt"T
F","T"))
NXT

FUN Ul(S,"N",SELC"N",SI ♦ 1)
NXT 4

pUN S . ,,
NXT C0ND(LEQISELl"N",S),PLlMt3,LNXtS£Ll".STR",S)))),i»5)

FUN UOt"TF","F")

NXT

FUN U1IS."N",1)
NXT 1

FUN S
NXT C0NDIPlKt,,I)".i»l),2,3)

FUN UIS,NUL,UOt"TF","T"))

NXT

3

FUN UitS."N",SELt"N",S) ♦ I)
NXT 4

FUN ' S
NXT C0NDILEQISELt"N",S),PLlMtl,LNXtSELl"STR",S))l),l,5)



FUN UO("TF"."F"l
NXT

0
FUN Ul(S,"N».i)
NXT 1

pUN S
NXT C0ND(P1K(")".1»1)»2.3)

FUN U(S,NUL.U0t"TF"."T")l
NXT

3
FUN UltS."N",SELl"N".S) ♦ 11
NXT 4

FUN SNX? C0NDtLEQISEL(»N".S).PLlMtl,LNXtSELt"STR«,SI))).1.5)

FUN UOt"TF"."F")
NXT
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(§)

it

.(§)

<g>

APPLY FLOWCHART TD NULL STATE VECTOR S

FINAL STATE VECTOR

NIXON

TIME TO PROCESS SEMANTIC DESCRIPTION 1834 MLLLISEC
TIME TO PARSE 2^88 MILLISEC •
TIME TO EVALUATE SEMANTIC ATTRIBUTES 37662 MILLISEC

m «EXECUTION* TIME 3450336 MILLISEC
•STATEMENTS* EXECUTED 198044 MILLISEC

®

.#

"®

pi

@
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@

@

@

@

(§)

(Si

(f)

(5)

SOURCE PROGRAM
L=-H- / -E- / -S- / -M- / -A- / -N- / -K- / ~p-5
v=w;

w=l / lw;
LET Tl=«V-,-W-*- » W-*,-V;

-i-w-*,- # w-,(-;
-t^w-*>- # w;
-t)- # .£;
-)- # -*)-»;

Ti<-(HESSE,KAFKA,MANN)->;
END
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LISTINGOFATTRIBUTESOFPROGRAMNODE

DISPLAYOFEXPRESSION-E
0

FUNAPPLItSELt1,TRANSLIB)."tHESSE,KAFKA,MANN)")
NXT

L

0

FUNS

DISPLAYOFVARIABLETABLE-V

NXTCONDtEQUISEL("L"»LNX",S),LNX(SELt"STR",S)))»1.2)

345

FUN"F"

NXT

2

FUNU11S."L""LNX",LNXtSELt"STR",S)))
NXT3

FUN3ORISEl7"TF%APPLI(SEL(86,CONCATLIB),S)).ORtSELt"TF"..APPLIISEL(87,C0NCATL IB),S)),0R{S£L("TF",APPLl(SEL(88,CONCATLlB),S)).URtSELt"TF",APPLltShLt89,C0NCATL
IB),S),ORlSELt"TF",APPLItSELt90,CONCATLIB),S)I,ORlSEL("TF",APPLI(SEL(91,C0NCATL
IB)Is!),ORtSELt"TF",APPLItSELt92,CONCATLIB),S)),SELt"TF«,APPLUSEL(93,CONCATLIB)
,S)))))))))
NXT

FUNS
NXTCONOIEQUtSELt"V""LNX",S),LNXtSEL(".STR",S))).1.2)

FUN"F«

NXT

FUNU1IS,"V""LNX",LNX(SELt"STR",S)l)
NXT3

FUNSELI"TF",APPLIISELt94,CONCATLIB),S)I
NXT

FUNS•
NXTCONDtEQUISEL("W""LNX",S),LNXtSEL("STR",S)))»1.2)

FUN"F"

NXT



346

FUN U1IS,"W" "LNX", LNXtSELt"STR",SI))
NXT 3

FUN ORISEl7"TF^7aPPLItSELt96,CONCATLIB),S)),SELI»TF",APPLItSELt98,CONCATLIB)
,S)>)
NXT

DISPLAY OF TRANSTABLE-T

FUN S
NXT 102

102
FUN UIU0("Pl",l),UOt"P2",l),U0t"STR",S))
NXT 103

103

FUN S
NXT CONDI APPLI t • SELt"TF", APPLI tSELt HCCONCATL IB ), S) ) • ,Uit S. "STR".SUBSTRISEL
("Pl",S).S£L("P2",S),SEL("STR",S)l)),104,l05l

FUN SU8STIUl7sELt"Pl".S> ,SELt"STR",S )l APPLII*SELt"W",S) »*," SELt"V",S)
•fAPPLI("APPLItSELt110,CONCATLIB), SI",ULIS,"STR",SUBSTRISELt"PI",S),SELt"P2",S),
SEL("STR",S))))) SUBSTRtSELt"P2",S).LNX(StLt"STR",S>) + I,SELI"STR",S))
NXT 0

105

FUN UlIS."P2",SEL("P2",S) ♦ I)
NXT C0N0tLEQtSELt"P2",S) - 1,LNXtSELt"STR",S))),103,106)

106
FUN UlS,UOt"Pl",SELi"Pl",S) *• I),U01 MP2",SEL("P1".S) ♦ 2))
NXT CON0tLEQISELt"Pi".S).LNXtSEL("STR",S)l),103,107)

107
FUN SELI"STR",S)
NXT 114

114
FUN UIU0I"Pl",D,U0t"P2M,l),U0t"STR",S))
NXT 115

FUN S
NXT CONDIAPPLIt"SELI"TF",APPLI tSELt122,CONCATLIB ),S))*.UiIS,"STR",SUBSTRtSEL
t"Pi",S),SEL("P2",S),SELt"STR".S)))),116.117)

FUN SUBSTR(l.SEL(»Pl",SI ,SELI"STR",S)) APPLIt*SEL("W",SI ",("*,APPLlt"AP
PLIISELt122,CONCATLIB),SI",UltS."STR". SUBSTRtSEL("Pl",S),SELt"P2",S),SELt"STR", S
))))) SUBSTRiSELt"P2",S),LNX(SEL("STR",SM ♦ 1,SELt"STR",SlI
NXT 0



s?UT^;;EiuSs5:sf,-*iUHx«sEL«-siR-.5M,.u5.ii.»
punU8UtS.Uo7^p7"7sELt"Pl".S)♦U,U0("P2»,SEL("P1",S)♦2))
NX?.CONOtLEUtSEU"Pl".S).LNXtSEL("STR".Sn).115.119)

347

119
FUNSELt"STR",S)
NXT124

FUNutU0t"Pl",l).U0{"P2",l),U0t"STR",S))
NXT125

125

NX?C0ND(APPLlt*SELt"TF..,APPLltSELtl32.C0NCATHB),S)).*,Ul(S,"STR".SUBSTR(S£L
("Pi",S),SEL("P2",S),SEL(MSTR",S)I11,126,1271

SUBSTR(SEL("P2",SI,LNX(SEL("STR«,SI)«•1,SEL("STR",S))
NXT0

Nux?"s^
FUNl28U(S,U07"Pl"7sELl"Pl".S)+1),U0("P2".,SEL("Pi".S)♦2)) NXTCOND(LEQ(SELt«Pl".S).LNX(SEL("STR",Si)).125.129*

129

FUNSEL("STR",S)
NXT134

FUNU(U0("Pl",l).U0t"P2".l).U0t"STR".S))
NXT135

135

NX?c0ND(APPLI(.SEL("TF",APPLI(SEL(142,C0NCATLlB).S))*.Ul(S.«STR",SUBSTRtSEL
I"P1",S),SEL("P2",S),SEL("STR",S)))),136,137)

ISEL("P2"..S).LNX(SEL("STR",SII♦I,SEL("STR",S))
NXT

137

si?-asj^asi^nr-MiHx.seL.-si.-.sui.iM.i...
138



348

FUN U(S,UO("Pl",SELl"Pl",S) «• I ) ,U0( "P2" , SEL("Pl", S) ♦• 2))
NXT CONOtLEQ(S£L("Pl",S),LNX(SEL("STR",Sl)l,135,139)

139

FUN SEL("STR",S)

NXT 143

143
FUN U(U0("Pl",l),U0("P2",U,U0t"STR",S))
NXT 144

NXT " CONDtAPPLIt*SELt"TF",APPLItSELt152,CONCATLIB),S))•,UltS,"STR",SU6STRISEL
I"Pi",S),SELt"P2",S),SEL("STR",S)))),145,l46)

FUN SUBSTRll,SELt"Pl",S> ,SEL("STR",S>> APPLI(•"♦)"*.APPLI("APPLI(SELI152
,CONCATLIB),S)",UKS,"STR",SUBSTR(SfcL("PI",S),SEL("P2",S),SEL ("STR",S))))) SUBST
R(SEL(MP2",SI,LNX(SEL("STR",SII «• I,SEL("STR",S)I
NXT 0

146

FUN U1(S,"P2",SEL("P2",S) ♦ 1)
NXT COND(LEQ(SELt"P2",S) - 1,LNX(SEL("STR",S))),144,147)

147
FUN U(S,UOl»Pl".SEL("Pl",S) ♦ I),UOt"P2",S£Lt"Pl",S) ♦ 2i)
NXT CONDtLEQISELf'Pl",S),LNXIS£L("STR",S>)),144,148)

148

FUN SELI"STR",S)

NXT

01 SPLAY OF CONCATLIB-C

FUN UlIS,"N".l)
NXT 1

FUN S
NXT C0NDIPlK("H",i,i>,2,3)

2

FUN U(S.NUL,UO("TF","T"))

NXT

FUN UltS,"N",SELt"N",S) ♦ 1)
NXT 4

4

FUN S
NXT C0NDtLEQ(SELt"N",S).PLIMtl.LNXtSfcLt1STR",SI))).1.5)

5



FUN UOl"TF","F")
NXT

87
0

FUN UitS,"N",l)
NXT 1

pUN S
NXT C0NDtPlKt"E",l»l)»2,3)

2
FUN UIS.NJL.U0t"TF",°T"))
NXT

3

FUN UltS,"N",SELt"N".S) ♦ 11
NXT 4

NX? C0NDtLEQ(SELt"N",S),PLlM<l.LNXtSELt«*STR",S)))),1.5l

FUN UOt"TF","F")
NXT

88

FUN U1IS,"N",D
NXT 1

FUN S
NXT CONDtPlKt"S",l,l).2.3)

FUN UIS.NUL,UO("TF","T"))
NXT

FUN UltS."N",SELt"N",S) ♦ 1)
NXT 4

NX? C0NDtLEQISELt"N",S),PLlMll,LNX(SELt"STR",S)))),l,5)

FUN UOt"TF","F")
NXT

0

FUN Ui(S,"N",il
NXT 1
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1

FUN S
NXT CONDtPlKt"M",l,l).2,3)

2

FUN UIS.NUL.UOl"TF","T"))
NXT

FUN UltS,"N",SELt"N"»S) ♦ II
NXT 4

4

NXT CONDtLEQtSELt"N",S),PLlMtl,LNXtSEL(tSTR",S)))).1.5)

FUN UO("TF","F")

NXT

90

FUN UitS."N",l)
NXT 1

FUN S
NXT C0N0tPlKl"A",l,l).2.3)

FUN UtS.NUL.U0l"TF"."T"))
NXT

FUN miS»"N",SELt"N".SI ♦ 1)
NXT 4

NXT CONDtLEQtSELt"N".S).PLlMtl.LNXISEH"STR",S)))).i.5)

FUN UOt"TF«,"F")
NXT

91

FUN U1!S."N",1)

NXT 1

FUN S
NXT C0N0tPlKt"N",l.l).2.3)

FUN UtS,NJL»U0l"TF","T"))

NXT
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FUN U1(S,"NM,SELI"N",S) ♦ 1)
NXT 4

4

NX? CONOtLEQtSELt"N",S),PLlMtI.LNXtSELt"STR",S)))),!.5)

5
FUN UOt"TF","F"l
NXT

0

FUN U1IS,"N",D
NXT 1

FUN S
NXT C0ND(PlKt"K",i.i).2.3)

FUN U(S,NUL.U01"TF"."T"))
NXT

FUN UltS."N",SEL("N".S) ♦ 11
NXT 4

4 :

NX? CONDtLEQISELt"N",S).PLlMU.LNXlSELt"STR",S)))).i.5)

5
FUN UOt*TF"»"F"l
NXT

FUN UiIS."N".l)
NXT 1

FUN S
NXT C0N0tPlKt"F",l.l).2.3l

FUN UIS.NUL.U0("TF"."T"))
NXT

FUN UltS."N".SELt"N".S) ♦ I)
NXT 4

NXT CaNDtLEQlSELt"N",S),PLlMti,LNXtSEH"STR",Sl))),i,5)
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352

FUNUOt"TF","F")

NXT

94

0

FUNUltS."N",l)
NXT1

FUNS
NXTC0NDtP3Kt"W",l.i).2.3)

FUNUIS,U0t"W",SUBSTRtPARTITI0Ntl,2*1-l,SELt"N",S).LNXISELI"STR",SI)),PA
RTITI0Ntl,2*l,SELt"N",S),LNXISELl"STR",S))),SEL("STR",S)l),UOI"TF","T"))
NXT

FUNUKS."N",SELI"N",S)♦1)
NXT4

FUNS
NXTC0ND(LEQ!SEL("N",S),PLlM(l,LNXtSELt".STR",S))))»l»5)

FUNUOt"TF","F"l
NXT

96:

FUNUltS,"N",i)
NXT1

FUNS
NXTC0NDtP3Kt"L",1.11.2.3)

FUNUtS.U0l"L".SUBSTRIPARTITIONtl,2*1-1,SEL("N*»,S).LNXtSELt"STR«,S))),PA
RTITIONtl.2*l,SEL("N".S),LNXtSELt"STR".S))).SELt"STR*-,S))),UO("rF","T"l)
NXT

FUNUl(S,"N",SEL("N",S)♦I)
NXT4

4

FUNS
NXTCONDtLEQtSELf'N",S»»PLIMtl,LNXtSELI"STR",S)))).!.5)

5

FUNU0l"TF","F")

NXT



353

0
FUN UltS."N",l)
NXT I

1

NXT C0NDlANDIP3Kt"L".2,l),P3Kt"W",2,2)),2,3)

FUN 2 Uls7u7uo7»L"7sUBSTRtPARTITIONt2.2 * 1 - ItSELt"N".S),LNX(SELl-STR-.SlIIJItPARTITION " lfSEL("N",S),LNX(SEL("STR",S))).SEL(«STR.",S))).U0("W",SU8STR PAR
TITIONI2?2 J 2 - i,SEL("N".S),LNXtSELt"STR",S))).PARTlTlQNt2,2 * 2,SELt"N".S),LN
XISEL("STR",S))).SEL("STR",S)ll),UO("TF","T")l
NXT

FUN UltS,"N".SELt"N",S) ♦ I)
NXT 4

NXT COND(LEQISEL(-N",S),PLlMt2,LNXtSELl"STR",S)))).1.5)

FUN UOt"TF","F"l
NXT

FUN UHS."N".l)
NXT 1

NXT CONDtAN0tP3Kt"V".4,l).ANDtPiKt",",4.2l,ANDIP3Kt»W",4,3),PlKt"*",4,4)))).
2.3)

FUN UtS,UlU0t"V",SUBSTRtPARTITIONt4,2 * 1- i»S£tt"N",S),LNXiSEL("STR",S) )),
PAR>ITIONi4.2 * l,SEU"N",S),LNXtSEL("STR",Sn),SELt"STR«.Sn ;U^,UtUO(«H-,SU
BSTRtPARTITI0NI4,2 * 3 - 1,SELt"N",S).LNXtSELt"STR",S))).PARTITLUNI4,2 * 3,SELt"
N",S),LNXtSELt"STR",S))).SELt"STR",SI)),NUL))J,UOI"TF","T"))
NXT

3
FUN U1IS,"N",SELI"N",S) ♦ 11
NXT 4

NXT CONDtLEQlSELI"N",S),PLIM14,LNXtSELt"STR",S))))»1,5)

FUN UOt"TF«,"F")

NXT •



354

FUN Ui(S."N«,l)
NXT 1

NX? C0ND(AN0CPlM-l"t3.tl.AND«P3KI«H-.3^2),PlKI"»,-.3.3int2.3l

F","T")I
NXT

FUN UltS,"N",SELt»N",S) * 1)
NXT 4

NXT C0NDlLEQISELI"N".S).PLlMt3,LNXtSEH"STR",SI) D.1.51

5
FUN U0("TF«,"F"1
NXT

132

FUN U1IS."N".1)
NXT 1

NX? C0N0(ANDtPlK("I".3.i).AND(P3K(«W".3,2).PlKI*!*)«.3.3)J).2.3)

F"»"T"1)
NXT

3
FUN U1IS."N".SEL("N".S) ♦ 1)
NXT 4

NXT CONDILEQtSELI-N",S1.PLIMI3,LNXtSELl"STR".Sl111.1.51

FUN U0l"TF"."F"l
NXT

142 —

FUN UltS."N".ll
NXT 1



i

FUNS
NXTCONOtPlKt"t)",i,l),2,3)

FUNUtS,NUL,UOt"TF","T"))
NXT

FUNUitS,"N",SEL("N"»S)♦11
NXT4

FUNS
NXTC0NDtLEQtSELt"N"..S),PLlMtl,LNXtSELt"STR",S))))»l.5)

5

FUNUO("TF","F")

NXT

152

FUNU1IS."N".1)
NXT1

FUNS
NXTC0ND(PIKI")"»1»1I.2.3)

FUNUIS.NUL.UO("TF»,"T"l)
NXT

3.

