. & g e o s
e e e e e e P

JAERI-M
5526

ANALYSIS AND CONSTRUCTION OF COMPILER |
OF A PROGRAMMING LANGUAGE

BY PRECEDENCE GRAMMAR
WITH PRECEDENCE FUNCTIONS

January 1974

Kiyoshi ASAI

B BE ¥ H K R A
Jopan Atomic Energy Research Institute



s oEE, BARTABFANS JAERIM b #—F & LT, TEHCHITL TS
MEBEETT. AT, BN YoBMabwE, BARET IR EMIERE ik
MHEEER) AT, BRELIL (230,

JAERLM reports, issued irregularly, describe the results of research works carried out
in. JAERL Inquiries about the availability of reports and their reproduction should be
addressed 1o Division of Technical Informatien, Japan Atomic Energy Research Institute,

Tokai-mura, Naka-gun, Ibaraki-ken, Japan.



JAERI-M 5526

Analysis and Construction of Compiler of a
é Programming Language by Precedence -Grammar

i with Precedence Functions

Kiyoshi ASAI
f _ Division of Reactor Engineering, Tokai, JAERI

( Received December 26, 1973 )

In appearance of the third generation computers with

versatile software concepts and facilities, it is felt keenly

that construction of the softwares for such computers require
tremendous manpower and time. This situation is called
meoftware crisis'. To cope with the problem, languages suitable

for software construction must be found. GPL is one of these

e e R R AT

system description languages; it is a modified version of the
‘ - PL360. It is a precedence language with precedence functions. .

The implementation techniques of a GPL compiler and usefulness

¢ amirate et St A

of the language are described.
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Symbol Table

Number of elements in a finite set A

Set of strings of finite length over a finite set A
A binary(pair) relation between elements a and b
Set of binary relations

Complement of the set §

Non null transitive closure of the set ¢

s S5 P)

Grammar G with set of variables VN’ set of terminal
symbols Vo, starting symbol S and set of rewriting
rules P.

A variable in VN
A binary relation; or a rewriting rule
A sequence of rewriting rules
A sequence of rewriting rules whose length is 1
SeQuences of =>

Non null transitive closure of =>

Binary (noncommutative) relations over the set

(V™ Vo),
In the Wirth-Weber type precedence grammar, relations
o = =, dl+ = < and p+aup+uk+ = +> hold.

Precedence relations defined by the combinations

of a,A and p.
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.Chapter 1

Introduction

Since the appearance of the third generation computers
with versatile software concepts and facilities, wé are forced
to realize that constructioﬁs of software for these computers
require tremendous manpower and time.

This situation is sometimes expressed by the words "soft-
ware crisis'. To get rid of the crisis, we must promote the
productivity of programmers, Or more generally, of people who
want to communicate with computers.

The one of solutions for the promotion of productivity
is the introduction of communication languages with computers
suitable for software constructions.

The languages for this purpose are called system descrip-
tion languages, or software writing languages and can be
classified into two categories of machine independent high
level languages and machine oriented high level languages.

The machine oriented high level language, which is of our
concern in this thesis, allows proérammersfto specify or to
use directly some features of computer.

It is the current trends that we use concepts of formal
language theory, especially the concept of context-free gram-
mars presented by N. Chomsky[Cho 60}, even for speéifications
of machine oriented languages.“ For practical applications,
however, it is better to restrict the notion of grammars to
some subsets of context-free grammars.

The class of precedence grammars are one of the subsets.
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]

The precedence grammar is originally presented by R. Floyd
[Flo 63] and M. Nagao[Naga 63] independently of each other.
The notion of precedence grammars has been extended by
Wirth'and‘Weber[Wir"66], Colmerauer{Col 70}, Ichbiah.and
MorSé[Ich 70], Inoue[Ino 70], Aho et al.[Aho 72] and others.

Thus we have now a large classes of precedence grammars.

Precedence languages derived from the above mentioned gram- .

mars are analyzed by aids of precedence matrices. However

the sizes of precedence matrices are too big for practical

compilers. -

Instead of the matrices we may use. precedence functions.
The precedence functions are two vectors: of small sizes and
were originally proposed by R.. Floyd[Flo 63]. D. Martin .
[Mar 72] and K. AsailAsa 72b] have shown that we can use
the ‘precedence functions for any precedence grammar.

The ‘adoption of the notion of precedence grammar, i.e.,
the assumption of explicit existence of phrases, in -the
analysié:of'programming language will reduce the compila-.
tion'spééd of ‘compiler. |

If the amount of overhead induced by the existence of
phrases is not small, it will become another cause of the
“software crisis" because we must use the system descrip-
tion language extensively for software constructions. .

- 0On the'Otherhaﬁd, the usefulness of a system descrip-
tion language is rather independent of the .above mentioned
overhead and will be considered from the view ﬁoints_of the -
easiness to read or write, the memory utilization of compiled

program and execution efficiency of compiled program.-
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The purpose of this thesis is to investigate these prob-
lems, to give techniques to solve the problems and to evalu-
ate the results.

In the chapter 2, basic notions on precedenCe grammars
which are relevant to succeeding chapters are given.

In the chapter 3, aﬂ approximation theorem for preced-
ence grammars with precedence functions is given.

In the chapter 4, the existence theorem of precedence
functions is given. |

In the chapter 5, using a software writing language GPL’
[Asa 72a], i.e., a modified PL360[Wir 68] as an example,'the
problems of overhead and usefulness are discussed.

%«

In the chapter 6, a conclusion on the above methods is
given.
In the appendices, the language specification, precedence

functions, precedence relations and expamle programs of GPL

are given.
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Chapter 2

Basic Concepts and Definitions

2.1 Vocabulary and String

A vocabulary is any finite set of symbols. A string

over a vocabulary V is a finite concatenation of symbols of V.

An empty string € is a string of null length, i.e., it
is a string consisting of no symbol. We also use the term

finite sequence of symbols as a svnonym for string.

*
The symbol V denotes the set of all strings over V,

including the empty string.

2.2 Pair Relations

We denote a subset of pair relations over a set E by p.

a ob is an abbreviation of a pair relation (a,b} € p,
where a,b ¢ E. The set of pair relations is denoted by E x E
and complement of p is denoted by o = E x E - p. The product

pd of relations p, O 1s defined as
apogh = [there exists ¢ ¢ E, apc f\ccb].

+ - - 1
The closure p of p is defined as p+ = Dl, where

oo

i=1
i i-1 0, _ 1 .
pT = p op , ap'b = [a=b]. If the number of elements of the
: 0 o
set E is n, then p = o7 = Up .
i=1 i=1



2.3 Context-free Grammars .

A quadruple G = (VN’ VT’ S, P) of séts Vs Vi, S and P

is called a context-free grammar if it satisfies following

conditions;
S ¢ VN,' |
(2) P is a set of finite pair relations > over the set

V.. and S are flpite sets such that VN(“\VT =¢,

. # ' : :
(V. U V.) of finite sequences of elements of (V,\/ V.),
N T : N T 7
including the empty sequence, o
A | |
T) and the length of x is

unity, then x is an element of Vs

(3). if x » y for x,y ¢ (VNSJ v

(4) if x -y for x,y ¢ (VI V), Z & Vy, x = ulv, y = uwv,

, *
then there exist u, v, w ¢ (VN\J’VT)_ such that Z -+ w.

The set V VT and P are called the sets of variables,

N’
terminal symbols_and rewriting rules, respectively. x => Yn
is an abbreviation of relation x *Iyl - .. > yn,
_ _ _ | .

where x € Vg and ¥y, ... , ¥y € (VN‘v’VT) . The language
generated by a context-free grammar G is denoted as '

' ‘ * o

L{G) = {t ¢ VT_|S => t}.

For the rewriting rule x » y of the above (3), x and

y are called the left part and right part,-respectively}
A context-free grammar G = (VN, Vs S, P) is said to be

é—free if P has no rule of the form A » ¢, where A ¢ VN’

. . %
A string w € (VN\~’VT) is said to be a sentential form

if § => w.

- Two grammars G1 and G2 are equivalent if L(Glj = L(GZ).
A left part A of a rewriting rule'is_sometimes dehoted

by <A> to distinguish it from terminal symbdls. The notation
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is called Backus form notation.

The left part or right part of a:rewriting rule’is some-
times called a'ghfaeel!

The term detection of phrases means an operation which-

recognizes right parts in a finite sequence of symbols.

The term reduction of phrase means an operatien. which

repiaces a rTight part by .a left part of a rewriting rule.

‘The term syntax anlysis of a string X or analy51s of a

sentence x means an operation which determines. whether X
e L(G), i.e., 8 => x for the starting .symbol S.

In practical applications 15 the field of: programming
1anguages,1the.starting symbol S is <program>. . Hence let us
assume that the sfarting syﬁbol_appears-once,forfallrin only
one 1eft part and 1t does not appear in ~any rlght part when
we are referrlng to grammars of programmlng languages..

A context free grammar G 1s sald to be ooE free 1f 1t :
has no sequences of : rewrltlng rules of forms A => A for any.:
variable A of G 7 | | -

Hereafter let us assume that all grammars -are 1ooplffee

Slnce we can get an equlvalent context free grammar for
any context free grammar w1th £ - rules [Hop 69],llet us here—

after con51der solely £ - free grammars

2.4. Slmple Precedence Relatlons

The palr relatlons o, A and o between A ,B € (V \/'VT) of
a context—free_gtammar G = CVN’,VT’ S, P) are deflned as ‘

foilows;
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-

AoB = [there exists U EHVN,‘X, y € (VN‘J VT]*, U - xABy],

AMB = [there exists y € (VNU_VT)*, A > Byl,

ApB = [there exists x ¢ (VN“J VT)*, B » xA].
We must take care that thé assﬁmption df é-free gfammar does
not mean that any x, y 1in thé set (VN\/ VT)* aré not empty
strings. In fact, for_the relations a,x and P s strings X

and y are sometines empty strings.