FUNUllS,"N",SEL("N".S)*•1)
NXT4

FUNS.m%
NXTCONDILEQtSELI"N".S).PLIMIl,LNXtSELI"STR",S)111.1.51

FUNUOt"TF"."F")
NXT
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§>

fc<§

APPLY FLOWCHART TO NULL STATE VECTOR S

i>

FINAL STATE VECTOR

MANN.KAFKA.HESSE

TIME TO PROCESS SEMANTIC DESCRIPTION 1834 MILLISEC
TIME TO PARSE 3916 MILLISEC

^ TIME TO EVALUATE SEMANTIC ATTRIBUTES 70196 MILLISEC
U 'EXECUTION* TIME 4359970 MILLISEC

•STATEMENTS* EXECUTED 249873

(§b

#

§

®

fp)

<§
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SOURCE PROGRAM
L=-i- / -j- / -K-;

P=L / -I-A-)-;
A=P / P-*-A / p-«-a;

x=l / -t- / -)- / -*- / -♦-;
Y=X*

LETTl=«P-*-A # A;
P-+-A h a;

-I-a-I- » a;
xy « -*-;

A » .-YES-;
-*- # .-no-»;

TK-I*IJ*K)+J->;

END
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LISTINGOFATTRIBUTESOFPROGRAMNOOE

DISPLAYOFEXPRESSION-E

FUNAPPLItSELt1.TRANSLIB)."i*(J*K)«>l")
NXT

358

OISPLAYOFVARIABLETABLE-V
L

FUNS
NXTCONO(EQU(SELt"L""LNX",S),LNXtSELt"STR".S)I).1.2)

FUN"F"

NXT

FUNU1IS»"L""LNX",LNX(SELC"STR"fSiI)
NXT3

FUNORISEH"TF",APPLItSELt213,CONCATLIB),S)),ORtSELI"TF",APPLIISEL1214,CONCA
TUB),SI).SELt"TF",APPLItSELt215,CONCATLIB),S)))J
NXT

FUNS
NXTCONDIEQUlSELt"P""LNX",S),LNXISELt".STR"»S)))»1.21

FUN"F"
NXT

FUNUIIS."P""LNX".LNXtSEL("STR".S))l
NXTa

FUNORISEL("TF",APPLI(SELt216,CONCATLIB).S)),SEL("TF",APPLUSELt218,CUNCATLl
B),S)))
NXT

0

FUNS
NXTCONDIEQUtSELI"A""LNX",S),LNXISELt"STR".S11)»1.21

1

FUN"F"

NXT

2
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FUN UltS."A" "LNX", LNXtSfcLt"STR",S)))
NXT 3

FUN 3 ORtsl77"7;"7^PPLttS£Ll220,CONCATLlB),S)).ORtSELt"TF",APPLllSELt222,CONCA
TLIB>,S)),SELt"TF",APPLl.lSELt226,C0NCATLIB),S)ll)
NXT

0

NX? CONOt£QU(SELl"X" "LNX",S), LNXt SELt ".STR", S) )), 1.2)

1

FUN "F"
NXT

FUN 2 UU'S^":^, LNX.SEU-STa-.SU,
NXT 3

3

FUN

TL
CATL

NXT

M 3 0RISEl7"TF",APPLlISELt 230,CONCATLIB),S) I.ORtS£LI"TF"f APPLI tSELU32,CUNCA
B),S)K0MsLI«TF2.APPLItSE^

TLlB),S)),SEL("TF",APPLItSELt235,C0NCATLlB).S)ll))l

NX? CONDIEQUISELI"Y" "LNX",S). LNXtSEL("STR".Sl11.1.2)

FUN "F"
NXT

2

FUN UltS»"Y" "LNX". LNXISELI"STR",S111
NXT 3

3 ———

FUN SELI"TF",APPLI(SELI236,C0NCATLIB).S))
NXT

OISPLAY OF TRANSTABLE-T

FUN S
NXT 238

238
FUN . U(U0("Pl".l).U0t"P2".l).U0("STR",S))
NXT 239

239
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NX??0N0tAPPLH.SELt"TF",APPLnSELt246.C0NCATLlB),S))*,UltS,"STR".SUBSTRISEL
t"PI".S).SELt"P2",SI,SELt"STR",S)))),240,241)

240,._,,„crTtmCl.appi11tcpi{"A".SI*.APPLII"APPLIIS

SUBSTRlSEL("P2",S),LNXtSELt"STR»,SI)♦L.SELt"STR",S))
NXT0

241

NX?CONDlLEQlS^Pr-.Sr-'llLNXISELI-STR-.S,,..239.242) FUNUltS."P2",SELt"P2",S)*>11

242
UtS,Uo7"Pi"7sE7l"Pl".S)♦1J.U0C~P2-.SEL1-P1-.SJ♦2)1 Ex?CONDtLEQtSELr"?i";S);:NX(siLi"STR",S))l.239.243)-

243
FUNSEL("STR".S)
NXT250

250
FUNu(U0("Pl".l).U0I"P2".l)»U0("STR",S))
NXT251

NX?C0«H»»tH>SEU-Tf-.*PPLU$ai»8.CONC*fLIB».SIl'.OUS.-STIl-.aiB$Ill(ia.;
t"Pl",SltSELI"P2"»S»tSELt"STR">S>»>l.2S2t2»3l

SUBSTRISELt"P2",S),LNX(SELt«STR",S)l♦1,SELt"STR".S))
NXT0

253

E?cSqis^

FUN254UtS,Uo7*^l^SEU"Pl".S)♦l»^Wp2"^""Pl"i!i*^ NXTC0N0lLEQISELl"Pl".S),LNXtSELt"STR",SI)),25i,255l

255
FUNSELI"STR".S)
NXT262

262—
FUNutU0t"Pl".l)»U0("P2".l),U0("STR",S))
NXT263

263

NX?coNDlAPPLlt.SELt"TF",APPLItSELt270.C0NCATLlBI.S))*,UUS.«STR".SU8STRtS£L
t"Pl",S),SEL("P2",S),SELt"STR",S)))1,264,265)

FUN

264
SUBSTr777Iel7"PI",S),SELI"STR".S).)APPLlt*SELt"A".S)*,APPLlt"APPLltS
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ELt270,CONCATLIB),S)",UitS,"STR",SUBSTRtSELt"PI",S),SELt"P2",S),SELt"STR",S)I)))
SUBSTRlSELt"P2",S>,LNXtSELt"STR",S>) ♦ I,SELt"STR",S))

NXT 0

265
FUN UllS,"P2",SELt"P2",S) ♦ 1)
NXT C0NDtLEQtSELI"P2",S) - 1.LNXISELt"STR",S))),263.266)

266
FUN UtS.U0t"Pl",SELt"Pl",S) ♦ I),UO( "P2",SELt"Pl".S) ♦ 2i)
NXT C0NDtLEQIS£Lt"Pl".S),LNXtSELt"STR",SI)),263,267)

267

FUN SELt"STR",S)
NXT 272

FUN UtU0t"Pl",l).U0t"P2",l),U0t"STR".S))
NXT 273

273

FUN S
NXT CONDtAPPLIt*SELt"TF",APPLI(SELI280,CONCATLIB).S))*.UKS,"STR",SUBSTRtSEL
I"P1".S) ,SELt"P2",S),SELt"STR",S)))),274,275)

274
FUN SUBSTRtl,SELI"Pl",S) ,SELt"STR",S) ) APPLI I *".*"* ,APPLi;t"APPLlIS£Ll280,
C0NCATLIB),S)",UltS."STR",SUBSTRtSELt"Pl".S),SELt"P2",S).SELl"STR",S))))) SUBSTR
tSELt"P2",S),LNXIS£Lt"STR",S)l ♦ 1,SELI"STR",S))
NXT 0

275 '-.
FUN UltS."P2".S£Lt"P2"»S) ♦ 1)
NXT C0N0(LEQtSELt"P2".S) - 1.LNXISELt"STR",S))).273.276)

276
FUN UtS,U0t"Pl",SELt"PL".S) ♦ 1),U0t"P2",SELI"P1".S) ♦ 2J)
NXT CONDILEQtSELt"Pl".S),LNXISEL("STR",S))).273,277)

FUN SEL1"STR".S)
NXT 284

284
FUN U(U0I"Pl",l),U0I"P2",i)»U0l"STR",S))
NXT 285

285

FUN S
NXT CONDtAPPLIt*SELt"TF",APPLIISELI292,CONCATLIB),S))*.UitS."STR",SUBSTRtSEL
I"PI",S),SELt"P2",S>,SELt"STR",S)))),286,287)

FUN SUBSTRtl,SELI"Pl",SI ,SELt"STR«,S )) APPLll*"YES"*,APPLIt"APPLltSELI29
2,C0NCATLlB),S)",UltS,"STR",SUBSTRISEL("Pl",S),SELt"P2",S),SEL("STR",SII))) SUBS
TRtSELI"P2",S),LNXtSELt"STR",SI) ♦ I,SELt"STR",S))
NXT

FUN UlIS,"P2",SELt"P2",S) ♦ 1)
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NXT C0N0ILEQtSEL("P2".S) - l.LNXfSELI"STR".S))).285.288)

288 _———.—.—-.

FUN U(S,UOt"Pl«,SELt"Pl",S) ♦ I),U0t"P2",SELt"Pl",S) «• 2))
NXT CONDILEQtSELt"Pl",S>,LNXtSELt"STR",Sill,285,2891

289

FUN . SELI"STR",S)
NXT 294

FUN UIU0("P1",1),U0("P2",1),U0("STR",S))
NXT 295

295

FUN S

NXT CONOtAPPLIt*SELt"TF",APPLItSELt303,CONCATLI B)»S))•,UltS,"STR",SUBSTRtSEL
I"Pi",SJ ,SELt"P2",S),SEL!"STR",S)))),296,297)

296

FUN SUBSTRtl,SELt"Pl"jSI ,SELt"STR",S)) APPLII*"NQ»*,APPLLt"APPLI(SELt303
•CONCATLIB)»S)".Ult S,"STR",SUBSTRtSEL! "PI",S),SELt"P2",SI,SELt"STR",S))))) SUBST
R<SEL("P2".S),LNXtSELt"STR",S)) ♦ 1,SELt"STR",S))
NXT

297

FUN UltS,"P2",SELI"P2",S) ♦ 1)
NXT CONO(LEQtSELt"P2".S) - 1,LNXISELt"STR«,S))).295.298)

298

FUN UIS»UOt"Pl".SEL("Pl".S) «• 1)»U0t"P2".SELt"Pi"»S) ♦ 2))
NXT C0ND(LEQtSEL("Pl".S).LNX(SELi"STRn,S)l).295.299)

299

FUN SEL("STR",S)
NXT

DISPLAY OF CONCATLIB-C
213

FUN UltS,"N",l)
NXT 1

FUN S

NXT CONOtPlKt"I",l,l),2,3)

2

FUN UtS,NUL,UO("TF",*T*»))

NXT

3

FUN UlIS."N",SELt"N",S) ♦ 1)
NXT • 4

4

FUN S



NXTCONOtLEQtSELt"N",S),PLIMtl,LNXtSELt"STR",S))))»1.5)

5

FUNU0l"TF","F")

NXT

0

FUNUltS,»N«*,ll

NXT1

1

FUN•S
NXTC0N0tPlKt"J",l.l).2.3)

FUNUtS,NUL,U0t"TF","T"))
NXT

FUNUlIS,"N",SELt"N",S)♦1)
NXT4

FUNS•.«»
NXTCONDILEQISELt"N",S),PLIMtl,LNXtSELt"STR",SD)1,1.5)

FUNU0I"TF","F")

NXT

0

FUNU1IS.NN".1I
NXT1-

FUNS
NXTC0N0(P1K("K",1.1).2.3)

2

FUNUIS»NUL.U0I"TF"."T"))

NXT

3—.
FUNUlIS."N".SELt"N".S)♦I)
NXT4

FUNS
NXTCONOtLEQtSELt"N",S),PLIMtl,LNXtSELt"STR",S)))).1.5)

FUNUO*t"TF","F")
NXT

216

363
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0
FUNU1IS."N",1)
NXT1

1

FUNS
NXTC0N0tP3Kt"L",l,il,2,3)

FUN2Uts7uo7«L"7sUBSTRlPARTITIONtl,2*I-i.SELCN".S).LNXISELt"STR",SII),PA RTITI0Ntl,2*l,SELt"N",S),LNXtSELt"STR".SI)),SELt"STR",S))),UOI"TF","T«))
NXT

3

FUNU1IS,"N",SELI"N",S)♦1)
NXT4

FUNS
NXTCOND(LEQtSELl"N",S).PLlM(l.LNXlSELt"STR".S)J)).1.5)

FUNUOt"TF","F")

NXT

218

0

FUNUl(S."N",i)
NXT1

NXTC0NDtANDtPlK("l",3,l),ANDtP3Kt"A",3,2),PlKt«)»,3,3))J.2.3)

FUNUtS,UtNUL,UtU0t"A",SUBSTRtPARTITIONt3,2*2-I,SELt"N",S).LNXtSELt"STR"
,S))),PARTITION!3,2*2,SEL("N",S).LNX(SELt»STR",SI)).SEL("STR",S))).NUD).UO("T
F"."T"I1
NXT

3

FUNU1(S,"N",SEL("N",S)♦I)
NXT4

FUNS
NXTC0ND(LEQ(S£L("N".,S).PLIM(3.LNX(SELI,?STR",S)))).1.5I

5

FUNUOt"TF"."F")
NXT

220
0

FUNUltS."N",i)
NXTI



FUN S
NXT C0NDtP3Kt"P",l»l).2»3)

365

H2 UtsTuoT^UBSTRtPARTITIONtl^ * 1" ^tir^t'l n"^^ITIONU.2 * l,SEL("N",S),LNXtSELt"STR",S))).SELt"STR",S))),UU( TF , T ))FUN

RT

NXT

FUN Ui(S,"N",SEL("N",S) * I)
NXT 4

NX? CiOND(LEQ(SEL("N",S),PLIM(l,LNX(SEL("STR",S))ll,1.51

FUN U0t"TF","F")
NXT

222

FUN Ui(S,"N",l)
NXT 1

NXT C0ND(ANDIP3Kl"P«.3.i).AN0lPiKt"*".3.2).P3K("A".3,3))).2.3)

NXT

FUN UitS."N".SELt"N",SJ ♦ 1)
NXT 4

NX? C0NDtLEQISELt»N".SI.PLIMt3,LNXISELt"STR".S)))).1.5)

FUN U0t"TF","F")
NXT

FUN Ul!S»"N".l)
NXT I

NX? ' ?0N0tANDtP3Kt"P",3,l),AN0IPlK("*",3,2),P3KI"A",3,3))),2,3)
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55"a5t?TION(3.2 * 3 - lfSEL("N",S),LNX(SEL(«STR",S)H,PARTLTI0N(3.2 * 3,ShL("N"
,S),LNXlSEL("STR",S))),SELt"STR",S))ll),UOl»TF",«T"))
NXT

3 .

FUN UltS,"N",SELl"N",SI ♦ il
NXT 4

NXT CONOtLEQtSEL("N",S),PLIM(3,LNX(SEL("STR",S)))),1.5)

FUN UOt"TF","F")
NXT

230

FUN Ul(S."N".l)
NXT 1

FUN S
NXT C0NDIP3KI"L"»1.1)»2.3)

2

F

RT

NXT

UN 2 UtS.U07"L".SUBSTRIPARTITIONtl.2 * I* l*"Lt"N**.S) .LNXtSELt|.STR*;.S) )) ,PA
miON(1.2 * l.SELt"N".S).LNXtSEL("STR".S)l).SELt"STR".S))).UOl"TF"."T"))

FUN UltS,"N",SEL!"N".S) ♦ 1)
NXT 4

NXT CONDILEQ(SELt"N",S),PLlMtl,LNXt SELI *!STR-,S) )))»1.5)

5
FUN U0("TF"."F")

NXT

232

FUN UltS."N".l)
NXT 1

FUN S
NXT C0NDIP1KI"I",1.1).2,3)

FUN UIS.NUL,UOt"TF","T")l

NXT



FUN Ul!S,"N",SELl«N".S) ♦ I)
NXT 4

FUN SNX? CONOtLEQtSELt"N"»SI,PLlMtl,LNX(SELt1STR",SI))),1.5)

FUN UOt"TF"."F")
NXT

233

FUN U1IS."N",1)
NXT 1

FUN S
NXT C0NDIPlKt")",l»l).2,3)

2

FUN UtS,NUL,UO("TF","T"))
NXT

3

FUN Ui(S,"N",SEL("N",S) ♦ I)
NXT 4

4

NX? caND(LEQtSEL("N",S),PLlM(l,LNX(SEL(«STR",S)))).1.5)

FUN UOI"TF"."F«)
NXT

234 —

FUN Ul(S."N".l)
NXT 1

FUN S
NXT C0ND(P1K("*"»1»1)»2,31

2

FUN UtS.NUL.UOt"TF«»"T"ll

NXT

FUN UltS,"N",SELt"N",S) ♦ 1)
NXT 4

NX? C0NDtLEQISELt"N",SI.PLlMtl,LNXtS£L("STR",Sll)),l.5)

367



FUN U0t"TF","F")
NXT

235

FUN UlIS."N"»l)

NXT 1

FUN S
NXT CONDIPlKt"*",1,11,2,31

FUN UtS,NUL,U0I"TF","T"))
NXT

FUN UltS,"N",SELt"N",S) ♦ 1)
NXT 4

FUN S
NXT CONOtLEQtSELt"N",S),PLIMIi.LNXtSELt"STR",S)))).1.5)