Example 2.1

For intuitive understanding of the relations o, » and
o, let us consider the relations over a gontext4free grammar

G = (Vs Vg, S, PJ, where Vy'= {Ss}, Vr = {a,b},

Nt Vo
{$ + aSb, ‘S > ab}.

]
1]

For the rewriting rules S - aSb and S ~ ab, the relations

o, A and p are shown as following:

n
©

fig, 2.1 Binary relations over VN\/ VT.

In the above figure the arrow from symbol A to B shows

a relation (A,B).
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2.5 Precedence Matrix, Precedence Functions
Let us consider noncommutative pair(binary) relations

2, .2 <+ and ¢ (empty relation) over the vocabulary VN\J

bl ]

vV Since every relation is not commutative, relations over

T
VN’MIVT are represented by a matrix.

A matrix M is called a precedence matrix if its (i,3)

element 1s the pair relation (Si, Sj) of a context-free grammar

G = (V S, P), S s.e(vNVV

N Voo ir 5 T |
For a context-free grammar G = (VN, VT’ A, P), VN‘=

{A,B,CH, V@ = {0123, P = {dyy «vvs dgls byt A - CB,

P A>T 1, oz° B~y o4t B » XA, ¢z B - A, b c-1,

- + + . .
assuming *> D p aX , We can get a precedence matrix as Fig.2.2.

@
I

1 >
IR
A= &

Fig.2.2 Precedence matrix
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As is shown in the above example, the matrix M 1s com-
posed of N x N elements when the number of elements of set
(VN‘J VT) is N. The values of N's are not small for practi-
cal programming languages. For example, the value of N 1s
approximately 500 for Fortran IV language, but we can com-
press this matrix to two vectors f and g with N elements,
respectively. These two vectors are called precedence func-

tions. .

Two functions f and g with N values respectively are

called the precedence functions of a context-free grammar

G = (V V., S, P) if they satisfy following relations for

N’ T’

~any S, S. ¢ (VN\J VT);

J .

if S. <- Sj then f(Si) < g(Sj),

if S. = Sj then f(Si) = g(Sj),

if S. > Sj then f(Si) > g(Sj),
where N is the number of elements of (VN\J’VT).

With the precedence matrix, we can find out easily the
empty relation between two symbols in an input string.
When we use the precedence functions for the analysis of the.
input string, the detection of erroneous relation is delayed
until we cannot find a proper left part for the corresponding
right part. This is the demerit of brecedence functions.
Thus when we use precedence functions for analysis of strings,
we must provide additiqnal procedures for proper érror_deteé-
tions and reCoveries.. There méy exist two methods to solve
the problem. The one is to do a syntax check of strings

before the use of precedence functions. The other method 1is
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to cut off the erroneous part from the string by assuming

that the part is correctly processed. The aﬁthor uses the

latter method for the syntactical analysis of the GPL[Asa 72a].
A context-free grammar generally has no precedence func-

tions but we can find equivalent context-free grammars with-

precedence functions for any given grammar. We will prove

the fact in the chapter 4,

2.6 Precedence Grammars-
In this section we will discuss notions and characteéris-

tics of several types of precedence grammars.

2.6.1 Notion of Simple Precedence Grammar

A context-free grammar G is called a simple precedence

grammar if for any A,B ¢ (VN‘v’VT), there exists one and only
one of pair relations +>, <+, * and ¢ (empty relation).
From hereafter we mean only simple precedence grammars by the

term precedence grammars.

A precedence grammar G is said to be unambiguous simple
precedénce grammar if it satisfies following two conditions;:
(1) if X >u, Y > u, then X =Y,
(2)  (<* n 22U a2)U(* A>) =0,
.A grammar G‘which_satisfies the condition (1)} is Sbme—

fimes called invertibl&..

For pfactiCal application, a grammar should be invertible

to accompiish'a highly efficient analysis of input strings.

- —10-
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Practical programming languages are 1nvert1b1e or they-
are forced to be invertible in the assumption that they are
described by bounded context grammars. A context-free gram-

mar G is bounded context if we can determine a symbol A 1in

an input string is to be 1n the set (VNv VT) by looking
finite number of symbols to the left or to the right of the
symbol A[Flo 64].

Hereafter let us assume, unless explicitly mentioned, that

every grammar is invertible.

2.6.2 Wirth-Weber Type Simple Precedence Grammar
New pair relations_over VN\J Vi

£ = 0, <o = 0(,}\+ and ->» = p+O!.U D+Ot>\+

are called the Wirth-Weber type simple precedence relations

[Wir 66, Col 70].

An invertible context-free grammar G is said to be an

Wirth-Weber type simple precedence grammar if it satisfies

the above relations. The language generated by the grammar

is called a precedence ianguage. The merit of this grammar

_is that we can find a unlque rlght part of a rewriting rule
in every step of the 1anguage a1a1y515 It has however two
demerlts. Firstly it requlres a N x N matrix of big size to
aﬁalyze the.langﬁage, where N ='#(VN\J VT). But this demerit
vanishes if we use precedence functions. Secondly we must
increase numbers of elements of the sets P and Vy to remove
confllctlons of precedence relatlons in the original grammar.

The author 5 experlence on Portran[Asa 701 and McAfee and

-11—-
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Presser's experience on Algol 60{McA 72] show that we must
add a quartef of new rewriting rules and variables to get a
precedence grammar. The GPL is described by this type of

grammar .

2.6.3 -Tbtal Precedence Graﬁmar

A.Colmerauer [Col 70] has shown that (a) the condition
(2) of 2.6.1 is equivalent to the following (2'), and that
(b) G is a precedence grammar if its precedence relations

+>, <+ and = satisfy the following condition (3);

(2] (@)U ana)V(p ar i)Y ie Tanor ) =9,

(3) OtC*,OL?\+C<', p+uc->, Q+a)\+c <o Moo,

The relations which satisfy the above conditions (2')

and (3) are called the total precedence relations and the

grammar analyzed by the total relations is called a total

precedence grammar.

Becéuse of the condition p+uk+c_<5u->, the total prece-
dence grammar gives a language designer the freedom to set
precedence relations more lobsely than the Wirth?Webér type

precedence grammar. The author's experience with Fortran

_ and GPL however shows that the Wirth-Weber type precedence

grammar is sufficient for programming language description.

The total precedence language is a language generated by the

total precedence grammar. The total precedence language is

also analyzed by a N x N precedence matrix.

If we use precedence functions, we must provide additional

procedures to find out invalid pairs of symbols,
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2.6.4 Operator Precedence Grammar

The notion of precedence grammar is originally proposed
by R. W. Floyd in the form of operator precedence grammar
[Flo 63]. Wirth and Weber have obtained the sim?le prece-
dence grammar bf extending the concept of operator precedence.

A context-free grammar G is called an operator precedence

grammar if it satisfies following conditions;

(1) for any a, b € VT’ there exists one and only one of pair
relations <+, > , £ or ¢,
(2) there does not exist such rewriting rule as A > x3Cy,

*
v
where B, C ¢ VN and x, vy € (VN VT) .

The condition {2) means that every rewriting rule of an
operator precedence grammar is of the form A + xbcy, or

*
A » xbBcy, where b,c ¢ Vo, B e Vy and x, Y € (VN\J Vo)

The relations = , -> and <-are defined as following;

(1) b 2 ¢ if A » xbcy, or A » xbBcy,
(ii) b.+> ¢ if A -+ xBcy and B =wb, or B =>wbD,
(iii) b <+ ¢ if A » xbCy and C =>¢w or -C =>Dcw,

where D ¢ Vy, w ¢ (VNV VT)*.

This type .of grammar has two demerits. The one demerit
is the fact that we may execute ambiguous reductions of right
parts of rewriting rules. Suppose that an operator grammar
has a rewriting rule of the form A - t;Bt,, where A, B ¢ Vy,
tl; t, € Ve Then we may also detect a right part of the

form tlB't2 in the reduction step since the pair relations
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(tl,‘B’) and (B', t2) are not checked by the operator prece-
dence grammar. In practical applications the decision whether
we must take B or B' is done by semantic routines. The another
demerit is the lack of rewriting rules of the form A - xABy,

*
A, BeV X, V¥V € (VN\J'VT) . In a compiler construction,

N ?
we often need to assign meanings(semantics) to rewriting rules
of the above form. The prohibition of such rewriting rules

is sometimes too restrictive to compiler designers.

J. Gray and M,Harrison have obtained interesting results
to remove the difficulty by introducing a new type of prece-
dence grammar[Gray 69]. We will sketch the method in the
chapter 5 in connection with a problem on the overhead of
syntactical analysis procedures.

The merit of operator precedence grammar is phe small
size of precedence matrix. The size of the matrix is N x N,
where N = #(VT).

We can use precedence functions for the analysis of

‘operator precedence grammars., The precedence functions were

originally'proposed by R. W. Floyd as a reduction method of

precedence matrices of operator precedence grammars [Flo 63].

2.6.5 Right Precedence Grammar
For symbols B and C in rewriting rules of a form A -~
XBCy of a context-free grammar, relations <« = aV.ar’ and

> = p+a Up+a>\+ are said to be right precedenée relations

. . ®
[Inc 70], where B, C ¢ (VN\J Vi), X, ¥ € (VN\J Vp) .

A context-free grammaf G = (VN, VT’ S, P) is said to be

a right precedence grammar [Ino 70, Ino 72] if it satisfies

follewing conditions; :
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(1) the one and only one of relations <+, *> or ¢ holds
between any two elements A, B, where A e.(VN\J VT),
B e VT’
(2) if there exist rewriting rules such that A +‘xy and
B+~ vy, then C + uHi(x)Dv and D =~Tn_i(x)Bw do not exist,
where H,(x) is a head(of length i) -of the string x, T _,(x)
is a tail(of length n-i) of the string X and n is the length

of the string X.