FUN UOI"TF","F")
NXT

236

FUN U1(S."N",1)
NXT I

368

I

FUN S
NXT C0NDIP3K("X".1,1),2,3)

FUN UlS,U0t"X",SUBSTRtPARTlTIONtl,2 * 1 - 1,SEL("N",S),LNX(SELI"STR",S))).PA
RTITIONtl.2 * l,SEL("N",S),LNXtSELI"STR",S))),SELt"STR*?,S))),UOI"TF","T"))
NXT

FUN U1!S,"N",SEL("N",S) ♦ I)
NXT 4

FUN S
NXT C0NDtLEQlSELt"N",S),PLIMtl,LNXlSELt"STR",SI)))»l»5)

FUN U0l"TF","F"»
NXT

246

FUN Ul!S»"N".l)



fa
369

NXT 1

FUN Sm NXT C0NDtAN0tP3Kt"P",3,l),ANDtPlKt"*",3,2),P3Kt".A",3,3)l),2,3)

FUN U(S,UtU0t"P",SUBSTRtPARTITI0Nt3,2 * I- I,SELt"N",S),LNXlSELt"STR",S))) ,
PARTITIONl3,2 * I,SELt"N»,SI,LNXtSEL("STR",S11 I.SELI"STR",SI*>,U(NUL,UOt"A",SUBS
TRIPARTITIONt3,2 * 3 - 1,SELt"N", SI,LNX{ SELt"STR",SI II,PARTITI0Nt3,2 * 3,SfcLtHN"
,Si,LNXtSELt"STR",S))),SELt"SIR",S))))),UQl,»TF","T"))
NXT

fa

FUN UltS,"N",SELt"N",S) ♦ I)
NXT 4

FUN S
NXT C0NDtLEQtSELt"N",S),PLIMt3,LNXtSELt"STR",S))11.1.5)

fa

FUN . UOt"TF","F")

NXT

258

<* FUN U1(S."N",1)
NXT 1

FUN S
NXT CONDtANDtP3Kt"P".3,1),AND(P1K!"*",3.2).P3Kt"A".3.3))1.2.31

^ FUN U(S,U(U0("P",SUBSTR(PARTITI0N13,2 * I- l,SELt"N",S) .LNXISELt"STR",S))).
PARTITION!3,2 * l,SELt"N",S),LNXtSELt"STR",Sl)),SELt"STR",SI 1),U(NUL,U0t"A".SUBS
TRtPARTITION!3,2 * 3 - 1,SELt"N",S),LNXlSELt«STR»,S))),PARTITIONS,2 * 3,SEL("N"
,S).LNXtSELt"STR",S))),SELI"STR",S))))),UOt»TF","T".))
NXT

fa FUN UltS,"N".SELt"N»,S) ♦> 1)
NXT 4

FUN S
NXT CONDtLEQ(SELi"N*!,S),PLIMt3,LNX(SELt"STR",S)J)).1.5)

5 .
fa FUN UOI"TF","F")

NXT

270
0

FUN UHS."N".l)
NXT 1

fa
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l

FUN S
NXT C0N0IANDIPlKt"t".3.l)»AN0tP3Kt"A",3,2).PlKt")",3.3))l.2.31

FUN UtS.UtNUL,U!U0t"A",SUBSTRtPARTITIONt3,2 * 2 - I,SELt"N",S),LNX(SELt"STR"
,S)>),PARTITION!3,2 * 2,SELt"N",S),LNXtSEL!"STR",S)I),SfcLl"SIR",S)11.NULI) ,UOI"T
F","T"))
NXT

FUN Ui!S."N",SELt"N".S) ♦ 1)
NXT 4

4

FUN S
NXT CONDILEQISELt"N",SI,PLIMt3,LNXtSELt"STR",S))))•!.*)

5
FUN UO("TF","F")
NXT

280

FUN UltS,"N",l)
NXT I

FUN S

NXT COND!ANDlP3K("X",2,l),P3Kt"Y«,2,2)),2.3)

FUN UtS,UIUOt"X",SUBSTRIPARTITIONI2.2 * I - l.SELt"N",S),LNXISELt"STR",S))) .
PARTITI0Nt2.2 * I, SELt "N", SI , LNXISELt "STR", SH ). SELt "STR", S))) ,UOt "IT", SUttSTRIPAR
TITIONt2,2 * 2 - l,SEL("N",S),LNXtSELt"STR",S))),PARTITlUNt2,2 * 2.SELI"N"»S).LN
XlSELt"STR",Slll,SELt"STR",SI)l),UOt"TF"»"T"II
NXT

3

FUN Ul!S,"N",SEL!"N",S) ♦ I)
NXT 4

FUN S

NXT CONOtLEQtSELt"N",SI.PLIMt2.LNXtSELt^STR-.S1111,1.51

FUN UOt"TF","F"l

NXT

292
0

FUN UltS."N".l)
NXT 1

FUN S

NXT CONDIP3K("A",l,l),2,3)



'>• '..*•';' <.v •.' --ii'.t

:»•*•.<"'̂ «V'.!'' ••."lv-i* 'Om '.'. :'•£ •*»',;«• >.?:.. i



371

2

Tl

NXT

FUN 2 U!S.Uo7"I"7sUBSTRtPARTITIONIl,2 * I - l.SELt"N",S).LNXtSELC"STR".SI)) .PA
RTITIONtl.2 * l,SELt"N",SI,LNXtSELt"STR",S)l),SELt"STR",S»)),UOt"TF","T"l)

3

FUN UltS,"N«,SELt"N",S) ♦ I)
NXT 4

NXT C0N0tLEQtSELl"N",S),PLlMtl,LNXtSELt"STR",S)lll,l»5)

5
FUN UOt"TF","F")

NXT

303

FUN UltS."N".l)
NXT 1

1

FUN S
NXT CONDtPlKt"*".1.11.2.31

FUN UtS.NUL»UOI"TF"»"T"l)
NXT

FUN UIIS,"N",SELI"N".S) ♦ 1)
NXT 4

FUN S
NXT C0NDtLEQtSEL("N",S).PLIMtl,LNX(SELt"STR".S)))).1.5)

FUN U0I"TF"."F»)
NXT
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•©

APPLY FLOWCHART TO NULL STATE VECTOR S

FINAL STATE VECTOR

YES

TIME TO PROCESS SEMANTIC DESCRIPTION 1834 MLLLISEC
TIME TO PARSE 4917 MILLISEC

@ TIME TO.EVALUATE SEMANTIC ATTRIBUTES 98227 MILLISEC
•EXECUTION* TIME 1058372 MILLISEC
•STATEMENTS* EXECUTED 53819

®

dD

@

@

®

<§>

@



373

MINI-LANGUAGE 10

SYNTACTIC AND SEMANTIC DESCRIPTION

^ <PROGRAM>A=KDEC LIST>B •;• <COMMAND LIST>C 'UNO*
<FLOrfCHART>AtF=CTF
<PROCLlB>AtP=»Ut
•U0t*GNLl*.Ul
•MKFLCtO,*S*,»CONDIEQUtSELt"LIST«,S),NUL).4,l)«).
•MKFLCtl,,S*,*COND(LTN(APPLlFtSELt"REPL",SELt,*ELE".SELl"LIST",S))).S).l
.).

m .2.3)*).
' .MKFLC(2»*UltS,"LIST",S£Lt"NXT",SELl"LlST",S)))*,0),

.MKFLCt3,*U(J0t"IT£M",U!U0!"REPL",APPLlFISELl"REPL".S£L!"UNIT".SELl"ELE

.".
• SELI"LIST".SI))).S)).UOt"CODE",SELI»CODE",S£Lt"UNIJ".SELt"ELE".SELt "LI
•ST",S)

.)))))),UOt"LIST",UltSELt"LIST",S),"REPL?ELE",MKCONtAPPLlFISEH"REPL".
.SELt"ELE",SELt"LIST",S))),SI - 1))))*.NUL).

fa .MKFLCI4,*NUL*.NUL)
.)).
•UOt*GNDI*.Ul
.MKFLCtO,*S*,*:O^OtEQUISELt"LIST",S),NUL),4,1)*1,
.MKFLCtl,*S*,*CONDtEQUtAPPLIFtSELt"E2",SELI"ELE",SELI"LIST",S))).S) -
• APPLIFtSELC"£l",SELt«EL£",SELt"LIST",S))),S).01.2.3)•).
.MKFLC!2,*U!U0t"IT£M",APPLIFISELI"B".SELt"ELE",SELI"LIST",Sill,
•Ul(S,SELt"i"»SELt"ELE",SELt"LLST",S)l),APPLlF(SEL("El"»SEH"ELE",

m .SELt"LIST",S))),S)II ),UOt"LlST",SEL("NXT",SEL("LlSr",S))))«.NULI.
.MKFLCI3,*UtU0("ITEM«,APPLIFtSELt "B",SELt "ELE".,S£Lt "LIST",SD ).
•U1IS.SELI"I",SELt"ELE",SELt"LIST",S»>),APPLIFtSELt"El".SEL!"ELE".
.SELt"LIST",S))).SI))).U0t"LIST".UllSEL("LLST",S)."E17EL£".
.MKCONIAPPLlFtSELt"EL".SELt"ELE",SELl"LlST".,SI)).SI ♦

• lNCR(APPLIFtSELI"E2",SEL("ELE".SELI"LIST",S)J).S) -
. APPLIF!SELt"El",SELt"ELE",SELt"LI.ST",S))).S)) IJDSNUL).
.MKFLC14,*NUI».NULI

fa #|n
<LAYOUTLIB>AtL«BtL
<DATALIB>AfO»BfD
CTN*»NUL«

<DEC LIST>A»<DECLARATI0N>B •;• <OEC LIST>C;D»<DECLARATION>E
<LAYOUTLIB>ArL*UIBtL,CrLi;OT-L=£lkL

m <DATALlB>AfD=U!8rD,CfD);DtD=ETD
<DECLARATION>A=<LAYOUT STREAM DECLARAT10N>B;C»<DATA STREAM DECLARATIONS

<LAYOUTLIB>A'a«BtL;CtL=*NUL*
<DATALIB>AtD«*NUL*;Ct-D=DfD

<LAYOUT STREAM DECLARATION>A=*LAYOUT STREAM L« <$NUM8R>B •«• <LAYOUT LIST>C
^AYOUTLIB^tLaUOI^L* B^VAL,CtL)

^ <LAYOUT LlST>A=<LAYOUT EXP>B *,* <LAYOUT LLST>C;D=<LAYOUT EXP>£
<LIST>AtL=UtU0l*ELE*,BtL>,UOt*NXT*,CtD);
#0fL=«UlU0t*ELE*,E1-L),U0t*NXT9,NUL))

<LAYOUT EXP>A=<EXPRESSI0N>8 <C00E>C;D-<EXPRESS10N>E •<• <EXPRESSION>F <CODE>G
• •>•

<LISTEL>Ai'L»UtUOI«REPL,.l).UOl«UNlT«.UtUOt*R£PL,.,BtF*),UOt •COOE'.'CtC*
o .nil;
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•D*L= UUOt *REPL«,*EH*1» UOI* UNIT*, UtUOt *REPL* »*FtF«l ,U.Ot •CODES* Gfc*))
.))

<code>a««b*;b=*l.* ;c=*d*
<code>aR=* b* ;Bfc»*l* ;cfc»*o»

<OATA STREAM DECLARATION>A=•DATA STREAM 0* <$NUMBR>B *=* <CATA LIST>C
<0ATALIB>AfD=U0l*D* BtVALtCTi.)

<DATA LLST>A=<DATA EXP>B *,* <DATA LlST>C;D*<DATA EXP>E
<LIST>A L»UlUOt*ELE*,BH),UOt*NXT* ,CfD);
• 0fL=UtU0t * ELE*, E^D.UOt* NXT*,NULI)

<DATA EXP>A*<NAMED EXPRESSION>B ;
• C*=<NA*ED EXPRESSION>D • FOR * <$LETTR>E '=»• <EXPRESSION>F • TO • <EXPRESSION>G

<LISTEL>A4L=UtU0t«a»,*8+L*),UiU0t*El,,O),UO(«E2,»O)))S
.CAL=UtUtUOt*B*.*DfL*),UOt*I*»*E^VAL*)).UtUOI•£!•.•FtF«),UOI*E2«.»G4F*)
.1)

<expression>a«<snumbr>b;

•c=<named expression>o;
.£=•!• <expressiom>f carith 0p>g <expression>h •)•

<FUNCTION>AtF=BfVAL;
.Ct'F-D'hR;
• E*F»*IF1*F Gfty HfF)*

<NAMED EXPRESSION>A«<$LETTR>B;
•C»«A» <$NUMBR>D •<• <EXPRESSION>E •>•

<RHSFUM>AlsR««SELt"B'h/AL"»S),l
.C R»«SELt£^F,SELt"A" Dt-VAL.Sl)'
<LHSFUN>A^L=*"BtVAL"*;
• CtL^COMPOStEl-F.-A" DtVAD*

<ARITH OP>A=**";a*»-»
<VAL>A^V«»♦•;BtV»»-«

<COMMANO LIST>A*<COMMAND>B •;• <COMMANO LlST>C;D=<COMMAND>E
<NEXT>N

<LINENO>AK*Btt;Dtt*EH '
<FLOrfCHART>A*F*UlB*F,CfF);DfF«ETF
BfN«CtL
CtN«AfN
EtN-DtN

<COMMAND>A*<ASSIGNNENT COMNAND>B;C*<ITERATION COMMANO>D;E*<IO COMMAND>F
<NEXT>N
<LINENO>AtL»BH;C/tL*O^L;EtL«FtL
<FL0WCHART>A/hF*BtF;CtF*D'TF;E4-F»PfF
B-TN-AfN
OtN-C.tN
F^N-EtN

<ASSIGNNENT COMMAND>A«<NAMED EXPRESS10N>B •*• <EXPRESSLON>C
<NEXT>N

• <LINENO>ATL*UNQt)
<FL3WCHART>A4F=MHFLCtA/N.,*UltS,B/VL,CtF)*,AtN)

<ITERATIX)N COMMAND>A=*FOR • <$LETTR>B *«=* <EXPRESSION>C • TO •
• <EXPRESSION>0 • DO <• <CQMNAND L1ST>E •>•

<NEXT>N
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k
fa

<LINENO>AtLaUNOt)
<U>Atu=UtU0tl,UN3t)).U0!2.UNOI)))
<FLOWCHART>A^=Ut
• MKFLCtAtL^UltS^B^VALM.OFI'.EtL),
.MKFLCISELU.A'hj) ,»S* ,*CONDtEQQtSELI"BtVAL".SI.OtFI »Attt.SELI2»A*U) }•) •

** .MKFLCtSELt2,A^U),*UltS,"BtVAL",SeL!"BrVAL"»S) ♦ INCRtDtF -
. SELt"B?VAL",S)l)*,EtLI,
•EtF)
EtN=SEL(l,AtUl

<I0 COMMANO>A=<IO INST>B *IL* <$NUMBR>C *,0* <$NUMBR>D •)•
<NEXT>N

^ <LlNENO>AfL»UNOt)
^ <U>A>U=U(JOtl,UN0t)),U0!2,UNOt)),UOt3,UNOt)),U014,UNUI)),U0(5»UN0())•

.U0l6,JN0t)I,UOI7,UNO1I1.U018.UNOM I,UOt9,UN0tiI,UO!10,UNO())I
<FLOWCHART>AtF=U!AtX,A*YI
<XFLDW:HART>Al-X=Ut
.MKFLCtAtL,*UtS,UtUOt"L-",APPLItSELt"GNLI",PRCCLlfl), UKS,"LIST",
„SEL("L" CtVAL.LAYOUTLlBlll) ,UOt"D-",APPLItSELt"GNDI"»PROCLIBl.
•UlfS."LIST",SELI"D" 0 VAL,OATALIB))))))*,SELI1,A U)l.

m .MKFLC^SELtl,Afu),•S•,•CONO(EQUtSELt"lTEM",SELt".L-"»S)).NUL).•
~ . SELt2,AfJ) *,* SELt4,AW) *)*), •

• MKFLCISELt 2, AtU),*S*,*CONDlEQUt SELt "ITEM", SELI"J)-"*S)),NULI .AfN.*
... SEL!3,AtU) »)•),

• MKFLCISELt3,AtU),*UltS."L-" .APPLIt SELt "GNLI".PROCUBl.UltS»"LlST"»
.SELt"L" CWAL,LAYOUTLlB))))»,SELtl.A^)).
.MKFLCtSELt4.AtU),*S*. "CONDtEQUISELt"CCO€".SELt"ITEM",SELt"L-".Sill.
."D"l,* SELt6,AtU) *,* SEL15.AHI) •)•),

fa • MKFLCtSELl5»A'MJ)»*B A* ,SEL 110, AHJ) ) ,
.MKFLCtSELt6,AtU),*S*»*CONDt£QUtSELt"ITEM",SELI"D-"»S11.NULI j,'
. S€LI7,AtU) *.* SEL18,ANJ) 'I'll
<YYFLOKCHART>AtY=Ut
•MKFLCISELt7,A^U),*U1tS,"D-",APPLItSELI"GN3I",PROCLIB).UltS."LIST".
.SELt"D" D^VAL,0ATALIB))))*.SELt8.A4nj))*
• MKFLCtSELt 8, AtUl,*B?B*.SELt9,At-Ul),

•UtMKFLCtSELt9,AfU),*UltS,"D-",APPLIISELt"GN3I",PROCLIB).U1IS."LIST".
m • .SELt"LtST".SEL!"D-"»S)))))*»SELtlO.Afui),

.MKFLCISEL!10,AtU),*UltS,"L-",APPLItSELt"GNLI",PROCLIB).UltS,"LIST".
•SELI "LI ST" , SELI "L-«, SI 1111 *, SELt 1, AttJl I
.11

<I0 INST>A=*INPUT*;B**OUTPUT*
<A>AtA3*PR0JECTtS,REA0X(SELI"REPL",SELI"ITEM",SELI"L-"»S)l).SELl"COOE".

_ .SELt"ITEM",SELt"L-".S)))))*;
**> .BHa,PROJECTtS.PRINTXtSELt"REPL".SELt"ITEM",SELt"L-**»S))),SEL(«CODE",

• . .SELflTEM^SEL^L-"^)))))*'
<B>A|B«*Ult S,SELt"ITEM",SELl"D-",SI l.READXI SEL("REPL"»SEL("ITEM*»,
.SELI"L-".S))I.SELI"CODE",SELt"ITEM",SELt"L-"•SII))J•;
•B>B«*PROJECTtS.PRINTXtSEL!"REPL",SELI"ITEM",SELt"L-",S))l,SELI"CODE".
.SELI»ITEM",SEL!"L-",S))).S£LtSEL("lT£M".SELI"D-".S)I.Sll),

END

Pi
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SOURCE PROGRAM
LAYOUT STREAM L1«4D.4D,40;
DATA STREAM 01=A,"B;
A«u;
8=22;

OUTPUT(LI,Ol);
END •

376
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LISTING OF ATTRIBUTES OF PROGRAM NUOE

DISPLAY OF FLOWCHAWT-F

FUN UilS."A",ll)
NXT 17

FUN Ul(S."B",22)
NXT 18

FUN U(S,UtUOt"L-",APPLItSELt"GNLl",PROCLIB), UltS,"LIST",SELt"L" l,LAVOU
TLIBID) ,UOt"0-,l,APPLI(SELt"GNDI",PROCLIB),Ult$,"LlST",S£LI"0" 1,DATAL1B) I) I ) I
NXT 19

FUN S

NXT CONDtEQUfSELI"ITEM".SELt"L-"»SI),NUL),20.22)

FUN S

NXT CONDIEQUlSEL("ITEM",SELt"D-",S)).NUL).NUL.211

FUN UIIS»"L-" .APPLI tSEL("GNLI**.PROCLl&l»UltS."LIST".SELl"L". 1, LAYOUTHS I) )
)

NXT 19

FUN S
NXT CONOtEQU(SELt"CODE».SELI "ITEM",SELt *!L-".S) )) »**0">.24.23)

FUN PROJECTtS,PRINTXISEL{"REPL",SELI"ITEM".SELt"L-"»S) )l,SELi"CODE",SELt"ITE
M",SEL!".L-",S)))))
NXT 28

24

FUN S

NXT C0NDIEQU(SEL("ITEM".SELI"0-".S)1 ,NULI,25,261

25

FUN UltS,"0-",APPLI tSELt"GNDI",PROCLIBl,UWS,"LIST",SELt"D" l.DATALIBIIII
NXT 26

FUN PROJECTIS»PRiINTX(SEL!"REPL",SELt"ITEM"fSELl"L-",Sl)),SEH"CODE",SELt"ITE
M",SELt"L-".S))).S£LtSELt"ITEM".SELt"0-",S)).S))l
NXT 27

27

FUN UltS."D-".APPLI!SELl"GNOI"»PROCLlB).UlIS."LLST"..SEL!"LlST".SELf"D-".S)))
II

NXT . 28

FUN U1IS."L-".APPLIISEL("GNLI".PR0CLIB).U11S,"L1ST".,SELI"LIST",SELI"L-",S)I)
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))
NXT 19

DISPLAY OF PROCLIB-P

GNLI

FUN S
NXT C0NDIEQUtSELl"LIST",S),NUL),4.l)

I —

FUN SNXT CONDUTNtAPPLIF(SELt"REPL".SELt"ELE"..SELt"LlST".S))).S).ll.2.31

378

2
FUN UltS,"LIST",SELt"NXT",SELt"LIST",SI)l
NXT 0

FUN 3 UIU07"MEM"7^tU0t"REPL«,APPLlFlSELt"REPL",SELt"UNIT".SE^
«,^))),Sl),UOt"CODE",SELt"COOE«.SELt"UNIT«.SEL("ELE",SELt"LIST".S))) 11 •«« ^}ST".UitSELt"LlST",S)."R£PL?EL£«.MKCONtAPPLIFtSELt"REPL"^SELt"ELE",SELt"LIST",S))
),S) - 1))))
NXT

FUN NUL
NXT

GNDE

FUN S
NXT C0N0IEQUlSELt"LLST",S),NUL).4.M

NXT 2oNDtEQU(APPLlF(SELl"E2",SELt"ELE".SELt"LIST",S))I.SI - APPLIFISELt-El".
SELt"ELE".SELt"LIST".S)))»S).0).2.3l

SELI"I".SELI"£
UOI"LIST".SE

FUN UtUOt"ITEM",APPLIF(SELt"B",SELt"ELE".SELl"LlST",Sill,UltS.SE
LE".SEL("LlST".S)))!APPLlFtSELl"£l«.SEL(«£LE".SELI"LlST".S))l,Sl))).
Lt"NXT"*SELt"LlST",S))))

NXT

4

FUN NUL
NXT
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DISPLAY OF LAYOUTLIB-L

ELE

REPL I
UNIT

REPL 4

CODE 0

NXT

ELE

REPL 1
UNIT

REPL 4

COOE 0

NXT

ELE

REPL 1
UNIT

REPL 4

COOE 0

NXT

DISPLAY OF DATALIB-0

01

ELE
B "A*»

El 0
E2 0

NXT

ELE

B "B"

El 0

E2 0

NXT

379
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APPLY FLOWCHART TO NULL STATE VECTOR S

11 22 11 22 11 22

® FINAL STATE VECTOR
A 11

B 22

0-

L-

TIME TO PROCESS SEMANTIC DESCRIPTION 1714 MILLISEC
aa TIME TO PARSE 1155 MILLISEC
® TIME TO EVALUATE SEMANTIC ATTRIBUTES 6995 MILLISEC

•EXECUTION* TIME 2311 MLLLISEC
•STATEMENTS* EXECUTED 110

#

(§>

@

@

@

@

®
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*fe

SOURCE PROGRAM
LAYOUT STREAM L1=3D,0L;
LAYOUT STREAM Ll=>t48-t J+J) )B.J<4D>.0L;

_ DATA STREAM Oi=AKI> FOR 1*1 TO J;
® FOR J*l TO 2 DO <AKJ>=l;OUTPUTtH,01)>S

FOR J=3 TO 5 DO <AKJ>=U
FOR K=tJ-l) TO 2 DO <Ai<K>*(AKK>«-AKIK-l !>)>;
OUTPUT(L1.01)>;

ENO

©

©

(§)

®'

®

©



LISTING OF ATTRIBUTES OF PROGRAM NODE

DISPLAY OF FLQWCHART-F

382

57

FUN UlfS."J".l)
NXT 61

FUN S
NXT C0ND1EQQ(SEL!"J",S),2).76»SELI2.ATT.60))

59

FUN UllS,"J",SELl"J",S) ♦ INCRI2 - SELt"J",S)11
NXT 61

FUN Ul(S,COMPOStSEL!"J",S)»"A" 11,1)

NXT 62

FUN UlS,UtUOt"L-",APPLUSELt"GNLl",PRCCLlB), Ul IS."LI ST",SELI "L" l.LAYOU
TLIB)))) ,U0I"O-«. APPLIt SELt "GNDI".PROCLIB).UllS,"LIST"., SELt "0" I.DATALIB))))))
NXT 63

FUN S
NXT C0N0tEQUISELI"ITEM",SEL("L-",S)),NULI,64t66l

FUN S
NXT COND!EQU!SELI"ITEH",SELI "D-".S)).NULI.58.65)

FUN U1!S»"L-" ,APPLItSEL("GNLI".PROCLIBl,UltS."LIST",SELt"L" 1,LAYOUTLIB)))
I
NXT 63

FUN S
NXT C0NDtEQUtSELl"C00E«,SELt"ITEM«,SELt"L-".S))),"D"l.68.67)

FUN PROJECTtS.PRINTXtSEL("REPL".SEU"ITEM"»SELt"L-".S))).SELl"CODE".SELI"ITE
M",SELC".L-".S))))1
NXT 72

FUN S
NXT CONDtEQUISELt"ITEM".SELt"D-"»S)I.NULI.69.70)

FUN UltS»"D-".APPLltSEL!"GNDI".PROCLIB).Ul(S."LIST".SEL("0" I.DATALIB))))
NXT 70

FUN • PROJECTtS.PRINTXtSELI"REPL",SELt"ITEM",SELt"L-".S))l.S£Lt"COOE".S£LI"ITE
M",SEL!"L-",S))),SELISELt"ITEM",SELt"D-",S)I,S)))
NXT 71
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FUN UHS."D-",APPLHSELt"GNDI".PR0CLIB).UllS,"LIST",SELI"LIST",S£L("0-",S)l)
1)
NXT 72

FUN UltS."L-",APPLIISELI"GNLI".PR0CL1B).UKS»"LIST",SELt"LIST",S£LI"L-".S)))
I)

NXT 63

FUN UltS,"J".3)
NXT ' 80

FUN S
NXT C0N0!EQQISELI"J",S),5),NUL,SEL12.ATT.79)|

78
FUN UltS."J".SELt"J".Sl ♦ INCRI5 - SELt".J".SII I
NXT 80

FUN UlIS«C0MP0StSELl"J",S)."A" 11.1)
NXT 81

FUN UltS."K",tSEL(»J".Sl - 111
NXT 85

82 r

FUN 9
NXT C0NDtEQQtSELt"K",SI.21.87,SEL(2»ATT.841!

FUN U1IS»"K".SELI"K",S1 ♦ INCRI2 - SELt"K«,S!!l
NXT 85

FUN UlIS.C0MP0StSELI"K",Sl."A" 11,(SELISELt"K",S1,SEL(«A" l,Sll ♦ SELltSELt"
K",S1- ll,SELt"A" l,S))ll
NXT 82

87

FUN UIS,UtU0t"L-",APPLIISELI"GNLI".PR0CLIB1, UlIS,"LIST",SELt"L" l.LAYOU
TLIBDI1 ,U0t"D-",APPLI(SELt"GNDI",PR0CLIB),UKS,"LlST",SELt"D" 1.0ATALIB1))) 11
NXT 88

FUN S
NXT C0ND(EQUISELt"ITEM",SELt"L-",S)l,NULl,89,9ll

89

FUN S .
NXT CONDtEQUtSEL!"ITEM",SELt"D-",S)),NUL),77,90)

90
FUN UltS."L-" .APPLIISEL^GNL^.PROCLLBl.UltS.tLlSIw.SELt-L" I.LAYOUTLIBI))
)
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384

NXT 88

91

FUN S
NXT caN0(EQU(SEL{"C0DE".SEL<"ITEM",SEL(nL-"»SmfM0"lt93t92)

FUN PROJECT(StPRINTX(SELC*REPL»fSELC"ITEM",SELC»L-"tS)))tSELl-COOE"tSELC"lTE
M"tSEL("L-"»SI)!l>
NXT 97

93 -.

FUN S
NXT C0NDlEQUCSEL("ITEM»tSEU,,D-"tS>>»NUL>t94,95l

FUN ui!StnD-»fAPPUCSEU»GNDI"fPROCUBl.Ui(St"LlST".»SEUwO* 1,DATALIB)>1)
NXT 95

FUN PROJECTIS.PRINTXISEU-REPl^tSEU"ITEM».SELC"L-«tSM ) tSEi.(«CODE"tSEH'»ITE
M",SElCwL-"t$)>)tSEL($ELI«ITEM",SEUMD-",SIJ,S))l
NXT 96

FUN Ul(sT-D^"tAPPLI(SEH"GNOI"tPROCLlB),UiiSt"LIST".,SELl"LIST«,SELC"0-"tSJ))
I)
NXT 97

97 - •• • •• • - -
FUN uiCSt"L-"tAPPLICS6LC"GNLI"tPROCLlBltUUS,-LIST-tSELC"LIST",SEL(«L-»fS)ll
l»

NXT 88

DISPLAY OF PROaiB-P

GNLI

0

FUN S
NXT CONDtEQUC$EL<*LI$T«.S)»NUL>t4tl)

FUN S
NXT CONDUTNlAPPLIFISELC"REPL"tSEU»ELE,SSElt"Ll,ST*SSJI>»S>tllt2»3)

FUN UHSf"LIST",SEH"NXT«,SELC"LIST«tS)JJ
NXT 0

3
FUN ulUOl«ITEM«tUfUOl"REPL"fAPPLIF(SELIBREPL"tSELI"UNIT"#Sa("ELE»fSELC"LIST
".Sn>)tSlltU0(««C0DE"iSEU"COi>EM,S£L{wUNlTw,SEL(»ELE"fS6L("LlST"fSJ))))))fU0("Ll
STw,UlCSELC"LlST»tS),"REPL?ELE*,MKCON(APPLlFCSELC»REPL-,SEU"fcLE",SELC«LIST",S))
),S) - 1)1)1
NXT

4 -

FUN NUL

NXT
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GNOI

FUNS

NXTCOND(EQU(SEL(ML!ST«fS),NULJt4tl)

FUNS
NXTCONO(EQU(APPLIFCSEL<HE2"tSEL(MELEHtSELC*LIST«tSH>»S)-APPLIFC$EL("El"t
SEL(**ELENtSEL(NLISTMtS)))tS)»0)f293)

FUNU(UO<"ITEM"tAPPLlF(SEL(MB",SELC"ELE«,SELC"L!ST",S))),UUS.SELtM"tSEL(,'E
LE"tSELIwLlST"tSn)tAPPHF(S£L(,,£lMtSELl,,ELE"fSEL("LlST"tS))ltSn))tUO("LIST"tSE
L("NXT",SEL(«LIST",S)))l
NXT

FUNUIUO(MITEM«,APPHFISEL("BwtSEL("EL£,?#SEL("LI.ST«*tS)I)»UliS,S£L(*I»tSELI"E
LE"fSEL("LIST«,SJ))fAPPLIF(SELCwEl«SSEL(HEL£HfS£L(«,LlST"tS)l)tSI))),UO{«»LlST-,Ul
ISEL<"LIST«,S)t"El?ELE"tMKCONtAPPLIF<SELl»ElMtSEL<MELE,,tS£L<,,LlST"fS)))fS)♦INC
RCAPPL!F(SEU«'E2MtSELt"ELE«,SEU*tI$T«tSm»SJ-APPLiF(SELt"El"tSELt"ELE»tSEL<*
LISTN»S)))»S))))))
NXT

4—

FUNNUL

NXT

DISPLAYOFLAYOUTLIB-L

ELE

REPL1
UNIT—

REPLU8-(SELC"J"tSI♦SEL««J"tSm
CODEB

NXT

ELE

REPLSEL("J"tS>
UNIT

REPL4

CODED

NXT

ELE—

REPL1
UNIT.

REPL0

CODEL

NXT



: . •. t.

.• * . •• » .



DISPLAY OF DATALIB-D

B COHPOS(SEH«I"fS)t»A" I)
I I
EI 1

E2 SELI«J"tSI

NXT

386



APPLY FLOWCHART TO NULL STATE VECTOR S

FLNAL STATE VECTOR
J 5

1

1 1

12 1

13 3 1
14 6 4 1

K 2

^ 11
5 1

4 4

3 6

Z 4

'#)

D-

L-

TIME TO PROCESS SEMANTIC DESCRIPTION 1714 MILLISEC

TIME TO PARSE 7164 MILLISEC

TIME TO EVALUATE SEMANTIC ATTRIBUTES 20127 MILLISEC
•EXECUTION* TIME 11580 MILLISEC

•STATEMENTS' EXECUTED 363

387
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©

®

®

®

@

SOURCE PROGRAM

LAYOUT STREAM L1=30,0L;

DATA STREAM Dl-N;
LAYOUT STREAM L2=IBt3D,1B»3D90L;
DATA STREAM 02>A9B;
DATA STREAM D3=BtA;

INPUTCLl»Dll$
FOR X=l TO N DO <INPUT(L2tD2) ;0UTPUT(L2tD3»;
END
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LISTING OF ATTRIBUTES OF PROGRAM NODE

DISPLAY OF FLOWCHART-F
38

FUN UfSfU(UO<NL-"»APPLI(SEL(wGNLIM»PROCLlB>t UlISt"LlST",SELlaLa ltLAVOU
TLIBim •UO{<,0><*»APPLl(SEL(MGNDI"tPROCLIB)tUl(StNLlSTt!»SEL(nDN ItOATALIBI)))))
NXT 39

39

FUN S
NXT C0N0tEQU(SELC*ITEMatSEL("L-NtS))tNUL)»40t42>

FUN S

NXT C0N0lEQlMSEL("ITEM",SELIaD-atS)),NULk,5lt41J

FUN UKSt'L-" tAPPLUSEL("GNLI"tPROCLIB)fUlCStNLIST"tSELINL** I, LAYOUTLI8) 11
)

NXT 39

FUN S

NXT C0ND(EQJ(SEL(NC0DENfSEL(NITEMl«»SEL(NL»NtS)))f(*Dslt44»43l

FUN PROJECT!SfREAOX(SELfNREPL"fSELlNITEM«tSEL("L-Mt.Sll ItSEL(**COOEl*»SEL("ITEM
•»tSEL!"L-"»S))IM
NXT 48

44

FUN S

NXT C0N0{EQJCSEL(*irEM«,SEL{"D->«tS)lfNULk,45t46)

45

FUN UlCS,MD-M,APPLlCSEL(NGNDIa»PROCLl&J.UUSfMLLST"tSELl**0» UDATALIB) ) ))
NXT 46

FUN UlISfSEL(NITEM««SEL("0-MtS))fR£ADXIS£L(MREPLl!fSELiaIJEM»tSELl*'L-afS))l»S
EL<aCODEntSELlaITEN",SEL("L-wtS>>l))
NXT 47

FUN UiISf-D-"tAPPLI(S£LI"GNDI"tPROaiB)tUl(St"LISTn,SELI«LlST"»SEH,y)-"fSIII
))
NXT 48

48

FUN Ul(SfHL-"tAPPLI(SEL(NGNLIRtPROCLIB)fUl(Sf"LISTatSELlnLIST"tS.ELr*L-"fS)))
))

NXT 39

FUN UUStaXatl)
NXT 55
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FUN S

NXT COND(EQQISELfaXa,S)fSELCaNa»S)),NULtSELC2»ATT.54|.)