The demerit of the right precedence grammar is that we
need a special procedures to find out the left boundary of
a right part. Since the relation - means relations <+ or

= the analyzer must activate a procedure to determine which

relation must hold.

The right precedence grammar has two merits., Firstly
it reduces the size of precedence matrix to #(VNU VT) X

#(V Secondly fusing relations <- and £ to g+ , it allows

1)
the existence of left recursive rewriting rules.

A rewriting rule A » Bx is said to be left recursive if
it allows A = B or B = Ay, where B € VN, X,y € (VN uVT)*

At the same period J.D. Ichbiah and S.P. Morse have
presented the ideé of weak precedence grammar[Ich 70] which

is almost same as of Inoue's.

2.7 Analysis Mechanism of Simple Precedence Grammar

When a.context-free language is decribed by a simple
precedence grammar, the language is analyzed by a very simple
mechanism. An analysis mechanism of Wirth-Weber type prece-

dence language is given below. In this case the grammar 1is

15—
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assumed to be of the form G = (Vy, Vg, 1 s ], P). In the
figure I, is the k th input symbol and Sj is the top symbol
of the stack. The author uses this mechanism for the analy-
sis of GPL language. In the GPL compiler we use precedence
functions. As the result, the check for the invalid pair
S.,
( 3
an empty left part t(i.e., t = @¢).

Ik) is omitted and the check is delayed until we find
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- Error Recovery

i

. 7 _ t = leftpart(s,. » -8
Extract a phrase ‘eﬁ__'\t— 2 >&- P i
including the TN 7 .
error Q—@

fig., 2.3 Analysis mechanism of simple precedénce pranmar
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2.8 Analysis Speed of Simple Precedence Grammar

The analysis speed of the simple precedence language is
the most importént factor in its compiler construction. The
analysis speed of the simple precedence language 1s propor-
tional to the length of the input string. The fact is proved
by A. Colmerauer[Col 67]. - The proof of this section is due
to K. Inoue[Ino 72] and A. Colmerauer.

%

Let P Pq be rewriting rules required to anal-

1, 2’ b ¥
yze an input string u and let hy, hyy voe s h_ be lengths of

q
right parts of the rules Pl’ Py, e Pq, respectively.

For the grammar G of the above sectionms, let us assume
that S => u. The string | u | analyzed by the mechanism
of the above section 2.7 eventually becomes | S | . The
length of the string | u | 1is equal to lu| + 2 and the
length of | S | is equal to 3, where [u| means the length
of the string u.

In every reduction, a right part of length hi is replaced

by a left part. Hence

o0

(h. - 1) = 3.

2 + |ul| -
1 J

j

From the above equation we have

h, = {ul + q - 1.

In the flowchart fig.2.3, we must execute following

operations;

(i) |u| + 2 replacements of Sj = Py,



(11)

(iii)
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He 1,0

] h. checks for Sjil < Sj’
q replacements of t = leftpart (Sj co Si).

Let ¢y, ©, and c; be weight constants for the above

three types of operations, respectively. Then the total opera-

tions required are

On the otherhand we can show q ¢ 2P |u| - p if

S =>u, p= #(P) [Col 67].

Hence

N ¢ {cqy * cp) + 2P(c, + cg)} lu| + c4;

The inequaiity

ag2p ful - P

is shown by induction as the following.

(1)
(2)

If ju|] = 1 then |$| = 1 because G is.context~free.

Let us assume that the inequality is true for u such
that 1 g |u|l ¢ s. Since lul > 1, there exists a string
x such that

g-i i
S =>x =>u, |x|]>1, q-1

A
el

Since |x| > 1, there exist nonempty strings X, X;, U

and u, such that x = X XZ’ U= u, u,,

19—
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k 4
Xy p» Xy => uy, where k + 2 =1, jugl * [u, | = s.
By the induction hypothesis,
gl < s, luyl <s, k< 2p lul - e,
2 £ 2p luzl “P.
Hence i =%k + & g 2ps - Zp.

Since ¢q - 1 p, we have q < 2ps - p.

Fi

In practical appliéations, we recalize that the number of
operations and tHe time spent for the weight constants some-
times become so big as to make the compiler designer hesitate
to adopt these analysis techniques which assume the existence

of phrases explicitly.

We will investigate the situation in the chapter 5.
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Chapter 3

A Family of Precedence Grammars with Precedence Functilons

3.1 Introduction

As we have seen in the section 2 of chapfer 2, R.W. Floyd,
Wirth and Weber, A. Colmerauer, Inoue and others have shown
that we can analyze programming languages by simple procedures
if the languages are generated by precedence grammars.

Let N be the number of vocabulary of the grammar, then
the precedence table used in the analysis is represented by
N x N matrix. Thé values of N's are not small for practical
programming languages. For example, the value of N is appro-
ximately 500 for FORTRAN IV language. Since this 1s not ac-
ceptable size for pract1cal compilers, several methods have
been proposed to minimize the table size. One of the methods

due to K. Inoue reduces the size of the precedence matrix and

" the other methods due to Floyd, Wirth and Weber use precedence

functions f, g of 2N values instead of the matriXx.
For the analysis of programming languages, there may
exist following four methods to analyze L(G) which 1is gene~

rated by a simple precedence grammar G:

(1} Every input symbol is scanned semantically and locally,
then the analysis of L{G} is done according to the
_precedence relations defined for the elements of Ve s

(2) Every input symbol 1s preprocessed as the above men-
tioned scanning procedure, then the analysis is done

according to precedence relations defined for the ele-

ments of VN\J\IT

-21-
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(3) Without the preprocess for input symbols, the analysis
is done according to the precedence relations defined
for.the elements of VNU VT.

(4) Without the preprocess for input symbols, the analysis
is done according to the precedence functions defined

for the elements of VN\J Ve

Among the above four, the first method is addpted by con-
ventional compilers. ‘This method, however, makes it difficult
to attach interpretaion rules to rewritiﬁg rules by restrict-
ing the analysis units to terminal symbols. By the third, iﬁ
is required to des;ribe every element of V = VN‘J Vo sfrictly
and as the resulté, the number of rewriting rules will increase.

Since the size of V does not change, number of rewfiting
rules with same right part will also increase. If we want to
eliminate rewriting rules with same right part, we need some
scanning procedures for input symbols and thus the third me-
thod will tend to approach the éecond. The second method also
involves difficulties in 1its efficiehcy and memory requirément.

We may show.the point by an example. Let us assume that
G is a simple precedence.grémmar which genefates the FORTRAN
IV language. By extracting from G new sets Vg, V%, <expf>'and
P', we can define a new simple precedence grammar G' which gene-
rates FORTRAN IV expressions. In that case numbers of elements
of Vi V%, P' and number of relations of A and B, where A and
B are elements of VN\J Vp, are about 70, 30, 150 and 1500, re-
spectively. Since most compilers accept only terminal symbols,
we may use not 100 x 100, but 100 x 30 matrix. Even by this

reduction, the FORTRAN IV language requifes more than 10000
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preCedence relations. Compression of a-relatidn from one
word to three bits reduces amounts of memory requirement,

but it induces inefficiency 1in access procedure to the rela-
tions. Since it is a complicated work to give a pfoper error
recognition procedure and to continue the analysis avoiding
the erroneous input symbols, conventional compilers have
adopted the method (1) with'one dimensional precedence rela-
tions a <+ b <+... < c for terminal symbols. If there exist
precedence functions .f and g for the grammar G, we can make
use of the method of (4).

Generally a precedencé,grammar G has no precedence func-
tions, but there exists a family of simple precedence grammars -
with precedence functions.

In this chapter the author shows the existence of a non-
trivial family of precedence grammars that has precedence
functions. The family of the grammars is nontrivial in the
sense that the structure is a good approximation of grammars
of current programming languages such as FORTRAN IV and Algol-

like language PL360, Comparative results for these grammars

are also given.

3.2 Precedence Grammars with Precedénce Functions
In this section let us show the existence of a family of

precedence grammars with precedence functions.

Definition 3.1

The set P of rewriting rules of a context-free grammar

G = (Vg Vp, S, P) is simple if any S. e_(VN\/'VT) appears
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once for all in the right parts of rewriting rules.

Lemma 3.1

A context-free grammar G with simple P is an unambiguous

simple precedence grammar.

Proof. The grammar G is invertible and it satisfies the

condition (2') of 2.6.3.

Lemma 3.2

" For the grammar G of the above lemma 3.1, integers p

and q are unique if they satisfy a relation Sippakqu, where

S;0 S5 € (Vg Y V)

Proof. Since P is simple, only one relation is permissible

for any S. and S;.
1 ]

Definition 3.2

A matrix Q is called a pg-matrix if its (i, j) element

is the pair (p, q) of the lemma 3.2 or ¢ (empty).

Definition 3.3

- . - *
Notations ¢—¢n¢n_l...¢1 and there exists ¢ ] x—>yn,¢gP
mean that there exists a sequence
.¢1 X T Y ¢2 : yl -+ st---s_¢n : yn-l - yn
&

for ¢ie;P, Xe VN’ Y€ (VN\J'VT) , (1 g1¢ n).

Let us denote by K, the ith row vector, by Lj the jth
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column vector and by (p‘1 q; j) the (i,j) element of the
, _

37
pq-matrix.

Lemma 3.3

If the set P of rewriting rules of a context-free grammar

G is simple, the pg-matrix of G satisfies following conditions

(1) - (4.

1

(1) If there exists j such that (pi qa; j)=(0,0), then

Ki$ (pi,j’ qi,j)’ pi,j > 0.

237

Proof. This 1is equivalent to a condition that the case of
Fig.3.1 does not occur in the precedence matrix (in tne fol-
lowing section let us restrict our discussion solely on the
Wirth-Weber type précedence relations). If it is not the

case, there exist 995 5 ¢3-such that

¢l U~ Xlsis'yl’ ¢1 e P,

J
¢2 Vo XZSijyZ, ¢2 e P,
*
¢3 : Sk=> XSSi, ¢3 e P,
] 5 5
! 1 ;
I
§ mmm- Domm oo
i j
t |

fig.3.1 This is not the case if P is

simple or semi-simple.
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or there exist 3 $ 40 ¢5, ¢ such that

P Y » szByZ, ¢4 e P,
®
bg - A= X3Si’ ¢S e P,
: *
g B = SQY3, bg € P .

This contradicts the assumption that P is simple.

(2) 1If there exists i such that (pi,j’ pi,j) = (0,0)

then Lj-$ (0, qk,j)’ Ay, ; > 0.

Proof. If the case of Fig.3.2Z occurs, then there exist
S bgs O3 such that

97 1+ U > xq8;85yy, ¢ € Py

0y 7 Vx5 Lyps 0 e Py

- *

$g C =» SiYS’ ¢ € P .

This contradicts the assumption that P 1is simple.

fig.3.2 This is not the case if P is simple.

(3) If there exists j such that Lj 3 (0, qi,j) i 3 > 0,

then Kip (P; ¢» 93,907 Pi,e 7 O

Proof. If the case of Fig.3.3 occurs, then since S; <- Sj’

there exist ¢y, ¢2 such that



JAERI-M 5526

¢ ¢ U - Xlsivyl’ ¢, € P,
*
¢2 : vV => SJYZ’ ¢2 e P ]

and since Si . > 82, there exist ¢3, ¢4 such that

¢3 i W XSXSRYS’ ¢3 e P,

by ¢+ X => X485, ¢4 £ P*,_
or

¢5 Y > XSABYS, ¢5 e P,

¢6 i A = xﬁsi, ¢6 £ P*,

¢7 : B => S£y7, ¢7 € P*

¢1 and ¢4 or ¢1 and ¢6’ however, contradict the assumption.

l'Sj St
[ 1
| 1
| I

S S
! 1
.

fig.3.3 This is not the case if P is simple or

semi-simple.

(4) If there exist i, j, k such that Lj =) (pk’j’ qk,j)’

), 1 > 0, then L, 3 (pi,ﬂ,’ qi,ﬁ)

.> 0 and Lj-3 (o, i,

Px,j 9,

= (0, 0) may be the case.

Proof. If the case of Fig.3.4 occurs, then there exist

¢y ¢2 such that

LI U -~ xlvsjyl € P,

. *
¢2 Vo= X551 _ ¢2 e P,

‘'or there exist oz, S g ¢ such that

—-27-.
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b, 1 U 7 X3ABy3, ¢3 € P,

3
*
b = J
o - A X4Sk’ $4 £ P,
*
. -
,QS . B Sjys, ¢5 € P

Moreover there exist ¢6’ ¢7 such that
¢6 D W 7 x5, Cyes ¢6 £ P,

- =
b, C PS8y, ¢, € P

ilt
i
&
11
R=a

Since the P is simple, ¢5-5 ¢7, B =C, A =5S,, ¢ 6

and Si = B(= Sy) hold.

fig.3.4 This may be the case if P is

simple or semi-simple,

Lemma 3.4

If a set P of rewriting rules is simple for a context-
free grammar G=(VN,VT,S,P), then f and g of following de-

finition are precedence functions of the grammar G:

£(s;) = miX(pi,i), (pi,l, qi’i) e Ky,
1/2, if there exists k such that
S.) = L. 0, ), gy s > 0,
8(8;) 32 00, a0, Ay g

0, otherwise,

where S., Sj’ Sy € (VN}J V).



Proof.
(1) Si <o Sj

By (3) of.the lemma 3.3, f(Si) = m%x(pi’g) =0, 2=1, ... ,
N, where N is the number of elements of (VN\J-VT)' By (2) of
the lemma 3.3, there is no Sy such that S; < Sj' By the assump-
tion S; <+ Sj’ it follows that Lj'; (O;qk’j), A5 0 and
g(s;) = 1/2.
Hence f(Si) < g[Sj).
(2) S. = S.

i j _
~ Since Ki $ (pi,i’ qi’l)’ Pi,£ > 0 by ({) of the lemma

3.3, f(Si)=mix(pi,R)=O, 2=1, REE N. Since Lj } (0, qk,j)’
dy j > 0 by (2) of the lemma 3.3, g(Sj)=O. Thus f(Si)=g(Sj).
(3) S, => S

1 j _ . .
By (3) of the lemma 3.3, f(Sk)=m%x(pk 2) > 1. On the

otherhand, since g(Sj) <1/2, f(Sk) > g(Sj) holds.

Q.E.D.

Let us show in the following discussion that there
exists a wider class of precedence grammars with precedence

functions.

Definition 3.5

The set P of rewriting rules of a precedence grammar
G=(Vy,Vy,S,P) is semi-simple if it satisfies following condi-

tions:

*29‘
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»

(1) py >0 for all k if there exists a k, such that py, > 0,
0

where Dy is an integer of the form'SipE<qulsj for any Si’
Sj ¢ (Vy VL)
(2) The pg-matrix whose (i,j)-element is defined by expres-

sions

p=mix(pi,k)-’ k=1,2, ... ,

q=mgX(qi,£), 2=1,2,

satisfies the conditibns (1) and (3) of the lemma 3.3.

Where the Pi .k and q.,2 are nonnegativg integers which
satisfy .precedence relations S.L Lrf 0(1%3"5.} ,Ga?ﬁfdﬁfﬂ SJ 7YY etc.
When the S, or Sj appears recursively, the value of the Pi .k
or qj,£ is defined as unity. Since the P is not simple, pair
(pi,k’ qj,l) is not unique, so that we have defined the (p,q)
element of the matrix in the above fashion.

(3) For the above mentioned pq-matrix,

Kk 3 (pk,ﬁ’ qk,i) = (0, 0) or ¢ if there exist i, j
such that Ki 3 (Pi,j"qi,j) (o, 0Q),
K 3 Py, g ,5) = (05 0) and K3 3 (py g» a5 ,5) = (0,00

(4) For the pq-matrix of the above (2), i=m and k=n if
there exist j,% such that
Ly > (py 5 95,50 = (0,00, Ly > (P57 9,350 = (Osay 50>

A, > 00 Ly D By oo A, g) = (0,00,

Ly 2 (pn,R"qn,Q) = (0, qn,l)’ qn,z > 0.
For a precedence grammar G with semi-simple P(Fig.3.5),

next theorem holds.
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-

: :
G l-mmme 2 =
g

fig.3.5 This may be the case if P is semi-simple.

Theorem 3.1

A précedence grammar with a semi-simple set of rewriting
rules has precedence functions.
Proof. In the sequence of functibns f and g defined by follow-
ing expressions, there exist precedence functions for .the

grammar G with semi-simple P.
(1/4, if there exist j, k such that
'Ki;9 (pi,j’ qi,j) = (0,0) and

Lj ) (O’qk,j)’ qk,j > 0,

f(Si) = 1/4, if there exists j such that K, 3 (pi,j’ qi,j)
= (0,0) and g(Sj) = 1/4,
ma}x[p:.L j), otherwise,
J 3
( . - .
1/4, if there exist i,k such that Lj > (pi,j’qi,j)
‘ = (0,0) and Lj > (O’qk,j)’ qk,j > 0, |
1/4, if there exists i such that ij9 (pi,j’qi,j)
g(85) = 4 - (0,0) and £(S;) = 1/4,

1/2, if there exists k such that Lj > (0,0),

Lj?B (O’qk,j) and Ak, > 0,

. 0, otherwise,

-31-.
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where S., S.
R i J

For every element of VN\J Vips let us determine the value
1

£ (VN\:/" Ved, G = V> Voo 3, P).

of £ and g. In a case of f(Si) = g(Sj) = 0 or f(Si) = g(Sj)
= 1/4, redefinition of the values of f and g will occur,

but we can redefine them in finite processes.

(1) Sy < S;

1 :j s ]
> 0. Ky i)(pi,t’ qi,t)’ Pi,¢ > OIfrom definition 3.5,

By 5. <= Sj, it follows that (pi,j’ a; ) = (0, q; ),

41,3

(2), we get qu(ﬁi’j) = (0. Hence f(Si) < 1/4. Since qi,j > 0,

g(Sj) > 1/4. 1f we suppose that £(5;) = g(Sj) = 1/4, then

-

there are following (a)-(d) cases.

(a) The values of f(Si) and g(Sj) are determined independently
of other g(Sg) and f(Sk): By the definitions of { and g, there
exist a row Ki and a column Lj(Fig.S.G) such that
K; (0,0}, Lj'fa(0,0) and Lj_9 (O,qk,j), Ui 0, i * k.

It is,

fig.3.6 This is not the case if P is semi-simple.
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however, not the case by (4) of the definition 3.5.

(b) Only the value of f(Si) is dependent on g(Sg); in
this case there are two situations according to the definition
of g(Si).

(b-1) The value of g(SE) is independent of other f(Sm):
there exist k, & such that L, 3 (pi’g, qi,i) = (0,0),
LR 2 (O,qk’g), qk,g > 0. By the assumption that g(Sj) does
not depend on other f(Sk), there also exists m such that
sza_(pm,j’ qm,j) = (0,0), i #+ m. This contradicts with (4)

of the definition 3.5.

(b-2) - The value of g(Sg) is dependent on f(Sm): If the
value of f(Sﬁ) does not_depend on other g(Su), this is the
same case as the above (a), so that such g(SQ) does not exist,

Suppose that g(SR) depends on the other f(Sm). By the

definition of f(§i) and g(S,), it follows that i ¥ m. Similarly
it follows that 2#fu. Continuing this process, we can get £
and g that are not dependent on other g and f, respectively.
Since the values of these f and g are i/é, they contradict

with (4) of the definition 3.5.

(c) Only the value of g(Sj) is dependent on other f(Sk):
The assumption that f£(S;} = g(Sj) = 1/4 leads to a contradic-
tion as in the case of above mentioned (b).