FUN Ul(S."X",SEL("X«,S) ♦ INCRCSEL(aN**9S) - SEL(aXa9S))l
NXT 55

55 .
FUN UIS9UlU0<"L-a9APPLItSELIaGNLla9PRQCHB)9 UlIS9aLISTa9SELCaL* itLAVOU
TLIBHII 9U0{"D-"9APPLIISELIaGNDI*9PR0CLIB)9Ul(S9"LlST".9SEL(a0a 290ATALIB»))I))
NXT 56

FUN " S
NXT CQN0(EQUISEL("lTEMa9SEL(aL-a9S))9NUL)»57,59J

57

FUN S

NXT C0N0<EQU(SELfaITEMa9S£LtaD-a9SJ)9NULfct68958)

FUN UUS9aL-a 9APPLI(SELtaGNLIa9PR0CLIB>9Ul(S9aLISTatSELCaLa 29LAV0UTL1B)))

NXT 56

FUN S

NXT C0ND(EQU(SEL!aCQDEa9SELIaITEMa9SEL(a4.*a9SI>)tN0*i961t60)

FUN FROJECT(S9READX(SELIaREPLa9SELfalTEMa9SELIaL-afSl))9SEL(aC0DEatSELIairEH
a9SEL(aL-a9S>l)l)
NXT 65

FUN S

NXT CON0fEQU!SEL<aITENa9SELfaO-a9S))9NULfc»62v63>

FUN UllS9aD-atAPPLItSELtaGN0Ia9PR0CLI8>9UHS9aLISTa9SELIaDa 290ATAlig»)»>
NXT 63

FUN Ul(S9SELCaITEMa9SELIa0-avS))9READXCSEL(aREPLa9SELCaITENa»S£LlaL-*tSllltS
ELI*C0DEa9SELIMITEMa9SELtaL-a9S)))))
NXT 64

FUN UlISfaD*a9APPLllSEL(aGNDIa9PR0CLlB)9UlCS9aLlSTa9SELIaLlSTa9SELlaIHatSI>>

NXT 65

65

FUN Ul(S»wL--,APPLl(SEL{»GNLl-,PR0aiB),UUS,aLLST«tSELt-LlSTa9S£LC"L-a9SI)l

NXT 56

FUN UtS9UfU0laL-a9APPLlCSELIaGNLla9PR0CLlB)9 Ul(S«aLL$Ta9SELt*L* 29LAYOU
TLIBMI) 9U0faD-a9APPLIlSEL<«GN0Ia9PR0CLlB)9UHS9aLISTa,SELCaU" 3,DATALIB))l)II
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NXT 69

FUN S
NXT CQND!EQUCSELIa!TE*a9$EL!aL-a9SI)9NULlf70f72!

FUN $
NXT C0ND<EQU!SEL!aIT£Ma9SELCa0-a9S))9NUL)tS29Tll

FUN Ul!StaL-a 9APPLUSELtaGNLIa9PR0CLi8>9UUS9aLlsia9SELlaLa 29LAV0UTLIBMI
J
NXT 69

FUN S - . ' ' "
NXT C0NDCEQU!SELtaC0DEa9SEU«lTEMatSEL!aL-%SlMt"0»l»74»73*

FUN PROJECT! S9PRINTXtSEHaREPLatSELlaITEMatSELIaL-atSI)USELIaCOOE«.SEHaIfE
Ma9SELlaL-a9S)llll
NXT 78

74

FUN S ••-.-.*.'
NXT C0N0IEQUISEL!aIT£Ma9SEHaD-atS)ltNUL»t75t?6l -

FUN Ul!S9aD-*9APPL!!SELCNGW!atPftQCLISI9UUStaLISTa9SEU*J>* JtOArAtlftllll
NXT 76

FUN pR0JECT!S9PRINTX!SEL(aREPLa9SELIaITEMa9SELI"t-atSJJl.$ELIaC00E»tSJEM"rITi
Ma9SELIaL-a9S)l)9SELiSELIalTEMatSELCaO-atS)ltS)ll
NXT 77

FUN UHS9a0-a9APPLUSELIaGNDIatPR0CLlB>9Ul(StaLLST«9SELCaLI$T"tSEU«O-"»$lll
II
NXT 78

FUN UllS9aL-atAPPLICSEL!aGNLI"tPR0CLI8).9UlIS9aLISTatSELC,,LISTat$6LI*l.-»t$ll»
tt

NXT 69

01SPLAY OF PROCLIB-P

GNLI ' . *

FUN S
NXT C0N0!£QU!SEL!aLlSTa9S)9NULI949l)

FUN ' S
NXT C0NDlLTNIAPPLIF!SELIaREPLa9SEL!aELEa.9SELCaLISTa9SII)tSl.ll»2tll
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FUN UHS9"LlST"9SELtaNXT"t SELIaLIST"9S))>
NXT 0

3 .

FUN U!U0("ITEM,',UCU0!"REPL"tAPPLlFISELCa.REPLi,9SEL!aUNlTa9S£L!"EL£"9SEL!aLlST
«%S)))>tS)>tU0!"CODEwfSELl"CO0E"tSEL("UNIT",SEL!"ELEa9SELIaL 1ST"9SI>)))))9U0!"LI

f ST",Ui(SEL("LlST"9S)9"REPL?ELEM»MKC0NlAPPLIF(SELl"REPLM9SEL!n£LE«»tSELI"LlST"tS)l
),S) - 1))))
NXT

FUN NUL
NXT

GNDL

0
FUN S

NXT CONDIEQU!SEL!"LIST"9S) 9NUL)9491)

1

O FUN S
NXT . C0NDiEQU!APPLlF!SEL("E2"9SEL!"EL£a9SELI"LISTa9S)>)9SJ - APPLlF!SEL!a£la9
SEL!"ELE"9SEL!"LIST",S)))9S>90)9293>

2 --
FUN U!U0!"ITEM"9APPLIFISEL!"B"9SEL!aELE"9SEL!"LlSTa9S)>)9Ul!S9SELlaI"9SEL!aE
LE"9SELI"LIST"tS)))tAPPLIF!SEL("El"tSELIwELE"9SfL!"LlSTa9S))J9Sn*)9U0!,»LlST"9SE
L ("NXT" 9SEL! "LIST" 9SI)))-

m NXT

FUN U(U0I"ITEM"9APPLIF!SELl"B"9SELl"ELEa9SEL!"LISTatSn>9Ul(S9SEL!aI"9SELIaE
LE"9SELI"LIST"9S)n9APPLIFISEL!"El"9SELI"ELE"9SELi"LIST"9Sni.S)>))9U0!aLlSTa9Ul
!SEL!"LIST"9S)t"Ei?ELE"9MKC0N(APPLIFlSEL!"El*,9SEL<aeLEH.tSELi"HSr"9S*))9SI ♦ INC
R!APPLIFISEL!"E2",SELI"ELE"9SEHaLiST"9S*>*.9S) - APPLIF1SELI"EI"9SEL!"£LE"9SEL!"
• v ^ V •• «•«*•. ** *% ft ft % 1 %LISTa9S)l)9S)) ))))
NXT

4

FUN NUL
NXT

01 SPLAY OF LAYOUTLIB-L

ELE

REPL 1
UNIT

REPL 3

CODE D

NXT

ELE

REPL 1
UNIT

REPL 0
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CODE L

NXT

ELE
REPL 1

UNIT

REPL 1

CODE B

NXT

ELE

REPL 1
UNIT

REPL 3

CODE D

NXT

ELE

REPL 1

REPL I

CODE B

UNIT

NXT

\ELE
REPL 1

REPL 3
CODE D

REPL 1

REPL 0

CODE . L

NXT

UNIT

NXT

ELE

UNIT

DISPLAY OF OATALI8-0

01 —

ELE

B "N«

El 0

E2 0

393



NXT

D2 —

ELE

B "A"

El 0

E2 0

NXT

B "B"

El 0

E2 0

NXT

D3

ELE

B «B»

El 0

E2 0

NXT

8 aA"

El 0

E2 0

NXT

394

ELE

ELE



APPLY FLOWCHART TO NULL STATE VECTOR S

REAOO.D) RETURNS 3

READ!09L)
REAO(l.B)

REA0(3,0) RETURNS 1
READU.BI
READ<3,0) RETURNS 2
READIO»L)

2 1

REA0(1,8)

READI3.D) RETURNS 11

READ!1,8)
REA0!39D) RETURNS 22
READIO.L)

22 11
READ!19B)

READ!390) RETURNS 111

READ!19B)
REA0(3*0) RETURNS 222

READ!09L)
222 111

FINAL STATE VECTOR
N 3

X 3

A 111

B 222

0-

L-

TIME TO PROCESS SEMANTIC DESCRIPTION 1572 MILLISEC

TIME TO PARSE 2382 MILLISEC

TIME TO EVALUATE SEMANTIC ATTRIBUTES 15548 MILLISEC

•EXECUTION* TIME 11505 MILLISEC

•STATEMENTS* EXECUTED 440
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SOURCE PROGRAM
LAYOUT STREAM Ll=(48-I J«-J) )B9J<4D>90LS
DATA STREAM Di=AKI> FOR I-K TO !K*!J-i)>;
DATA STREAM D2=A1<I> FOR I=K TO IK-!J-1)U
K=l*
FORJ=l TO 4 DO <INPUT!L19D1);K*!K4-J)>;

K»!K-i);
FOR J=4 TO 1 DO <OUTPUT!Ll9D2);K=!K-J)>f.
END

396
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LISTING OF ATTRIBUTES OF PROGRAM NODE

DISPLAY OF FLOWCHART-F
107
FUN Ul!S9"K"9i)
NXT 108

108

FUN U1!S9"J"91)
NXT 112

FUN S
NXT C0ND!EQQ!SEL!"J"9S)94)91279SELI29ATI.llll)

110
FUN U1!S9"J"9SEL!"J"9S) ♦ INCRI4 - SEL!"J"9S)I)
NXT 112

H2
FUN U!S9U(UO!"L-"9APPLI!SEL!,,GNLI"9PROCLIB)9 Ul!S9"LIST"»SELi"L" l9LAYOU
TLIB)))) 9U0("D-",APPLI(SELI"GNDIM9PR0CL1B>,UUS9HLIST»9SEL1"DM i,OATALIB))))))
NXT 113

113

FUN S
NXT C0ND<EQU!SEL!"lTEM"9SEL!aL-"9S))9NUL*91149ll6)

FUN S
NXT C0ND!EQU!SEL!"ITEM"9SEL!"D-"9S))9NUL)91259115)

FUN Ul!S9"L-a 9APPLllSELI"GNLla9PR0CLlB)9UHS9aLISTa9SELlaL" l9LAY0UTH8))*
)
NXT 113

116
FUN S ,„
NXT C0ND1EQU!SEL!"C0DE"9SEL!"ITEM"9SEL!WL-«9S>))9"0"191189117)

FUN PROJECT!S»READXISEL!"REPL"9SEL!"ITEM",SEL!"L-"tS*)*tSELl"CODEa9SEL!aITEM
*I»SEL!"L-"9S)))))
NXT 122

FUN S
NXT CONDIEQU!SEL!"ITEMa9SEL!"D-"9S))9NUL)91199120l

FUN UI!S9"D-"9APPLI!SEL!"GNDI"9PR0CLIB)9U11S9"LISTH9SELI"D" i,DATALIB))))
NXT 120

120 :
FUN UHS9SELI"ITEM"9SELIwD-"9S))9READX!SEL!"REPL,!9SEL!"ITEM".9S£L!"L-a9S)))9S
EL!"C0DE,f9SEL!"lTEN"9SELl"L-"9S)))))
NXT 121
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FUN Ul!S9"D--9APPLIISEL!"GNDIa9PR0CLIB)9Ul!S9"LlST"9SEL!MLIST"9SEL!aJ>-a9S)))
))

NXT 122

122 —.

FUN Ul!

))

NXT 113

Ul!S9"L-"9APPLllSEL!"GNLI"9PR0CLIB)9Ul!S,"LIST"9SEL!"LIST"9S£LiaL-a9S)))

125
FUN U1!S9"K"9(SEL!"K"9S) ♦ SEL!"J"9S)))
NXT 109

FUN UlIS9"K"9!SELi"K"9S) - 111
NXT 128

FUN Ul!S9"J"94)
NXT 132

FUN S
NXT CONDIE0Q!SEL!"J"9S)9l)9NUL9SEL!29ATT«131)l

FUN Ul(S9"J"tSEL!aJ"9S) ♦ INCRI1 - SEL!"Ja9S)ll
NXT 132

FUN U!S9U!UO!"L-"9APPLHSEL!MGNLI"»PROCLIBI9 Ul !S9"LIST"9SELI"L" 19LAY0U
TLIB)))) fU0!"D-a9APPLllSELI"GNDl"9PR0CLIB)9UUS9aLLST"9$ELl"DM 29DATALIB)III I)
NXT 133

FUN S
NXT C0ND(EQUISEL!aITEM"9SELI"L-"9SI)#NULi91349l36)

FUN S
NXT C0N0!EQU!SELl"ITEMa9SELIaD-"9S))9NULI9l459135l

135
FUN U1!S9»L-" 9APPLUSEL!"GNLI"tPR0CLlBl9Ul!SfaLIST"9S£LlaL" 19LAY0UTLIBI) >
)

NXT 133

136

FUN S
NXT C0NDiEQU!SEL!"C0D£"»SEL!"ITEM"»SELlML-"9S))l9"0"J.1389l37l

137
FUN PR0JECT!S.PRINTX(SEL!"REPL"tSELi"ITEM"9SELI"L-"fSII)9SEL!"C0DEafSEL!aITE
M"9SEL!"L-"9SI))))
NXT 142

FUN S
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NXT CONDiEQU!SEL!"ITEM"9SEL!"0-"tS)>9NULI91399140l

FUN Ul!S9"0-"9APPLI!SELl"GNDlM9PR0CLIBI9UlIS9"LlSTatSEL!"D" 2,DATALIB) )))
NXT 140

140
FUN PR0JECT!S9PRINTX!SELI"REPL"9SEL!"lTEM",SEL!".L-"9S)))9SEL!"C0DE"9SEL!"ITE
M"fSEL!"L-,,tS)))fSEL!SEL("ITEM"9SfcLI"0-"9S))9S)))
NXT 141

FUN Ul!Sf"D-"9APPLIISELIMGNDI"9PR0CLIB)»Ul(S»"LIST"9SEL!,,LIST"tSEL!"D-"9S)))
))

NXT 142

142
FUN Ul(S9"L-"9APPLIISELl«»GNLI"9PR0CLIB)9UlCS,"LISTa9SEL!aLIST"9SEL!aL-a9SII)
• ) •

NXT 133

145

FUN Ul!S9»K"9!SEL!"K"»SI - SEL!aJa9S)l)
NXT 129

OISPLAY OF PROCLIB-P

GNLI

0
FUN S

NXT C0NDIEQU!SEL!MLISTa9S)9NUL)949U

1

FUN S
NXT C0ND!LTNIAPPLlF!SEL!"REPL"9SEL!"ELE"9SEL!"LISTa9S)))9S)9l)t2t3)

2

FUN Ul!S 9"LIST"9 SEL1"NXT",SEL1»LIST"9 S))*
NXT 0

FUN U!U0!"ITEM"9U!U0!"REPL"9APPLIF!SEL!MREPL"9SELI"UNIT"9SEL!"£LE".SELi"LIST
w»S))))9S))9U0!"C0DEM»SEL!"CODE"9SEL!HUNIT"9SELIwELEM9SEL!"LIST"9S)l)))))9UO!aLI
ST"9Ul!SEL("LIST"9S)9"REPL?ELE"9MKCONIAPPLlFISELI"REPL"9SELI"ELE"9SEL!"LlST"9Sl)
ItS) - 1))))
NXT

4 :

FUN NUL
NXT

GNDI

FUN S

NXT C0ND!EQU!SEL!"LIST"9S)9NUL)*491)

FUN S
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NXT C0NDtEQU!APPLIF!SEL("E2"9SEL!"ELE"9SEL!"LISTa9S)H9S) - APPLIF!SELl"El"9
SEL!"ELE".,SEL!"LIST".S)))9S)90)f293)

FUN u{U0!"ITEM",APPLlF!SELI"B",SEL!"ELE»«9SELIMLIST"9S)))9Ul!SfSEL!"lHtSEL!"£
LE",SELI«fLlST"9SI)),APPLIF(SEL("ElM9SEL!"£LE"9SEL!"LlST"9S)))9S))))9U0!"LIST"9SE
L!HNXT"9SEL!"LIST«,S))))

NXT

FUN U(UO!"ITEM"9APPLIF!SELI«B"9SEL!"ELE"tSEL!"LLST"9S)))f01iS9SEL!"I"9SELl"E
LE"»SEL!MLlST"fS)))tAPPLIF!SELl"El"tSEL!"ELE"9SEL!"LlST"9S)))tS)))l,U0I"LIST"9Ul
!SELt"LIST",S)fH£l?ELE"fMKC0N!APPHF!S£L!"Ei",SELI"ELE".SEL!"LlST"»SI))9S) * INC
R!APPLIF!SEL!"E2"»SEL!"ELE"»SEL!«LIST"9S)I)9S) - APPLIF!SEL!«?E1"9SELI"EL£»9SEL!"
LIST"9S)))tS)) ))))

NXT

FUN

NXT

NUL

DISPLAY OF LAY0UTLI8-L

REPL I
UNIT

REPL 148 - !SEL!"J"tS) ♦ SEL!"J"9S)i)
CODE B

NXT

ELE

REPL SEL!"J"9SI
UNIT

REPL 4

COOE D

REPL

REPL

COOE

NXT

NXT

ELE

UNIT

DISPLAY OF OATALI8-0

Dl

B

I

ELE
COMPOS!SEL!"I"9S)9"A" I)

I



APPLY FLOWCHART TO NULL STATE VECTOR S

)

RETURNS 1

)

RETURNS 2

RETURNS 3

)

RETURNS 4

RETURNS 5

RETURNS 6

)

RETURNS 7

RETURNS 8

RETURNS 9

RETURNS 10

READ 146»B

READ!4*D)
READ!09L)
READ!449B

REA0(4,D)

READ!4,D)

REAO(O.L)

READ!429B

READ(4f0)

READ(4»0)
READ(4tD)

READ(OtL)
READ!409B
READ(4,D)
READ!4tD)
READ!49D)

REA0!490)

REA0!09L)

Al

1

2

3

4

5

6

7

8

9

10

J

D-

L-

K

FINAL STATE VECTOR

10

10 9 8 7

6 5 4

3 2

1

TIME TO PROCESS SEMANTIC DESCRIPTION 1572 MILLISEC

TIME TO PARSE 6998 MILLISEC
TIME TO EVALUATE SEMANTIC ATTRIBUTES 21779 MILLISEC
•EXECUTION* TIME 18897 MILLISEC

•STATEMENTS* EXECUTED 506
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APPENDIX II

LISTING OF THE SEMANTICS-BASED INTERPRETER

403



#i

f%

f!>

#*

$\

ASEMANTICS-BASEDINTERPRETER-WILLIAMD.FLANNERY

TZ1*TIME!)