(d) The values of f(Si) and g(Sj) are dependent on other
g(SQ) and ftSk)f In this case there exist two seqﬁences of
functions £(S;) > g(S,) » ... and g(S5) > £(5;) ~

By (3) of the definition 3.5, the two sequences do not

become one, i.e., there is no sequence such as f(Si) > g[SR)

~33-
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becomes one, i.e., there is no sequence such as f(Si) > g(Sz)
-+ f(Sk) + ..., (fig.3.7). Hence the two sequences terminate

in the case of'(a);

5=

|
3
S e
]
| .
|
_4/\_..—— ©
L|
|
|

Sk

!

I

T_

fig.3.7 This is not the case if P is semi-simple.

By (a)-(d), the case f(Si) = g(Sj) = 1/4 cannot occur if

Si <-Sj. Hence f(Si) < g(Sj).

(2) 8; =S,

From the condition S; * S, it follows that (p; 50 Q )

i,]

= (0,0). Sigce K; $(pi'2, -qi’E), Pi,g > 0 by (2) of the defini

tion 3.5, max (pi,j) = 0, If Lj 3 (0, qk,j)’ qk,j > 0, then

f(Si) = g(sj) = 1/4 an@ Lj19 (o, qk,j)’ Ay, j > 0, hencg £(8;)

is dependent on other g(5,). f£(S;) = g(§;) holds if g(Sjj = 1/4
Suppose g(sj) = 0 by the assumption ng$ (o, qk,j)’ U, j >

In this case we can change without contradiction the value of

g(Sj) to g(Sj} = f(Si) = 1/4, because for S, such that Sy % Sj’

by (3) of the definition 3.5 there does not occur S, <= S5,.
Hence the f(Sk) does not change the expression f(Si) =

g(Sj)=l/4. Similarly we can show that there is no contradic-

tion in changing expression f(Si)=0 and g(Sj)=1/4 to f(Si)=

‘ g(Sj)=1/4. In other cases the f and g satisfy f(Si)=g(Sj)=0.

Hence f(Si)=g(Sj).
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(3) S;-> Sj

By (2) of the definition 3.5, it follows that K; 3 (0,q; 2) s

qi,ﬂ > 0 and f(Si)=m%x (Pi,ﬁj > 1, On the otherhand, g(Sj) 1/2.

Hence f(Si) > g[Sj). ‘ Q.E.D.

As the result of the theorem, we can get two corollaries.

Corollary 3.1

If the principal minors of a pgq-matrix of a precedence
grammar are the pg-matrices of the theorem and other elements

are empty relations, then the precedence grammar has precedence

functions.

The corollary may seem trivial, but it plays-an important
role in applications. Using this, we can blow up a precedence

grammar with precedence functions to a big one.

Corollary 3.2

In the generalized precedence grammars (grammars of A.
Colmerauer), there exists a famiiy of precedence grammars
_with precedence functions. Since the precedence relations
of a precedence grammars are defined as acé,.al+c_¢, p+dx+c

<> the pg-matrix maf be specified by assumihg ApPaB

b

instead of ApPar9B if A->B or Aar9B instead of ApPardB if

A<-B.
3.3 Comparative Results

The language difined by the family of theorem 3.1 may
seem too restricted for practical applications. We can

however show that the sets of rewriting rules of grammars

-35—.
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which describe currently existing typical programming languages
suéh as Fortran IV and Algol-like language PL360 are almost
semi-simple.

OQur experience indicates that almost all grammars have no
precedence functions in their original forms. The lemmas and
the theorem of previous Section give us a method to modify a
precedence gfammar to a precedence grammar with precedence
functions.

Since our computer program for precedence relation cal-
culation [Fuji 70] cannot analyze a grammar with more fhan 300
rewriting rules, we have skeletonized.the Fortran IV grammar
ignoring types of variables and then have partitioned it into
five independent grammars. A grammar for <expr> is shown as
fig.3.8. We have computed precedence relations and functions
of these grammars by Floyd:Wirth algorithm[Wir 65]. The
results are shown in fig.3.9. |

For any given context-free grammar, we can find equiva-
lent precedence grammarS[Fis 69, Lear 70, McAf 72}, buf in
our modification we used the technique to introduce new
terminal symbols to get precedence grammars Thus the lan-

guages obtained are not equivalent to the orlglnal ones.
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*SURSCRIPT LIST#

"ARITHMETIC FXPRw'

'sUBSCRIPT LIST!

*SUBSCRIPT!

‘LOGICAL EXPR*!

'LnGICAT TERM!

'LaGICcAL ExPr=' .0OR. *LOGICAL TERM!
'LOGICAL TERMs'

"LOGICAL FACTOR?

"LOGICAL TERM®t . AND. 'LOGICAL FACTOR!
'LnGICAL PRIMARY?

NOT., +LoGIcal FRIMARY®
'PRIMARY.1'

"RELATICNAL FXxPR'
¢ "LOGICAL EXPR' D
'"ARITHMET]IC EXPR*!'
'ARTTHMETIC EXPRat
LT

CLE!

“EQ.

INEl

.GTI

«GE .
FUNCTN=IDENTIFIFR (
*ACTUAL ARG L1ST#!?
"ACTUAL ARGUMENT?'
"ACTUAL ARG LISTar
*ARITHMETIC EXPR#!
'LOGICAL EXPR#'
EXT=FUN=NAMFE

'REL OP'

fige 38 Expression of Fortran IV deseribed by
a8 precedence grammar

*ACTUAL ARG LISTY

*ACTUAL ARGUMENT?

"ARITHMETIC EXPR##?

)
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s Pl v, VT' tof Tl X R| or| EQf LT oT2|LT2
F | liain control | 104l 49| 65| & 1| 366| 143} 85 138{ 128] -31
g ‘Declaraticns .60l 301 24 0 2 71157 74| 43 4o 26 4
T | Format st. bol 241 207 1) 1| 11433 243| 37| 153| 126] 81
E 1/C statements | 54 2k 25| 2| 1] 4j1tol 49| 37| 65 43| 6
N | Expression 53 26f 22| ©| 0] 6|536|322{ 31| 183| 250, 79
PL36C _ 194 651 64t ¢l o]13 (1531 975|117| 439 498183

fig. 3.9 Precedence relations of FURTRAN IV and PL360 languages.

Notations of fige 3.9 »

For a grammar G = (VN’ VT, s, B},
T : number of newly introduced terminal symbols to make G a
precedence grammar,

Tf:

with precedence functions,

number of terminal symbols to make G a vrecedence grammar

K : number of columns which have the form of fig.3.1l or
fig.3.,3(a few cases of (3) and (4) of the definition 3.5 are
not counted here.), : '

R : number of relations, .

GT: number of relations which satisfy Av» B for A,BGCVNUYT).
EQ: number of relations which satisfy A= B for A.B&(VNUVT),
LT: number of relations which satisfy AA(‘ B for A.BQ(VNU'V,I;;),
GT2: number of-relations which satisfy AD B for A€ (Vpy VT)-'-

_ and B_(-_ VT, _

LT2: number of relations which satisfy A4 B for A é(vNuvT),

and B & Vo
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When a precedence grammar G = (Vys Vs S, P) has no
precedence functions, we can get a:new precedence grammar

G' = (Vy, Vg “{a, b, ¢, ...} , S, P') with semi-simple P’

N?
by introducing new terminal symbols a, b, ¢, ... . The in-
troduction of new terminal-symbols becomes possiBle_when the
input string 1s preprocessed an& is changed to fit into the
L(G'). This means that the scanning routine for input strings
must be rewritten when the grammar G' is changed to a new
grammar G'". This is theademerit of the technique used in
this chapter.

On the otherhand, the lemmas and theorem 3.1 give us
an intuitivé insight aé to wﬁether what type of grammars,
or more precisely, what type of set of rewriting rules has
precedence functions.

In next chapter let us prove that we can go furthermore,
that is, we can get a new precedence grammar with precedence
functions without introducing new terminal symbols. But the
result of this chapter is still useful when we have to con-
struct a new precedence grammar wifh precedence functions
with minimum modifications because the characteristics re-

presented by the lemmas and the theorem are closely related

to any precedence grammar with precedence functions.

3.4 Concluding Remarks

From the above discussion we may conclude as follows:
(1) There exists a family of precedence grammars with pre-
cedence functions which is a good approximation of cur-

rently existing programming languages such as Fortran

_39— .



(2)

(3)

JAERI-M 5526

IV and Algol-like language ?LBGO in its structure.

The lemmas and the theorem play a role of approximation
theory to obtain precedence grammars with precedence
functions.

The introduction of new terminal symbols is inconvenient
becauée we must change the scanning routine of input
strings according to the introduction of new terminal

symbols.
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Chapter 4

On Existence of Precedence Functions

As we have seen in the chapter 2, practical applications
of precedence grammars meet with a difficulty since sizes of
precedence matrices used in the analyses of the grammars be-
come so big. The one of methods to solve the problem is to
use precedence functions. Precedence functions, however,
have not been considered as tocls for analyses of the grammars
since precedence grammars generally have no precedenee func-
tions. But they are very useful in analysis and construction
of a compiler if they exist. Fortunately there exist equlva-

lent precedence grammars with precedence functions for a given

precedence grammar and the grammars are natural extensions
of the given grammar. The author uses the fact in construc-
tion of a compiler of a modified PL360 language named GPL

[Asa 72a, Asa 72b].

4,1 Existence of Precedence Functions

In this section let us show the existence of equivalent
precedence grammars with precedence functioﬁs for any given
precedence grammar.

rLet G =_(VN, Voo S, P) be given precedence grammars.

Two functions f and'g with N values respectively are
called precedence functions of G if  they satisfy following

relations for any S;» S5 € (VN‘v’V

j T) s
if Si <* ‘Sj then f(Si) < g[Sj) .
if Si = Sj then f[Si) = g(Sj),

if S; o> S, then £(5;) > g(8;),

—41— .
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where N is the number of elements of (VN‘J VT).

In this discussion the grammar G may or may noct have

precedence functions.

Definition 4.1 Symbols f. and g5

fi and gj are symbols which have one-to-one correspondence

with function values f(Si) and g(Sj), respectively. These

symbols have precedence £, < g; if 5, < Sj’ £, = g; if
Si = Sj’ or fi-> gj if S; = Sj.

We sometimes denote fi < gj if fi and gj have precedence

f. <= g.

i ; or,fi * g..

J

Definition 4.2 Sets Hl, ve e Hn

We denote by H; a set {fl’ v s fn’ gl} and by H a set

{f: f

1r e n’ gl’ s 1y gn}-

Definition 4.3 Cycle, Monotone Cycle and Set B(h)

If there exists a sequence ththRZ S hmRmh1 for non-
empty relation R, e {+>, <=, 2} and H_ 3 hj’ j=1, ..., m, we
call the sequence as a. cycle of hl' This cycle is said to be

a monotone cycle if a transitive relation h1 <= h1 holds for

the cycle. In this case we say that the set Hn contains a
monotone cycle. We alsc denote h e B(h) if there exists a

monotone cycle of h and h ¢ B(h) otherwise.

Theorem 4.1

A precedence grammar G has precedence functions if and

only if every element h in the set H of the definition 4.2



e

JAERI-M 5526

for the grammar G has no monotone cycle.

Definition 4.4 fi—line, g(Sj, fi)’ L(fi), U(fi)

Let us assign integer values g(Sj) and f(Si) to symbols
g. and fi of i th row Ki of the precedence matrix M. We
adjust the values of £(S,) and g(s;) to £(S;) < g(s;) if

£.o<o go, £(8;) = g(s;) if £; = g and £(5;) > g(s;) if

1 J
fi -> g5 beginning with the first row of M. We call a set
{f;, f(Si), g1 g(S4)s +vv s By g(SN)} and the correspond-
ences fi‘+ f(Si), gj4+ g(Sj) thus obtained as fi-line. The
value g(Si) on the fi-line is sometimes denoted as g(Si, fi).

Sets L(f;) and U(f;) are defined by |
L(fi)

U(f;)

{gjlfj_.> gj’ oT fiégj’ gj E Ki}’

{gj]fiG g-

. g. € K:}.
3 gJ £ 1

1

Definition 4.5 Slide to the right

We say that a subset A of HN is slided to the right by
a value h(Si) when for all elements h of A, h(Sj) of hj
(hj e.A) is set to h(Si) + 1 if hi <e hj and h(Sk) of
hk(hk g A) is set to h(Sj) or h(Sj) + 1 if hj & hk’ or
hj < hy, accordingly. '

Proof of theorem 1.

Since it is obvious that the condition is necessary,
let us show -that it is sufficient. The proof procedure 1is

sketched as the following;

(1) we can make a new fl-fz—line from fl and fz-lines if

h ¢ B(h), h e H,,

—43— .
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(2) assuming that we have fl.......fn—line under the assump-

tion h ¢ B(h), h ¢ Hn, n=N-1,

f (3) we show that we can make f1 ....... fn—line from

% Floennn £y ,-line and fy-line for n=N if h § B(h), h e H.
|

| Step 1.

(1) L(fl)[\ L(fz) > g3
(1) If g(Si, fl) = g(Si, fz), then g(Si) on fl and fz-lines
remain unchanged.
(ii) If g(Sy, f;) > g(S;, f,), then let g(S;, £,)
g(Si, fl) and slide U(fz) of f2~1ine to the right. In this

case U(fz),\ L(f1) = ¢(empty) or L(fz)(\ U(fl) = ¢ since
assumptions U(fz) f\L(fl) > gj, L(fz){j U(f1)39 81 and
redefinition of g(Si, fz) cause a redefinition sequence

g(Si,f1] > g(si’fz) - g(Sj:fz) - g(sjsfl) > g(Sk,fl) >

g(Sj,fz) > ..

This contradicts the assumptions that g ¢ B(gj), g, ¢t Blgy)-

(ii1) If g(S;,f;) < g(S;,f,), then let g(S;,f;) = (8

fzj and slide U(fl) to the right. As 1is the above (ii),
this does not cause a loop of definitions for gj.
(2) LUEP AUEDD g
Let L{f)) = L(fl)\J’{h]h < gi, he H,} , and
U(E,) = U(f,) Lf{hlgi <r h, he Hz}.
(i) If g[Si,fl) = g(Si,fz), then values of g; on fl and

f,-lines remain unchanged.

2
(1) If g(S;,£;) > g(5;,£,), then let g(S;,£,) = 8(5;,f;)

and slide g, on fz—line to the right. This definition of

g(Si,fzj does not change other values of g5
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(ii1) 1If g(Si,fl) < g(Si,fzj, then let g(Si,fl) = g(Si,fz}
and slide U(flj of fl—line to the right. As is shown in
(1) and (2), U(fl)/\ L(fz) = ¢ and the definition of g(Si,

fl) does not cause a loop.

(3) U(E q LUEY D gy :

We can define the value of g; as the above (2).

(4) UED AUEDD g |
(1) If g(Si,f ) = g(Si,fz), then values of g; on fl and
£,
(ii) If g(Si,fl) > g(Si,fz), then setting g(Si,f2)<= g(Si,

~-lines remain unchanged.

fl), we slide g; on szline to the right. By the assumption
that L(fl)ﬂ$ gy L(fz)Ep g5 only value of g; on fz—line is
redefined. Hence this redefinition of the value of g; does

not cause a loop.

(1ii) If g(Si,fl) < g(Si,fz), then setting g(Si,f1)<= g(Si,
fz), we slide g, on f.-1line to the right. As is mentioned

1
in the above (4)-(ii), this redefinition of value does not

cause a loop.

(5) Product set is empty

The value of g, on fl-line remains unchanged.

Definition 8. f£y»f,-line, L(£;/f;-5,), UCE /€1 -£,), 8(Sy,Fp )

Iterétions of operations of the above (1)-(5) for_Si(i=
1, ... ,n) make values of g(Si,fl) and g(Si,fz) equal on f1
and fz-lines. "Hence we can.make a line fl-fz from flvand
f,-lines and dehote g on.the line with g(Si,flrfz), L(flj
and U(fl) with L(fl/fl-fz), U(fl/fl-fz), respectiyely.
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Step 2.
Assume that we have fl ..... fn_l-line. We show that we
can make f£,..... f -line from f,..... f and f_-lines.
1 n 1 n-1 n
(6) L(fn)/\lifp/fl ..... fan?‘Q g5 (1 <p <mn-1)
Let L(fp/fl ..... fn—l) = L(fp/f1 . fn—l)\J_{h|h <t gy
h e H } and
n
U(gi/f1 ..... fn 1) = U(g.l/f1 ..... fn_l)\J{h|gi <+ h,
heHn} |
(1) If g(Si,fn) = g(Si,fl ..... fn-l)’ then values of g(Si,fn)

and g(Si,fl e fn—lJ remain unchanged.
(ii) If g(8;, £) > g(8;, £; ... £..1)s then let g(8;, f;
f..1) = g(Sy, £ and slide U(gi/f1 e anl) of £y

f -line to the right by g;. By the assumption g; ¢ B(gi),

n-1.
we' get g. <{ g; on fl cen fn_l—line.
1f g, ¢ L(fn), gy € U(fn), gj £ U(fq/fl cen fn-l) and

gy € L(fq/fi e fn_lj, then we have g < £o<- gj(l < q

< mn-1) on £y ... fn_l-line and g; <o £ < g on fn-line.
‘In this case the definition of gj causes loops but it contra-
dicts the assumption that g; ¢ B(gj).

(iii1) It g(Si, fn) < g(Si, fl “ue fn-l)’ then‘let_g(Si, fn)
= g(S;, fi ... £,.;) and slide fn\Jij(fn) to the right by
g(Sif £ If there exist g; and g, such that g, ¢ (U(fn)n
L(fq/f1 ca fn_l)) and gj £ (L(fn)/\ U(fq/f1 ca fn_l)),

(1 < g < n-1), they satisfy relations g, <- fq < gj on fl

f

-line and g5 <+ £, <+ g oon f,-line. This contradicts

n-1 I

the assumption that-gj £ B(gj) and g, ¢ Blgy)-

(1) LUED A UCE/E] won £p) D 85
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. U O
Let U(fp/fl e £09) U(fp/fl ce £09) {hlgir< h,

h e H } and
U(g /fy «o- £,.9) = U(gi/fl‘,_, £ u{h|gi <+ h,
h ¢ Hn}_ |
If there exists £ on f, ... £ -line such that g. <+ f_,

(1 <gq <mn-1), the same discussion as of (6) follows. If no

such fq exists on fl co fn_l-line,‘there is no trouble to
slide g; to the right. Similar discussion as of (6)(iii)

follows when we slide £ \J/U(f ) on £ -line to the right.

(8) Ul ) A~ L(fp/f1 e fn_1)29 g
= A\ .
Let U(g;/f; «.. £,.9) Ulgy/f) v £ 0™ {hlg; < h,
h € H_} and
n
U(fn)
We slide g; to the right according to g(Si,fn) % g(Si,

u(£) Y {hlg; <* h, b e H_}.

fio.... fn-l)' By the assumption thaF gj ¢ B(gj), we can

define the value of 85 in finite operations.