UNIQUENUMBER=0

tSTLIMIT=40000000

OUTPJT!«0UTPUT«,,M24H980AU*)
OUTPUT!•NEWPAGE,,6,»!1H19IA1)«I
DATA!»ATTLOC(N0DE,INX)*)
DATA!tPNODE(ALT,ATT,INH,SYN)*)
DATA!•TREELIKEY,LHS,PR9RHS,NVAL,NSON,VALS,SONS)*)
OATAI'VNOISLX,OBJ,LINK)*)

NULL»RPOSIO)

ALPl**ABCDEFGHlJKLNNOPaRSTUVWXYZ*
NUM1••1234567890*

CHARS=BREAK!"*")

SPACE*ISPAN!*•)|NUL)
ALPHA*SPAN!ALPl)

ALPHX»SPAN!ALPl'«)*♦,*)

IDENT*ALPHA

NUMBR=SPAN(NUMl)

ALNUM*SPAN!ALPlNUM1)
LETTR=ANY(ALPl)

BLANKX=SPAN!*•)

PSPAN=SPAN!ALPlNUMl•-_•)
ALPHAI»SPANIALPI*•)

NONTERM*(NULI•$•)ALPHA!
BNONTERM*•<•NONTERM•>•

•ATTREFXMATCHESATTRIBUTEREFERENCES
ATTREFX*ANY!ALPl)••ALPHA
COPYPAT*«•"ATTREFX«•"|ATTREFX
ATTPAT=*NUL*I*ATT.*NUMBR

♦SEMEQXMATCHESSEMANTICEQUATIONS
SEMEQX=BREAK!•;•)

DEFINE!*INCR!P1)«)

OEFINE!*NEWPAGE!X)*)

DEFINE!*DISPLAY!P9P2,LIST)*I
DEFINE!•PRINTL0NG!LINE,P2)X,Y.,Z*)
DEFINEI'GETRULE!)*)
DEFINE!•PARS£iN0N9P2,REST)SAVl,SAV39VAL9PR,TERK*)
OEFINE!*PUSH!ELEM)»l

DEFINE!•POP!)•)

DEFINE!«SEMPASS!N)LHS,PR,NXTSON•)
0EFINE!*FINDVAL!ATT,N)PR0D9I9AT>TRY9X*)
DEFINE!*SELECT!P19P2,P3,P4)*|
DEFINE!»UNO!X)«)

OEFINE!•UO!Pl,P2l•)
OEFINE!»UO!P1,P2)*)
0EFINE!*U!Pl,P2,P3,P4,P5,P6,P79P89P99P10)*)
DEFINE!*U2!P1,P2I*)
DEFINE!(U1!P1,P29P3)X«)
DEFINE!•COMP0S!Pl,P2)»I
OEFINE!*SEL!Pl9P2)*)
DEF1NE!*ELEM(P19P2)')
DEFINE!•MAKESUB1PI,P2,P39P4I*I
DEFINE!•C0ND(P19P2,P3)>)
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00009900

00000700

00000600

00000900

OOOGLOOO
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00001200

00001300

00001400
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00001600
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00002300
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00002500
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00002700

00002800

00002900

00003000
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00003200

00003300

00003400

00003500

00003600

00003800

00003900

00004000

00004100

00004200

00004300

00004400

00004500

00004600

00004700

00004800

00004900

00005000

00005100

00005200

00005300

00005400

00005500

00005600



IP

1t

I

ASEMANTICS-BASEDINTERPRETER-WILLIAMD.FLANNERY

TZ1»TIME!)
UNIQUENUMBER=0
&STLIMIT=40000000
0UTPUTI»0UTPUT,9,*!24H980AU*>
OUTPUT!'NEWPAGE*,6,•IIHl,lAl)•I
DATA!*ATTLOC!NODE,INX)*)
DATA!IPN00E!ALT,ATT,INH,SYN)»)
DATA!»TREELIKEY,LHS,PR.RHS,NVAL,NSON9VALS9SONS)'l
0ATA1«VNO!SLX90BJ,LINK)•)

NULL«RPOSIO)
ALPl"•ABCDEFGHlJKLNNOPaRSTUVWXYZ*
NUMl«•1234567890*

CHARS»BREAK!"*")

SPACE=ISPANI*•)INUL)
ALPHA*SPAN!ALPl)

ALPHX=SPANIALP1*()**9*)
IDENT»ALPHA

NUMBR=SPAN(NUMl)
ALNUM-SPAN!ALPlNUMl)
LETTR•ANY(ALPl)

BLANKX=SPAN!*•)
PSPAN*SPAN!ALPlNUMl•-_•)
ALPHAl=SPAN(ALPI••)

NONTERM=INULI•$•)ALPHAl
BNONTERM»•<•NONTERM•>•

♦ATTREFXMATCHESATTRIBUTEREFERENCES
ATTREFX=ANY!ALPl)••ALPHA
COPYPAT*"•»ATTREFX••"IATTJIEFX
ATTPAT=»NUL*I*ATT.«NUMBR

♦SEMEQXMATCHESSEMANTICEQUATIONS
SEMEQX»BREAK!*;*)

♦

DEFINEIMNCR1PI)*)
OEFINEI'NEWPAGEIX)*)
DEFINE!*DISPLAYIP9P2,LIST)*)
DEFINE(*PRINTL0NG!LINE,P2)X9Y.9Z*)
OEFINEI'GETRULEI)*)
DEFINE!*PARS£1N0N,P2,REST)SAV19SAV39VAL9PR9TERM»)
DEFINE!'PUSH!ELEM)*)

DEFINE!*POP!)»l
DEFINEI*SEMPASS!N)LHS,PR,NXTSON*)
0EFINE!*FINDVAL!ATT9N)PR0D91,AT>TRY9X*)
DEFINE!*SELECT!PI9P2,P3,P4)*)
DEFINE!*UNO!X)a)

DEFINE!,U0IPl,P2l»l
DEFINEI*UO!PI,P2)«)
DEFINE1*U!P1,P2,P39P'»,P5,P69P79P89P99P10)*)
0EFINE!*U2!Pl,P2)*)
DEFINE!*U1!P1,P2,P3)X*)

DEFINE!*C0MP0S!P19P2)*)
0EFINE!*SEL!Pl9P2)*)
DEFINE!*ELEM!Pl9P2)0)
DEFINE!,MAKESUBIP1,P2,P3,P4I«I
OEFINE!•CONDIPI,P2,P31*)
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00009900

00000700

00000800

00000900

00001000

00001100

00001200

00001300

00001400

00001500

00001600

00001700

00001800

00001900

00002000

00002100

00002200

00002300

00002400

00002500
00002600

00002700

00002800

00002900

00003000

00003100

00003200

00003300

00003400

00003500
00003600

00003800

00003900

00004000

00004100

00004200

00004300

00004400

00004500

00004600

00004700
00004800

00004900

00005000

00005100

00005200

00005300

00005400

00005500

00005600



#»

0\

#>

DEFINE!*EQU!P1,P2)*)
DEFINE(,P0SI(Pl,P2)*l
DEFINEI«LEQ!Pl,P2)»)
DEF^El'MON*!?!^)*)
DEFINEMLTNIPl^)*)
OEFINE!«GTN(Pl,P2)»)
DEFINEi,TRU!Pi,P2),l
DEFINE(,AND!Pl,P2)»)
DEFINEIMDtPl)*)

DEFINE!*SQ!Pl)*)
DEFINE!#LNX!X)M

DEFINEDIDEN(P1,P2)M
DEFINE(•0R(P1,P2)•)
0EFINE(,MKFLCIP1,P2,P3)«)
0EFINE(•PRINT!P1,S)•)
DEFINEI'APPLl(FLC,S)FUN,NXT,P,T*)
DEFINEI'APPLIFIPl.S)1)

DEFINEI'TYPEIX)*)

DEFINEMPlKIPl.P^PS)1)
DEFINE(»P2KIPI,P2,P3)«)
DEFINE(«P3K(P1,P2.P3)«)
DEFINE!•PARTITION!NP9C,N,L)X*)

COORO»ARRAY(•20•)

DEFINEI•EQQ(Pl,P2),)
DEFINE!*SUBSTR(Pl,P2,P3)*)

DEFINE!•PLIM(NP,L)X•)
DEFINEi•PRINTX(Pl,P2,P3)•)
DEFINE!,REA0XIPI,P2)*)
OEFINEI^MKCONIPI)*)

DEFINE!*PROJECT!Pl9P2)f)
B=••

SPACESX»•'
♦HEREWESETUPSOMESTRINGCONSTANTSFORUSEINKMFDESCRIPTION

•ENV-*

**PLIST-*

•VAR-*

•VAL-»

•VAR»

LENIl)

ENVL=

PLISTL

VARL*

VALL=

VAR

NAME=*NAME*

FLOWCHART*•FLOWCHART*

TYPEL«'TYPE-*

AC**AC*

CTRIM»1

CANCHOR•1

DEFINEI^LSOILSO)')

DEFINE!'XPARTITIONINP,L,S)*)

INPUTLENIl)

.EFLG

&OUMP*EQIDFLG,!)

NEWPAGEU

OFLGLENIl).PFLGLEN(l)•SFLGLEN(l).TFLG

OUTPUT•

OUTPUT«

OUTPUT»

OUTPUT«

NEXTLINE
OUTPUT=

BBB8•MINI-LANGUAGE•TRIM!INPUT)

BB'SYNTACTICANOSEMANTICDESCRIPTION*

•INPUT

NEXTLLNE
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00005700

00005800

00005900

00006000

00006100

00006200

00006300

00006400

00006500

00006600

00006700

00006800

00006900

O0OQ7OOO

00007100

00007200

00007300

00007400

00007500

00007600

00007700

00007800

00007900

00008000

00008100

00008200

O0OQ8300

00006400

00008500

00008600

00008700

00008800

00008900

00009000

00009100

00009200

00009300

00009400

00009500

00009600

00009700

00009800

00010000

00010100

00010200

00010300

00010400

00010500

00010600

00010700

0001090,0
00011000
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dp*

(f*i

(ffc>

LET

♦FINO APPROPRIATE PRODUCTION

EQ ANY!ALPl) . LET

I = 0

PPSEM3 1=14-1

CANCHOR » 1

$!LHS ••• I) NULL

&ANCHOR = 0

$!LHS ••• I) BNONTERM

*

♦STORE

CANCHOR > 1

SEMANTIC EQUATION

J » 0

PPSEM4 J * J ♦ 1

IOENT!NUL,$!LHS *.SEM.* I •
$(LHS *.SEM.* I, ••• J) " EQ

♦FINISHED WITH SEMANTIC RULE, SEE IF
PPSEMIO NEXTLINE SPAN!' •)
#

ATT!$(LHS '.O')) « ATT
INHiSILHS *.0*)) » INH
SYN1SUHS ».0«)) » SYN

*

Jl)

:SIERRQR2)

FIPPSEM3)

:FIPPSEM4I
:!PPSEM2)

NEXT IS SYNTACTIC
:S(PPREAOI

(PPREAO)
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00016800

00016900

00017000

00017100

00017200

00017300

00017400

00017500

00017600

00017700

00017800

00017900

00018000

00018100

00018200

00018300

00018400

00016500

00018600

00018700

00018800

00018900

00019000



(9)

,|85>

PPDONE
TZ2•TIME!)

START«INPUT
STKPTR«0
STACK»ARRAY!*100*I
NEWPAGE!)
OUTPUT»•
STR=

X=INPUT
OUTPUT»X

XPOS!0>SPAN!**)
STR=STRX

IOENT!X,*ENO*)

SOURCEPROGRAM*

READOOl

REA0002

PARSEOOl

CALLSEM

LISTOOO

TZ2P»

STRING

STRING

SZZZ*

TIME!)
«STR

»STR•*«•

SIZEISTRilNG)

STR*0
PARSE!START,STR9-*#*-|
STKPTR»0;TZ3«TIME!)

S£MPASS!STACK<1>)
EQ!KEY!STACK<1>),*1*)
TEMPI«VALS!STACK<1>)
NEWPAGE!)
OUTPUT-'LISTINGOFATTRIBUTES

J»I

X*•PROGRAM.ATT.•J

IOENT(NUL9$X)
OUTPUT•••

OUTPUT»••

OUTPUT«BB'DISPLAYOF•$X
TEMPKJ>(•ATT.*♦DISPLAY!$TEMPKJ>)

J»J♦1

LISTDONE

:F!REA000ll

sF!ERROR)

:F(CALLS6MI

OFPROGRAMNODE*

:S!LISTOONE.

♦PRINT!T£MP1<J»)

MLISIOOO)

NEWPAGE!)

FLOWLINES«$TEMP1<1>
PROCLIB>*TEMP1<2>

IOLIST«PROCLIB

MFUNLIB*$TEMPl<2>
EXPLI6*STEMPl<3>

ARGLI8«$TEMPl<3>

LAYOUTLIB«STEMP1<3>

OATALIB*»TEMPl<4>

LABELTABLE«$TEMPK2>
VARLIB«tTEMPl<2>
TRANSLIB«$TEMP1<3>

CONCATLI8-STENP1<4>

OUTPUT«•APPLY

TZ4«TIME!)