(9) U(fn) o U(fp/fl ..... f..1)9 8; | |
Let U(g;/fy----- £.4) = Ulg;/Ep.---. fn;l)‘J thlg; <- h,
h ¢ Hn} and

= V) .
UCE) = UGE) Y thlg; <- by hoe )
We slide g; to the right according to g(S;,f)) Z g(S;,
fl.....fn_l). By the assumptionﬁthat g; ¢ B(gj)? wg-can

define the value of g4 in finite operatilons.
(10) Product.set is empty

The value of g; on fl e fn_1

Iterating the above operations we can set all elements of

H ona real line. Hence there exist precedence functions if
h ¢ B(h) and h € Hy

oT fn—line remains unchanged.
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The precedence grammar G of following example has no prece-
dence functions since it includes a monotone cycle £(A)<g([)<£([)

=g(])<f(x) if we assume > > p+ax+,

Example 4.1

For simple precedence grammar G=(VN,VT,A%P}, VN={A,B,C},
VT={[’]!A}1 P={¢1j seny ¢6}’ ¢1 : A - CB, ¢2: A~1T11,
RS B> A, dyt B » XA, ¢ B » A, PR C » [, assuming

e> D p+ak+, we can get its precedence matrix as fig.4.1

} J o>
[l >0 = >
A E < D> <

fig.4.1 Precedence matrix for G

By the theorem 4.1 a precedencé grammar G has no prece-
| ‘dence function if the set H={fi,gj|i,j=l, ..., n} of a prece-
% dence grammar contains monotone cycles. We can, however, ob-
} tain a new set H' which has no monotone cycle by transforming
H to H'={fi,gj.]i,j=1,..., m}, m>n, H' DH and G to G'. Let:
'us note that this transformation preserves a condition L(G)=L(G').

From this fact we have following theorem.
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Theorem 4.2
For a given precedence grammar, there exist equivalent

precedence grammars with precedence functions.

Before giving the proof let us sketch the proof proced-

ures briefly.

=1, ..., n} of a

(1) Suppose that the set H = {fi’ gj| i,.j

precedence grammar G contains a monotone cycle fi < ogy <°

fk <v ,,., <= fi'

(2) We can remove the monotone cycle by adding new variables
and rewriting rules to G as following:

(i) When a relation fi <. gj is induced by a relation

fi ar’ g5s we can change both relations to fi p+ak+ gj

and to fi"> g. by introducing new variables and new re-

writing rules.
(ii) When a relation fi o> g5 is induced by fi o+ax+gi, we
can change the relation to fi < gj.
(iii) When a relation gj < fk is induced by a relation

fk p+ar gj, we can change bdth to fk p+ux+ gj and to

£ < g5» respectively.
(iv) ,When a relation'gj < fk is induced by a relation fk
Yart g., we can change the relation to fk < gj.

P j
(3) We can remove monotone cycles by the above procedures.

A difficulty, however, arises since removal of one monotone .

cycle may induce another monotone cycle.

For example, in the following two cycles, a monotone
cycle C1 may be removed by changing f1 <+ gq to fl *> g1

but the change may induce another monotone cycle Cz;

—49-— .
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Cp ¢ £y <r gy <0 £y <0 gy < 0y,
C2 : fl e g1 > f3 > g3 "> fl.

Let us, however, change C1 and C2 to Cl‘ and to Cz';

Ci' s £ m> ey < £ <t gy < By,
CZ' : fl > gy ot f3 "> gg fl.
Then let us change gy *? f3 to gq < fS’ and do the Same
operations as the above for a newly induced monotone cycle.
Continuing these operations we can obtain a rélation
g, < fi for any fi such that fi R gq> where R is a prece-
dence relétion.
(4) We have thus removed all monotone cycles of gq- By the
same operation we can remove all monotone cycles of gz,
- Epe |
These operations increase variables and rewriting rules
of the grammar, so thaf the set H changes to H':= {fi,gj
i=1, ... , n, n+l, ..., m}
Sinde monotone cycles of H' can be removed by.removing

those of H, the grammar for H' has preéedence functions.

Proof of theorem 4.2

We can obtain the above theorem by following lemma 1

and lemma Z.

Lemma 1. _
A grammar G(n+l) which is derived from a precedence

grammar G(n) = (VN{H), Vv S, P(n)) by following operations

T’
(P1)-(P3) satisfies conditions
1) 1™y = 1y,

(2) c(m*1l)is a precedence grammar.

1
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(P1) If there existsa rule and a derivation sequence such

that
¢+ D~ x;CByy and C=> x,A (x, ¥ 43,
then replace the rule ¢; by new rules ¢;', LPS
¢13: D+ X1CB'yl, ¢2”: B'" - B
by introducing a new nonterminal B',
% (n) vy oy (M V)
where ¢1', ¢2" ¢ P and B' ¢ (Vy T

(P2) If there existsa rule and a derivation sequence such

hat
tha ¢q: D -+ xlACy1 and C=> By, (yz F4),

then replace the rule ¢ by new rules ¢1', ¢2”
6,": D > x{A'Byy, & A" > A
by introducing a new nonterminal A',
where ¢1', ¢2” £ P(n) and B' ¢ (VN(H)\J VT).
(P3) If there existsa rule such that
s D > xpABy; (A4 4% B),
then replace the rule ¢; by mew rules ¢;'s ¢p"
6,7t D+ x;CByp, ¢ C > A,
oT |
¢1': D > xlACyl, ¢2”; C - B,
where ¢;', ¢, ¢ p(M) and c ¢ (VN(D)\J Vo).

_ Proof for (1): It is obvious that L(G(n+1))j) L(G(n))

and L™ 1)y 1My, Hence 1Py = Le(™y. |
Proof for (2): The operation (P1l) replaces relation

E. oo B by relations F. p+u_B'and E. p+a1+ B for all F;

Such that C=> xFi. Since B' is a new symbol, there exists

no relatioﬁ such that F;, o B'. Hence B' satisfiés.the condi-

tions [2'5 and (3) of.2.6.3 of chapter 2. Similar discussion

is applicable to (P2Z) and (P3).
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Lemma 2.

There exist precedence grammars with precedence functions

in the set ;f grammars G(HQ of the above lemma 1.

Proof: Let us assume that G(l),is a precedence grammar
without precedence functions.
Let fl gy . < fl be one of monotone cycles of G(l).

(1) If all precedence relations of this monotone cycle is of
the form p+qk+, we can remove this cycle replacing <+ by >,
OT+> by <, respectively.

(2) If none of the‘relations is of the form o a)’, modifying
G(l) by operations of the lemma 1 and inverting precedence
realtions we can remove the monotone cycle.

(3) If the inversion of precedgnce relations causesno new
monotone cycles, G(n) has precedence functions.

(4) 1If the inversion of a precedence relation from f1 S

to £, % g, causes a new monotone cycle f1-> g, > fi g

1
o f (f; i £13, then we can modify the grammar so that a

1’
relatlion g, <»f.l holds. Since we can modify the grammar
such that a relation g, <'fi holds for any fi’ monotone
cycles of g, are always removable.

Iterating the above procedures (1), (2) and (4), we can

obtain G(n) with precedence functions.

Example 4.2

Introducing a new variable A' and changing the rewriting
rule ¢, : A > [ 1 to ¢', 1 A Al L 0T, : A" > [ of the gram-
mar G of example 4.1, we can obtain a grammar G' with prece-

dence functions as following:
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S = A A B C ] [ A
£(S) =| 2 1 1 1 2 4 2
g(s) =| 2 3 1 3 1 3 2

fig.4.2 Precedence functions for G’

As many authors have profed[Fis 69, Lear 70, McAf 721,
we can get equivalent precedence grammars for any given comn-
text-free grammar by using techniques (P1), (P2) and (P3) of
theorem 4.2.. |

From this fact we have following theorem.

Theorem 4.3

There exist equivalent precedence grammars with prece-
dence functions for a given context-free grammar,

The author had not yet obtained these theorems when he
began tb construct the GPL compiler[Asa 72a, Asa 72c].
At that time the author, as we have seen in'the chapter 3,

adopted following method;

(i) - there exists a family of precedence grammars with prece-
dence functions,

(ii) by introdﬁcing new variables and terminal symbols we
can transformrany precedencg grammar to a grammar of the

family.

—-53—-
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The above method has, however, some defficulties since
the introduction of new terminals enforces the scanning
routine of the input symbol to scan symbols context sensi-
tively.

If a grammar has precedénce functions depends on frequ-
encies of appearances of terminals in the right parts of re-
writing rules, so that it is easy to obtain precedence gram-
mars with precedence functions since numbers of such trouble-
some terminals are usually a few,

We can use the same procedures to obtain precedence gram-
mars from a context-free grammar and to obtain precedence
grammars with precedence functions from a precedence‘grammar.

This fact assures us thatlwe can obtain an equivalent
precedence grammar with precedence functions immediately when
we have obtained a precedence grammar from a context-free
grammar, and that we may take the term "equivalent grahmars”

as "equivalent grammars with the same analysis mechanism".

4.3 Concluding Remarks
From the above theorems we have obtained following re-

sults for precedence grammars:

(1) The necessary and‘sufficient condition that a preéedence
grammar has precedence functions.

(2) The existence of equivalent precedence grammars with
precedence functions to any given precedehce grammar,

(3) The existence of equivalent precedence grammérs with

precedence functions to any given context-free grammar.
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Récent publication shows that David F.Martin[Mar 72],"
although the method is different, has independently obtained

the same results as the author’s.
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Chapter 5

Experience with the GPL

5.1 Introduction

It is the current trend that not only problem oriented
high level ﬁrogramming languages but also simple software
writing languages are described and analyzed by context-free
grammars. One of the aims of PL360, GPL, or more generally
machine oriented languages of these types is to resolve the
problem of so called "software crisis' by providing program-
mers tdols to promote their productivity of‘software.

If a language 1s used as.a tool for software production,
it will be used extensively in debugging the software. In
that case the compilation speed of the compiler is one of
important measures for usefulness of the language. The for-
malism of analysis, that is, the assumption of explicit exis-
tence of phrases will reduce the speed, but to what degree?

In this chapter let us investigate the problem using
the GPL as an example. A

The usefulness of GPL as a software writing language 1is
also discussed by examples.