OUTPUT•••

S»

STCNT-0;RXLINE»

CTRIM-0

FLOWCHARTTONULLSTATEVECTORS*
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00019200

00020600
00019300

00019400

00019500

00019600

00019700

00019800

00019900

00020000

00020100

00020200

00020300

00020400

00020500

00020700

00020800

00020900

00021000

00021LOO

00021200

00021300

00021400
00021500

00021600

00021700

00021800

00021900

00022000

00022100

00022200

00022300

00022400

00022500

00022600

00022700

00022800

00022900

00023000

00023100

00023200

00023300

00023400

00023500

00023600

00023700

00023800

•00023900

00024000

00024100

00024200

00024300

00024400
00024500

00024600

00024700



0Hi

r

0fo

NOEXECl

STR*;
OUTPUT

GETRULE

EQ!EFLG,1):SINO£XECl)
S«APPLl(FL0WLINES9S)

OUTPUT=PXLINE;PXLINE»

OUTPUT=••
OUTPUT«*FINALSTATEVECTOR*
OISPLAY(S)

TZ5=TIMED
OUTPUT=*•

X=TZ2-TZl
OUTPUT='TIMETOPROCESSSEMANTICDESCRIPTION-•X*
X»TZ3-TZ2P
OUTPUT='TIMETOPARSE•X•MILLISEC*
X*TZ4-TZ3
OUTPUT»'TIMETOEVALUATESEMANTICATTRIBUTES'X'
X=TZ5-TZ4
OUTPJT»"'EXECUTION*TIME»X•MILLLSEC*
OUTPUT««••STATEMENTS'EXECUTED•STCNT
CTRIM»I;NEWPAGE!);X=INPUT:F!END)

3•SOURCEPROGRAM*:!READ002)

GETRULE

NEXTLINE
NEXTLINE

OUTPUT»

OUTPUT»

NEXTLINE

GETRULE

=GETRULENEXTLINE
=INPUT
POSIO)•<•:F!GETRULEll

GETRULE1
NEXTLINE
INULiSPAN!*

•GETRULE•{•
))SIGETRULE)

:IRETURN.
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00024900

00025000

00025100

00025200

00025300

00025400

00025500

MLLLISEC00025600

00025800

00025900

HlLLIStC*00026000
00026100

00026200

00026300

00026400

00026500

00026600

00026700

00026800

00026900

00027000

00027100



it>

(p)

0h

f •

411

PARSE SAV1 » NON

SAV3 = REST

STRING LEN1P2) ILENIIO) I RTAB!0>) •
OUTPUT = EQIPFLG,!) 'ENTERING PARSE'

CANCHOR a l
*

♦IS NON A LITERAL

NON •$• *

♦SEE IF LITERAL IS IN STRING

STRING LEN(P2) ($!NON)) • VAL

♦LITERAL MATCHES, GATHER TERMINALS IN REST

PRLITl REST SPACE "•• CHARS • X »•• =

TERM = TERM X

*

PRLIT2 STRING LENIP2 «• SIZEIVADJ TERM

♦CHECK FOR END OF STRING

EQ!SZZZ,P2 + SIZEIVAL) «• SIZE!TERM)1
♦PICK OFF NEXT NONTERMINAL IS REST

REST SPACE '<• NONTERM • NON •>• ANY!
STR « P2 ♦ SIZEIVAL) ♦ SIZEITERM)

PARSEINON,STR,REST)
♦ON SUCESSFUL RETURN FROM PARSE, PUSH A TREEL
PRLITP X * ARRAY!*1*)

X<1> a VAL

PUSH!TREEL!I,SAV190,9190,X9))

00027300

00027400

X 00027500

8 NON B X B REST 00027600

00027700

00027800

00027900

SFIPRNOTL) 00028000

00028100

SF1FRETURN) 00028200

00028300

:F!PRLIT2) 00028400

:(PRLITlJ 00028500

00028600

:F!FRETURN) 00028700

00028800

2SIPRLITP) 00028900

00029000

ALPl) a 00029100

00029200

:FIFRETURN) 00029300

00029400

00029500

00029600

:IRETURN) 00029700

00029800

00029900



♦IF NON IS NOT A-LITERAL, START LOOKING AT PRODUCTIONS

PRNOTL

PR a 1

♦SET UP RHS

PRNRHS RHS a $!NON ••• PR)

RHS BREAK!•=•) •»• a

IDENT!RHS,NUL)

♦SEE IF TERMINALS IN PRODUCTION ARE IN STRING
RHSTERM = *•

RHS «•« CHARS . RHSTERM "•» a

STRING LENIP2) RHSTERM

♦IF THEY DON'T MATCH , TRY NEXT PRODUCTION
PR « PR M

*

♦MORE GENERALLY ON FAILURE, RESTORE AND TRY NEXT PRODUCTION
PRNXTP NON a SAVl

REST a SAV3

PR = PR «• I

:S!FRETURN)

:F!PRCHK)

:S(PftCHK)

!PRNRHS)

IPRNRHS)

♦CHECK FOR NONTERMINALS IN RHS
PRCHK RHS SPACE RPOSIO)

*IF NONE, GATHER TERMINALS IN REST

PRTRM REST SPACE »•" CHARS • X •»••»
TERM « TERN X

:F!PRNQN)

:F!PRMCH)

:!PRTRM)

♦SEE IF THEY ARE IN STRING
PRMCH STRING LENIP2 ♦ SIZE!RHSTERM)) TERM
*

♦CHECK FOR END OF STRING

EQ!SZZZ,P2 * SIZEIRHSTERM) #- SIZEITERM))
♦PICK UP NEXT NONTERMINAL AND CALL PARSE

REST SPACE '<• NONTERM • NON •>• ANY!ALPl)
STR = P2 ♦ SIZEIRHSTERM) «• SIZEITERM)

:FIPRNXTP)

sSIPRSUCC)

» :F!PRNXTP)

PARSEINON,STR,REST) :F!PRNXTP) SIPRSUCC)

♦IF NON HAS NONTERMINALS ON RHSr GET FIRST ONE
PRNON

RHS SPACE •<• NONTERM . NON •>• ANYIALP1I »
REST a RHS REST

STR « P2 «• SIZEIRHSTERM)
PARSEINON,STR,REST) :F!PRNXTP)

*

♦ON SUCCESSFUL PARSE,CREATE TREEL
PRSUCC NVAL a ATT IS!SAVl ».0»)l

NSON » $(SAV1 •••• PR)

♦SET UP VALUE AND SONS ARRAYS
X * ARRAY!NVAL)
Y a

EQ(*0*,NSON) -SIPRPUSH)
Y a ARRAYINSON)-

I - I
PRGSONS Y<I> a POP! |

1-1*1

LEU,NSON) :S!PRGSONSJ

:F!ERR0R6)

412

00030100

00030200

00030300

00030400

00030500

00030600

00030700

00030800

00030900

00031000

00031100

00031200

00031300

00031400

00031500

00031600

00031700

00031800

00031900

00032000

00032100

00032200

00032300

00032400

00032500

00032600

00032700

00032800

00032900

00033000

00033100

00033200

00033300

00033400

00033500

00033600

00033700

00033800

0003390Q

00034000

00034100

00034200

00034300

00034400

00034500

00034600

00034700

00034800

00034900

00035000

00035100

00035200

00035300

00035400

00035500.

00035600

00035700



@> 413

PRPUSH PUSH!TREEL(,SAV1,PR,*ISAVI ••• PR),NVAL,NS0N,X9Y) ) :!RETURN)00035800
PUSH STKPTR = STKPTRi «• I 00035900

STACK<STKPTR> a ELEM :!RETURN! 00036000
® POP POP = STACK<STKPTR> 00036100

STKPTR a STKPTR - 1 :!RETURN) 00036200

@

©



SEMPASS
£Q!KEY!N)9*l")
LHSaLHSIN)
PRaPR(N)

OUTPUT=EQISFLG.l)'ENTERINGSEMPAiSS*BLHSBPR
tANCHORa0

♦LOOKATTHISNOOESSEMANTICEQUATIONS
SMBEGNKa0
SMNXTEQK»K♦I

SEMEQ»$ILHS'.SEN.«PR•••K)
♦SEEIFWE*REDONE

IOENTISEMEQ,NUL)

*

♦SEEIFATTRIBUTEVALUEALREADYDEFINED
SEMEQPOSIO)BREAK!*a«).LHSRUL*a
SEMEQOOaSEMEQ
VOaFINOVAL!LHSRUL,N)
TEMPIaVALSINOOEIVO))
IDENT!NUL,TEMPKINX(VO)»

♦SEEIFALLATTRIBUTESONRHSAREDEFINED
SMFNDREFSEMEQATTREFX•XREF

V»FINDVAL1XREF,N)
TEMPIaVALSINQDEIVI)
ATTVALaTEMPKINX(V)>
IO£NT!ATTVAL9NUL)

♦SUBSTITUTEVALUEINSEMEQ
SEMEQXREFaATTVAL

♦EXECUTESEMANTICEQUATIONS
♦HERESAKLUDGE,CHECKFORACOPYEQUATION
SMEXECSEMEQOOPOSCO)COPYPATRPOS(O)

OUTPUT=EQISFLG91)*COPY«BSEMEQ
SEMEQPOSIO)•»••«
SEMEQ•,-*«»RPOS<0)-

♦FORDEFERREDEVALUATIONJUSTSTORETHESTRING
TEMPI=VALS!NODE(VO))
TEMPKINX!VOI>•SEMEQUSHNXJEQJ

*

♦FORNOW-DEFERREDATTRIBUTEDEFS,EXECUTEEQUATION
SMIMMD

SIRETURN)

:S(SMDONE)

>:F!ERROR20)

:F!SMNXTEQ)

sF!SMEXEC)

:S!SMNXTEO)

SISMFNDREF)

iFISMIMMD)

SMIMMOX

SMIMMDI

SNIMMD2

SNIMM03

HERE

EQISFLG.ll.FISMINNQXJ
PRINTLONG!*HEREWEGO*BSEMEQ)

SEMEQPDSIO)*UI*ATTPAT.X%•ATiTPAT•Y•)•-FISMIMMD1)
V»Ui$X9$Y)SIHERE)

SEMEQPOS(O)NUMBR.X•♦•NUMBR•YRPOSIO)5FISMIMMD2)
y«X♦Ys!H£RE)

SEMEQPOSIO)••NUL»'»
Va«NUL*

:F!SMIMMD3)
5(HERE)

:<CODEI*V*•SEMEQ•:(HERE)M>

SFISMOOOll
X•V

IDENTIV,NUL)

414

00036400
00036500

00036600

00036700

00036800

00036900

00037000
00037100

00037200

00037300

00037400

00037500
00037600

00037700
00037800

00037900

00038000

00038100

00038200

00038300

00038400
00038500

00038600

00038700

00038800
00038900

00039000
00039100

00039200

00039300

00039400

00039500

00039600
00039700

00039800
00039900.

00040000
00040100

00040200
00040300

00040400

00040500
00040600

00040700
00040800

00040900

00041000

00041100

00041200

00041300

00041400
00041500
00041600

00041700

00041800

00041900

00042000
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^

pj

<%

SMOOOl

SMSRES

Xa«NUL'

IDENT!TYPE!V),•STRING*)
IOENTITYPEIV),*INTEGER*)
X»*ATT.*UNO!)

$Xav

TEMPIaVALSINOOEIVOI)
TEMPKINX!VO)>»X

*

♦CALLSEMPASS

SMDONE

SMDOSON

FORSONS

♦SEEIF

SMKEYCHK

SMKEYl

SMKEY2

SMKEY3

SMRET

FINDVAL

IDENTINXTSON9NULI
NXTSONao

SMNXTSONNXTSONaNXTSON«-1
GTlNXTS0N9NS0N!N)l
TEMPIaSONSIN)

SEMPASS!TEMPKNXTSON»

WECANSETKEYFORN

I»0

I«I♦1
GTU.NVALIN))
TEMPI«VALS(N)
IOENT!NULtTEMPKI>)

EQ!NSCN!N),*0»)
Ia0
1*1*1
GT(I,NSON(N))
TEMPI«SONSIN}
I0ENT!KEY!TEMP1<I>)9NUL)

KEY(N)»i

PROD»MLHS(N)•••PRIN))

♦DETERMINEWHICHNONTERMINALWE'REAFTER
Ia0
ATTANY!ALPl)•ALET1

FVFNDXXXPRODBNONTERMANYIALPII•ALET2
IDENT!ALET19ALET2)

IaI♦1

FVFND1EQ(I,*0*)
TEMPIaSONSIN)
N«TEMPKI>

FVFNOATT
.

ATTANY!ALPl)
X»LHS(N)

IaI

♦CHECKFOR-LITERALNODE

XPOSIO)•$•

IDENT1ATT,*VAL')
FVFN02GT!WATT!SIX••0*)))

SIX*.ATT.»I)•-•ATTRPOSIO)
IaI»1

•SISMSRESI
:SISMSRES)

-ISMNXTEQ)

SF.ISMKEYCHK)

SSISMBEGN)

1SMNXTSON)

:S!SMKEV2)

S!RETURN)FtSMKEYl)

:S!SMRETI

:SISMRET)

SSIRETURN)FISMKEY3)

:(RETURN)

:FIERROR60)

sF!£RR0R61)

:S(FVFND1)
:(FVFNDXXX)

:S!FVFNDATT)

FIERRQR23)

:F!FVFND2)
sSIFVOONE)FIERR0R24)
:S!ERRQR25J

iSIFVOONE)

-1FVFND2*

415

00042100

00042200
00042300

00042400

00042500

00042600
00042700
00042800

00042900

00043000

00043100

00043200

00043300
00043400

00043500

00043600

00043700

00043800

00043900

00044000

00044100

00044200

00044300

00044400

00044500
00044600

00044700
00044800

00044900

00045000

00045100
00045200

00045300
00045400
00045500

00045600

00045700

00045800
00045900

00046000
00046100

00046200

00046300
00046400

00046500

00046600

00046700
00046800
00046900
00047000

00047100

00047200

00047300

00047400
00047500

00047600

00047700



® 416

FVDONE * 00047800
ATL a ATTLOCI) 00047900

% NODECATLI * N 00048000
INXIATL) a I 00048100
FINDVAL a ATL :(RETURN* 00048200

ERR0R25 OUTPUT a •ERRQR25* B ATT B PROD B SEMEQ :(ERROR) 00048300

©

©

©

@

©



®k

^s

(^

(S>

PRINTLONG

*

DISPLAY

OUTPUT a LINE :!RETURN)

IDENTIOATATYPEIPI9*VNOM :S!DISX)
OUTPUT « P2 P SIRETURNI
LIST IPOSIO) 1 •♦*) SLXIP) ■♦• .FIDISOI
SLXIP) a

IDENTILINKIP),) :S!DlSOO)
OISPLAY!LINK!P)9P29SLX!P) •♦• LIST)
IDENTISLXIP),) :SIDIS2)
IDENT!DATATYPE!OBJ!P)),*VNO'l
OBJ(PI • • a h,« :S(OISOQl)
PRINTLONGISLX(P) 8 0BJ(P),P2)
OUTPUT a p2 SLXIP) B * •
DISPLAY!0BJ!P)9P2 • •)
OUTPUT a •#

:I RETURN)

DISX

DISO

DISOO

DISOOl

DIS1

SSIOISII

DIS2

NEWPAGE

INCR

NEWPAGE *

EQIP1I
INCR a 6T1P1I
INCR « 0 - I

sI RETURN)
:S(ERROR)

:SIRETURN)
I RETURN)

(0IS2)

417

00048500
00048600

00048700
00048800

00048900

00049500
00049600
00049700

00049800
00049900

00050000

00050400
00050500

00050600

00050700

00050800



fc

fs»

$s

P

p>

^

(f>

LNX

OR

I DEN

LNX a SIZEIX)
OR a »T*

IOENT(Pl,*T*)
IDENT(P2,*T')
OR « tF.

IOEN a -ft

IOENT(Pl,P2)
IDEN « »F»

:IRETURN)

* SIRETURNI
5 SI RE TURN)

*IRETURN)

SSI RETURN)

sIRETURN)

418

00051000

00051100

00051200

00051300

00051400

00051500

00051600

00051700



419

* 00051900

UO UO a VN0IPl9P29) :IRETURN! 00052000

UO UO a VNOIPl,P2,l 2IRETURN) 00052100
• 00052200

Ul P2 •?• SPANIALPl NUMl •-•! • X RPOSIO) a IF IUlOO) 00052300

Ul * Ul(Pl,X,Ul(SEL(X,Pll,P2,,P3)) 2IRETURN) 00052400

UlOO Ul a U(Pl,UO(P2,P3)l s IRETURN 1 00052500
* 00052600

u IOENT(P3,) SSIUUU)' 00052700

U a U2(U2IU2IU2IPl,P2)9U21P3i>P4)),U2(U2IP5,P6),U2IP7,P8)>), 00052800

•U2IP99 PIOI) 2(RETURN) 00052900
* 00053000

UUU U a U2(P1,P2I :IRETURN) 00053100
* 00053200

U2 IDENT(P2,NUL) 3SIU003) 00053300
TEMP a P2 00053400

UOOl IDENT(LINK!TEMP),NUL) SSIU002) 00053500

TEMP a LINK!TEMPI- 3IU001I 00053600
UO02 LINKITEMP) a pi 00053700

U2 a P2 :IRETURN) 00053800
U003 00053900
* 00054000

U2 - PI sIRETURN) 00054100
*

•

00054200

00054300
COMPOS COMP3S * PI '?' P2 <IRETURN) 00054400
* 00054500
SEL PI POSIO) BREAK(• 7') • X •?• a :FISELOOO) 00054600

SEL a SELIX,SEL(PI,P2)) .(RETURN* 00054700
SELOOO TEMP a P2 00054800
SELOOl 1DENT!TEMP,NUL) SSISEL003) 00054900

SLXITEMP) POSIO) PI RPOS(O) 2SISEL002) 00055000

TEMP - LINKITEMP) si SELOOl). 00055100
SEL002 00055200

SEL a OBJCTEMP) SIRETURN) 00055300
SEL003 00055400

OUTPUT » EQ!TFLG,l) 'FRETURN FROM SEL 'PI -IRETURN) 00055500
* 00055600
ID 10 • PI SIRETURN) 00055700
EQQ EQQ a «T' ; EQ1PI.P2) :SIRETURN); EQQ - 'F' $ IRETURN) 00055800
* 00055900
• 00056000
ELEN ELEM a tyt 00056100

I0ENTISELIP1,P2)9NUL) :F(RETURN) 00056200
ELEM » «F« *IRETURN) 00056300
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L50 L50 LENI-50) • L50 3 IRETURN) 00056500



UNO

SELECT

SELECTS
SELECTF

COND

EQU

*

PRINT

POSI

LEQ

NONZ

LTN

GTN

TRU
ANO

SQ

MAKESUB

UNIQUENUMBER•UNIQUENUNOfcR♦1
UNO*UNIQUENUMBER
GT|P1,P2)<SISELECTS)
SELECT»P3SIRETURN)
SELECT*P4sIRETURN)
COND•P2

IDENTIPWTM
COND«P3

SIRETURN)
FISELECTF)

SSIRETURNI

•IRETURN)

EQU•»T*
ID£NTIP19P2)
EQU•*F*

tSIRETURN)

OUTPUT*PI
PRINT«S
POSI••?•
GEIPI.P2)
POSIaif

LEQ•«T»
LEIPI.P2)•
LEQ•«F*
NONZ•*>T«
NEIPl9P2)
NONZ•*F»
LTN•«T»
LTIPl9P2)
LTN•«F»
CTNa«T»

OUTPUT-*GTN•P|aPZ
GT(Pl,P2)
CTNatpt

TRU•»T«
ANO**F*
I0ENTIP19*T*)
I0ENT|P29«T*I
ANDatyt
SQapiap|

,-*..*.«JAK6SUB"U0IPWUIU0I-ARGNO-.P2I.
.UO!*FLOWCHART*9U!U0!09U(U0!*FUN*9«S')9UOI*NXT*.*CONOI*
.UlU0ll9UIU0l»FUN*tP4l9U0l«NXTSlllt•
.U0I2,UIU0I«FUN«9«U0ITYPEL9-TYPEERROR**)•)tUOI'NXT*,))))))))
•s>IOPTliftMl
£cqn^"*J[0«W^<W0«f*s«Nt-P«.U0|.NXT..P3l)lsTrETURN)
PROJECTPROJECT«PI-IRETURN*

SIRETURN)

-IRETURN)

SSIRETURN)
SIRETURN)

SSIRETURN)
sIRETURN*

SSIRETURN)
SIRETURN)

SSIRETURNI

*IRETURN)

sSIRETURN)
IIRETURN)
SlRETURN)

-FlRETURN)

-F(RETURN)
-IRETURN)
:IRETURN*

P3Sl,2)*)))t

421

U0056700

00056800

00056900

00057000

00057100

00057200
00057300
00057400

00057500

00057600

00057700
00057800
00057900

00058000

00058100

00058200

00058300

00058400

00058500
00058600
00058700

00058800
00058900

00059000

00059100

00059200
00059300

00059400

00059500

00059600

00059700

00059800
00059900

00060000

00060100
00060200
00060300

00060400

00060500
00060600

00060700
00060800

00060900

00061000
00061100
00061200

00061300
00061400



'" ?'*• ••: JT; 7»

.:.,•.?

•»*•«•'



♦THESE FUNCTIONS ARE USEO IN MINI-LANGUAGE 9

PARTITION
GLOBALN a o

XPARTITI0N!NP9L9l) sFIFRETURN)
X a 1

1

3SI RETURN)
PARTITION ♦ COORO<X>

SIPLOOPP)

PLOOPP

GOINCR

LOOPXP

PLIM

PLIMO

PLIMOOO
SUBSTR

OUTPUT » EO(TFLG,l) *SUBSTR •
LEIP290I
P3 P0SIP1 - II LENIP2 - Pll

ER7 OUTPUT a «£R7 • PI B P2 B
PIK PIK « IDEN(P1,SUBSTRIPARTITI0N!P292 ♦ P3 - I,
♦SELI"N«,S),LNXISELl"STR",S)))9PARTITI0NIP292♦ P3,SEL!«N",S),
♦LNX!SELI«STR«9S)))9SELI"STR",S))) sIRETURN)
P2K P2K « IDENISUBSTRIPARTITI0NIP2.2 ♦ P3 - l9SELI«N"9S*9LNXISELI"STR«
♦)))9PARTITI0NIP292 ♦ P39SEL!"N-9S)9LNXISEL!-STR"9S)))9S£LIMSTR«9S)),
♦SUBSTRIPARTITI0NIP292 * PI - I,SEL!»N«,S), »» «• » »»"'
♦LNXISEL!»STR«9S))),PARTITI0N!P2t2♦ Pl.SEL!»N"9S),
♦LNX|SELI"STR«9S)))9SEL!**STR«9S))) sIRfcTURNJ
P3K P3K a APPLHSELIPUVARLIB )9U1 IS9WSTR", SUdSTRI PART 11ION IP2,2 ♦ P3
♦ - USELI*NM9S)9LNXISELI"STR«9S))).PARTITIONIP292 ♦ P39SELI'*Na9S),
♦LNXISEL!"STR«9S)))9SELI«»STR»9S)))) SIRETURN) rj»*CLl ™•»'•

PARTITION a

GT!X,C / 2)
PARTITION =
X = x ♦ I

XPARTITION
GTINP9L)
£Q(NP9l)
GLOBALN

sSIFRETURN)
sF(GOINCR)

GLOBALN ♦ 1
EQIN,GLOBALN)
COORO<S> a L

SFIFRETURN)
sIRETURN)

COORD<S> a 1

XPARTITIONINP - 19L - C00R0<S>9S ♦ 1) 2S(RETURN)
COORO<S> a COORD<S> ♦ 1
GTINP - l9L - COORO<S» SSIFRETURN) F!LOOPXP)

GLOBALN a 0; PLIM a PLIM ♦ 1 2(PLIMO)
PLIM a 0

PARTITI0N!NPt09PLIM ♦ l9LI 2FlRETURN)
PLIM a PLIM ♦ I
GLOBALN a 0

31PLIMO)
s IRETURN)

PI B P2 B P3

SSIRETURN)
•SUBSTR 2S(RETURN!
P3 SIERR0R7)

422

00061600
00061700
00061800

00061900
00062000

00062100

00062200

00062300

00062400

00062500

00062600

00062700

00062800

00062900
00063000

00063100

00063200

00063300

. 00063400
00063500
00063600

00063700

00063800

00063900
00064000
00064100
00064200
00064300
00064400

00064500
00064600

00064700
00064800
00064900

,S00065000

00065100
00065200

00065300

00065400
00065500

00065600
00065700



J fi::-;>u .:. :,

'';::.' tvJi>.j

T V i -i - -"I

{ *?"10i •._!'•'• '

.'.' > s-r.--'.r-'"~>:.

.--••' '-''W-JiJ'1''

'i•> 3.-.--:•"; ;-W ••" '-ti^Tlv

:-:il:



♦THESEROUTINESREALIZETHEI/OFUNCTIONSINMINI-LANGUAGE10
REAOX

IDENTIRXLINE9NULI
RXLINEaINPUT

SFIREADXOl)

a

a

REA0X01IDENTIP29'L')
RXLINEaINPUT

SFIREA0X03)

REAOX02RXLINEPOSIO)LENIP1)»

OUTPUTa'REAOI1PI•••P2•)•s|RETURN*

READX03I0ENT!P29*B')SSIREADX02)

RXLINEPOSIO)LENIPD•REAOX»

REAOXPOSIO)SPAN!'•)M

OUTPUT«*READI*PI•,•P2'IRETURNS•REAOX2IRETURN)

PRINTXIDENTIP29*L')SFIPRLNTX03)

OUTPUT«PXLINE

PXLINEa

PRINTX01X>DUPLI*•9Pl)
PRINTX02PXLINE•PXLINEX
a

PRINTX03IDENTIP2t*6*1
(SPACESXP3)LENIPD•XRPOSIO*
P»FLC
IOENT(OATATVPE(P),,VNO*)
APPL1»APPLIFIP9S)

APPLI

APPLYO

APPLYOO
APPLYl

IDENTlLINKIPItNULI
P*LINKIP)
P»OBJIP)

T*S
FUNaOBJ(LINKIP)I
NXTaOBJIP)

sIRETURN*

2SIPRINTX01)

2IPRINTX02)

SSIAPPLYO)
2(RETURN)

SSIAPPLYOO)
sIAPPLYO)

OUTPUTaEQITFLG91)L50IFUN)DUPLI''.55-SIZEIL50IFUN)))L50INXT)
STCNTaSTCNT♦I

:<CODEI'S*'FUN•*lHERtEl)')>

HERE1

HERE2

APPLIF

TYPE

END

APPLIaS
:<CODE!«NXT•NXT•21HERE2)*)>

IDENTINXT-NUL)$SIRETURN)
PaSELINXT9FLC)sIAPPLYl)

s<C0DEI*APPLIFa•PI*sIRETURN)')>
TYPE«DATATYPE!X)sIRETURN)
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00065900

00066000

00066100

00066200

00066300

00066400

00066500
00066600

00066700

00066800

00066900

00067000

00067100

00067200

00067300

00067400
00067500

00067600

00067700

00067800

00067900

00068000

00068100

00068200

00068300

00068400

00068500
00068600

00068700
00068800

00068900
00069000

00069100

00069200

0006930Q

00069400
00069500

00069600

00069700
00069800

00069900
00070000

00070100
00070200

00070300

00070400

00070500

00070600
00070700



APPENDIX III

AN EASILY READABLE FORMAT FOR LANGUAGE DEFINITIONS
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APPENDIX III

When the definitions for the ten mini-languages were formulated,
anumber of decisions were made which involve atrade-off between

readability and ease of implementation (i.e., in conjunction with the

semantics-based interpreter). A number of these decisions were
»

resolved in favor of ease of implementation, and unquestionably there

has been some toll on the readability of the definitions. Also,
the limited character set of typical line printers resulted in some

notational constructs that are less than ideal. In this Appendix,

the definitions of mini-languages 1 and 4 will be re-written and

all efforts will be made to give easily readable definitions.

The definitions will be identical to the ones given in Sections

4.1.3 and 4.4.3, except for the following changes:

1) Vienna Definition Language notation will be used for the

Vienna operators, thus

U0(X,Y) is replaced by <X:Y>

SEL(X-Y,Z) » x^y(z)

U(X'Y) " y(X.Y)
U1(X,S,Y) • y(X,<S:Y>)

2) The letter associated with each attribute will be the first

letter in the name of the attribute. Trivial attribute

equations of the form A+X=B+X, when there is only one non

terminal on the right-hand side of the production having

the attribute referenced by X, will be omitted. Inherited

attributes will be indicated by "-I" following the attribute name



3) To eliminate an overabundance of quotes, strings will rep

resent themselves. Functions that are to be evaluated when

the semantic equation is evaluated will be underlined.

4) The VO representation of the FLOWCHART attribute will be

eliminated in favor of writing the flowchart as a set of

recursive functional equations represented by strings;

the name of this attribute will be changed to FUNCTIONALS.

Function variables will have the form F[name]. In mini-

language 4, name may be a state vector function; in this case,

F[name] represents the function

IF(name=n-, THEN F[n-] ELSE (IF name=n2 THEN F[n£]...

ELSE F[nn]))...)

where MFUNLIB has the form

{F[n-j ]=a-| >FdvJ^»... >fr[nn]=an>

5) The function C0ND(a,39Y) will be replaced by "if a then 8 else y".

6) In the new definition of mini-language 4, we will assume

the existence of an appropriately defined primitive function

SELECT (see Section 4.4.2 ). This eliminates the need

for the EXPLIB attribute. Also, UNO(S) will be assumed to

be a monotonic function of S.
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Mini-Language 1 - Syntactic and Semantic Description

<PR0GRAM>A=<BL0CK>B

<FUNCTIONALS>

<SYMBOLTABLE>

BtN=n;B+G=n

<BL0CK>A='BEGIN » <DECLARATION>B ';' <C0MMAND LIST>C ';END'
<NEXT>-I
<GL0BALS>-I

<VARTABLE>AtV=y(A+G,B+V)
<FUNCTIONALS>

<STATEN0>

<DECLARATI0N>A="IDEN • <VARLIST>B
<VARTABLE>

<VARLIST>A=<$LETTER>B V <VARLIST>C;D=<$LETTER>E
<VARTABLE>A+V=y(<B+VAL:UNO()>»CtV);

.DfV=<EtVAL:UNOTT>

<C0MMAND LIST>A=<COMMAND>B V <C0MMAND LIST>C;D=<COMMAND>E
<NEXT>-I

<VARTABLE>-I
<LABELTABLE>-I

<XLABELS>A+X=y(B+X,C+X)
<FUNCTIONALS>A+F=u(B+F,C+F)
<STATEN0>

<COMMAND>=<LABEL>B ' ' <UNLABELLED COMMAND>C;D=<UNLABELLED C0MMAND>E
<NEXT>-I

<VARTABLE>-I
<LABELTABLE>-I

<XLABELS>AtX=<B+V:C+S>;
.D+X=n

<FUNCTI0NALS>

<STATEN0>

<LABEL>A='L' <$NUMBER>
<VALUE>A+V=L B+VAL



rs

a.

r

BEGIN IDEN A,B;
A=l;
B=2*

BEGIN IDEN B,C;
B=A;
C=7;

END;
HOPTO LI;
A=3;

LI B=3;
END

SOURCE PROGRAM

LISTING OF ATTRIBUTES OF PROGRAM NODE

DISPLAY OF FUNCTIONALS

F[#1>F[#23(u(S,<#A:l>))

F[#2]=F[#3](y(S,<#B:2>))

F[#3]=F[#4](y(S,<#B2:#A(S)>))

F[#4]=F[#5](y(S,<#C2:7>))

F[#5]-F[#71

F[#6>F[#7](u(S,<#A:3>))

F[#7]=y(S,<#B:3>)

DISPLAY OF SYMBOLTABLE

#A
#B
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Mini-Language 4- Syntactic and Semantic Description

<PR0GRAM>A=<EXPRESSI0N>B
<FUNC

<MFUN
BtD=n

<FUNCTIONAL>A+F=F[PROGRAM]=BtF
<MFUNLIB>

430

<EXP^SSION>A=<$N^
<MFUNLIB>AfM=n;GfM=n
<FUNCTION>A+F=BiVAL

<IDENTIFIER>G=<$ALPHA>H

<FUNCTION>GtF=jf TYPE->H_fVAL(GfD)=FUN then ii(<NAME:H+YAL>,<ENV:ENV(S)>]
^2li^->HiVAL(GiD)^EXP then F[H+VAL] l j j
else l^>J^Mj6^>(FNAME->->UvXLTGiDKNV(S))(S)

<LEJ EWRESSION>A='LET ' <$ALPHA>B '=' <EXPRESSI0N>C ' IN ' <EXPRFSSTnN>n-
<1eKeS^; <PARAMLIST>G ')-' <EXPRESSI0N>GN' iP'SSSlO^I
<FUNCTION>AiF=D+F;E+F=I+F
<MFUNLIB>A+M=y(F[B+VAL]=C*F,C+M,D+M);

.E+M=y(F[F+VAL]=H+F,H+M,I+M)
CtD=y(AiD,<B+VAL:<TYPE:EXP»)
H+D*y(E+D,<FtVAL:<TYPE:FUN»J
G+I=l;GiN=F+VAL

<PARAM LIST>A=<$ALPHA>B ',' <PARAM LIST>C;D=<$ALPHA>E
<NAME>-I
<INDEX>-I

<DECLNAMES>A+D=y(C+D,<BtVAL:y(<TYPE:PARAM>,<NO:A-H>,<FNAME-A+N>))-
r T. T :DfDs<EiVAL:Ji(<TYPE:PARAM>,<NO:D-H>,<FNAME:D+N>))
C+I=A+I + I

<C0MBINATI0N>A='(' <EXPRESSION>B '+' <EXPRESSION>C ')'•
.D='IF ' <EXPRESSION>E ' ' <EXPRESSION>F 'THEN ' <EXPRESSION>G
. ELSE ' <EXPRESSION>H ')';
•L=<IDENTIFIER>M '(' EXPRESSION LIST>N ')'

<BECLNAMES>-I

<WIWLIB>A+pt*^(B+M,C+M);
.D+M=y_(E+M,F+M,G+M,H+M)

<FUNCTION>AtF=BtF + CtF;
.D+F=SELECT(E+F,F+F,GtF,H+F);
.L+F=F[NAME(MfF)](y(S,<ENV:y(ENV(S),<NAME(MfF):UNO(S)>)>,

<UNO(S):N+F>))
N+I=l



APPENDIX III

When the definitions for the ten mini-languages were formulated,

a number of decisions were made which involve a trade-off between

readability and ease of implementation (i.e., in conjunction with the

semantics-based interpreter). A number of these decisions were

resolved in favor of ease of implementation, and unquestionably there

has been some toll on the readability of the definitions. Also,

the limited character set of typical line printers resulted in some

notational constructs that are less than ideal. In this Appendix,

the definitions of mini-languages 1 and 4 will be re-written and

all efforts will be made to give easily readable definitions.

The definitions will be identical to the ones given in Sections

4.1.3 and 4.4.3, except for the following changes:

1) Vienna Definition Language notation will be used for the

Vienna operators, thus

U0(X,Y) is replaced by <X:Y>

SEL(X-Y,Z) " X+Y(Z)

U(X,Y) " y(X,Y)

U1(X,S,Y) " y(X,<S:Y>)

2) The letter associated with each attribute will be the first

letter in the name of the attribute. Trivial attribute

equations of the form AtX=BiX, when there is only one non

terminal on the right-hand side of the production having

the attribute referenced by X, will be omitted. Inherited

attributes will be indicated by "-I" following the attribute name.
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EXPRESSION LIST>A=<EXPRESSION>B '
<DECLNAMES>-I
<INDEX>-I

<MFUNLIB>A+M=y(B+M,C+M)
<FUNCTION>A+F=y(<A+I:B+F>,C+F);D+F=<D+I:E+F>
CtI=AfI + 1

EXPRESSION LIST>C;D=<EXPRESSION>E
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SOURCE PROGRAM

LET G(X,P)=(IF X>3 THEN XELSE (X+P((X+1)))) IN 6(2,6)

LISTIN6 OF ATTRIBUTES OF PR06RAM NODE

DISPLAY OF FUNCTIONAL

F[PR06RAM]=F[NAf.lE(y(<NAME:6>,<ENV:ENV(S)>))](y(S,<ENV:y(ENV(y(<NAME:(
<ENV:ENV(S)>)),<NAME(p(<NAME:G>,<ENV:ENV(S)>)):UNO(S)>)>,<UNO(S):y(
<2:u(<NAME:G>,<ENV:ENV(S)>)>))

Note: this simplifies to

F[PR0GRAM>F[6](y(S,<ENV:y(ENV(S),<G:UN0(S)>)>,<UN0(S):y(<l:2>,
<2:u(<NAME:6>,<ENV:ENV(S)>)>))

DISPLAY OF MFUNLIB

F[G]=SELECT(1->(G>ENV(S))(S),3,1-,(MNV(S))(S),H(6>ENV(S))(S) +
F[NAr^E(2^(&>ENV(S))(S)](y(S,<ENV:y(ENV(2-(&>ENV(S))(S)),
<NAME(2-,(G.ENV(S))(S)):UN0(S)>),<UN0(S):y(<l:H(^ENV(S))(S) +1>
<2:2-(G-*ENV(S))(S)>)>))
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