The GPL is a software writing language derived from a
simple precedence grammar with precedence functions. The
language is a modification of the PL360[Wir 68].. It 1is

different from the PL360 on following three points:

(1) The GPL compiler produces relocatable binary form object

programs.
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(2) Programs written in the GPL may call Fortran subprograms,
or they may be called from Fortiran programs.
(3) Except index registers, explicit registerrspecification

is not allowed in the language.

The compiler of the language is written in Fortran IV
and has been used for two years by the author and others.
Using FACOM230-60 computer(0.92 ps cycle time), the compiler
compiles from 1200 to 1600 source cards in a minute. It
produces compact and efficient relocatable form binary object-
programs which are, in their memory utilization and execution
efficiency, comparable to programs written in assembly lan-

gauges [Asa 73b].

5.2 Basic Notions

Let G = (Vy, V S, P) be a simple precedence grammar

N T
with precedence functions.

There exist, however, equivalent precedence grammars
with precedence functions for any given precedence grammar.
We can get equivalent precedence grammars by modifying any
given context—free'grammar and we can also get equivalent
precedence grammars with precedence functions by médifying
a pretedence grammar. These are the results of preceding
chapter. |

The author's experience for the Fortran IV language
shows that in the former modification, the values of #(VN);
i.e., number of elements in the set Vy, and #(P) increase
about 25 percent. This fact seems coincide with that of

J.McAfee and L.Presser for Algol 60[McAf 72]. On the other
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hand, in the latter modification, the experience of the author
for the Fortran IV and the GPL shows that the values of #(VN)
and #(P) increase in only a small percentage(in five percent).
These two modifications induce stratifications of variables,
That is, the modifications are done by introducing a new
variable A', a new rewriting rule ¢: A' > A and.adding the
variable and the rule to the original grammar G. As the
results, numbers of such derivations as the form Al -+ Az -

| . > An increase, where each Ai is a variable. Deriva-

tion sequences of this form are called chain rules.

By the term semantics of a rule we mean a set of opera-
tions for tables and stacks defined by the compiler designer
for the rule. We say a chain rule A » B has null semantics
if no operation is defined for the rule.

In the analysis process of an input string every phrasé,
even if it appears in a rule of null semantics, must be de-
tected and reduced to a left part of a rule. Hence the number

of chain rules has effects on the efficiency of the compiler.

5.3 Computational Procedures of Precedence Functions

Several methods have been proposed to compute valueé of
precedence functions. We may classify these methods into two
cafegories. The one of them is originally proposed by Fioyd
[Flo 63] and is used by Wirth[Wir 65]. The author's proce-
dure[in the previous chapter] also‘falls into the same cate-
gory. The other one is given by J.R.Bell[Bell 69]. Bell useé
a 2N x 2N Boolean matrix to compute precedence functions, where

N = #(VN\/VT) in case of Wirth-Weber type precedence grammar
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[Wir 66] and A. Colmerauer type[Col 70] precedence grammar,
or N = #(VT) in case of operator precedence grammar. In most
cases the values of N's of practical compilers exceed 100,
for example, as for the GPL(modified.PLSGO), which is des-
cribed by Wirth-Weber type precedence grammar, the value of
#(VN\J‘VT) exceeds 160. In the construction of the GPL com-
piler, the author and others[Fuji 70] provided two proce-
dures of Wirth and Bell. The procedure of Wirth computes
values of precedence functions by checking non-null elements
of a N x N matrix, where N = #(VN\«’VT). The computational
procedures become recursive,'but the number of procedures

pushed down by the recursiveness is usually small. The pro-
(i)

cedure of Bell computes a 2N x 2N Boolean matrix
1

i

n ™ 2

where M a M x M(i-l), mM(1) =,

By the procedure of Wirth, using FACOM230-60 computer
(0.92 micro second cycle time), it required 7 seconds to get
the precedence functions of the GPL of about 2000 relations.

On the other hand, Bell's procedure seems to require
very much time to compute the functions.

Another merit of Wirth's procedure 1is that using it we
can modify a precedence grammar to an equivalent precedence
grammar with precedence functions. As is shown in the pre-
vious chapter a precedence grammar has no precedence functions
if and only if it has a cycle of the form f(Si) < g(Sj) <
.v. < £(8;) for an element S, of (VN‘M/VT). We may make use
of Wirth's procedure to find the cycle, and when we find the

cycle, we can remove the cycle by modifying the original

grammar,
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5.4 Computation of Precedence Relations and Precedence
Functions |
The GPL is a language derived from a precedence grammar
with precedence functions. To get the data for control of

syntactical analysis of the-input program, following proce-

dures are used:

(1) The grammar is described by the Baékus form,

(2) the grammar is modified to a precedence grammar,

(3) the grammar is modified to a precedence grammar with
precedence functions,

(4) the data for the compiler are computed.

The grammar thus obtained is guaranteed to be equivalent
to the original one[Fis 69, Lear 70, McAf 72, Mar 72 and Asa
72b]. |

As is shown in the fig.5.1, these procedures compose
a computer progrém[Fuji 70]. It is, however, better to
modify the grammar by clerical operations, so that we can
usually avoid appearances of rewriting rules of same right
part under the assumption that the grammar is bounded context.

The fig.5.2 shows our method to retrieve left parts of
rewriting rules. This method requires a small amount of time

and memory for the retrieval of a left part.
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fig. 5,1 Computation of precedence grammars
and precedence functions
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Explanation:

The retrieval of the left part Sy of a rewriting rule
Sk -3 Si sre Sj is done by following procedgres;
Every symbol Si. ese 3 O Sj in the control stack CS is
converted to a numerical value.
2. The compiler begins the retrieval when relations SP < Si,
Sj i} Sq hold for a stack symbol SP and for an input symbol

3 .
3 %he sum ﬁ = Si 4+ .¢¢ + S_ gives a location of the LP
table. If LP(Z ) > O, then the value LP( ¢/ ) is the S5, .
L, 1f LP(dQ ) < 0, then there exist several rules of which
right parts have the sum JZ' . These rulec are stored
in a table MULTR. The value |[LP( ¢ )| gives first
location of ecorresponding rules. Collating right parts of
the stored rules and the symbol string S; eee sj in the

control stack, we find the Sk in the MULTR.

fige 5.2 Retrieval of a left part of a ruls

__62...
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5.5 Detection and Reduction of Phrases

As is mentioned in the previous section, the modifica-
tion of a context-free grammar to a precedence grammar and
a precedence grammar to a precedence grammar with‘precedence
functions has a tendency to increase numbers of chain rules.
In a practical compilation process, W€ often give null seman-
tics to chain rules. For a proper syntactical analysis,
however, a phrase B of a chain rule A > B must be detected and
reduced to A. Hence the number of chain rules of null seman-
tics appeared in the analysis process has of great importance
on the efficiency of the compiler.

The fig.5.3 shows Floyd's Treesort3 prograﬁ written in
the GPL. The fig.5.4 and fig.5.5 show 2 statistics obtained

by the GPL compiler in the compilation process of the Tree-

sort3 program.

—63- -
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*GPL FASP
.BEGIN
PROCEDURE TSORT3(M,N) ¢
COMMENT ALGORITHM 245. TREESORT3 BY ROBERT W. FLOYD.
THE COMM. OF THE ACM., DEC., 1964. §
BEGIN ARRAY 100 REAL M$ INTEGER N$
: PROCEDURE EXCHANGE (X,Y)$
BEGIN REAL X,Y,T$
T=X$ X=Y$ ¥Y=T$
END $
| PROCEDURE SIFTUP (I,N)$
} ) BEGIN INTEGER I,N,J,K$ REAL COPYS$
i K=I$ X1=K$ COPY=M(X1)$
LOOP.. J=2*KS$ X1=K$ X2=J$
IF J.LE.N THEN
BEGIN IF J.LT.N THEN
: BEGIN IF M({X2+1).GT.M(X2) THEN x2=x2+1$ ENDS$
| IF M(X2).GT.COPY THEN
BEGIN M(X1)=M(X2)$ K=X2$ GOTO LOOPS$ ENDS$
END$
M(X1)=COPYS
END $
INTEGER IS
I=N/2 $
LO.. SIFTUP{I,N)$ I=I-13% IF I.GE.Z2 THEN GOTO LO $
I=N §
Ll.. BEGIN SIFTUP(1,I)$ X3=I$ EXCHANGE (M(1),M(X3) }$
ENDS
I=I-1$ IF I.GE.2 THEN GOTC Ll $
ENDS
END

fig.5.3 Treesort3 program described by GPL
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Item Number
used rules 507
null rules $47
chain rules IR 7
mu lti —rules 10K
retrieval RE
jength 760

fig.5,4 Numbers of procedures used for detection
and reduction of phrases
Length | ! e 3 |4 8 i I ?
Nﬁmber 120 57| 18|15 | 2 1 g |4 10

fige 5,5 Chain rules
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The fig.5.4 shows

(1) The total number of rules used is equal to 507.
{2) The number of rules with null semantics is equal to 247,

(3) Chain rules of length unity cannot be compressed their

lengths furthermore, but for a chain rule of the form
Al - A, > ... > A, the sequence Ay > Az > .. A s
either introduced to make the original grammar as a prece-
dence grammar or it is contained in the original grammar.
The fig.5.5 shows the numbers of these sequences. In any
case it is desirable to compress the sequences to forms
Al > A at the design stage of the grammdr or in the compila-
tion process to accomplish an efficient compilation.

The number of chain rules, excluding rules of length

unity and including rules with null semantics, is equal teo

387,

(4) As is shown in the fig.S.Z,'the left and right parts of

a rule are represented by numerical values. The left part

of a rule is represented by an additive sum of the right

part. Hence for a numerical value of a right part, there

sometimes correspond more than one left part. Let us call

this one to many correspondence as a collision of variables.
The number of variables which caused collisions in the

retrieval processes of left parts is equal to 198,

(5) The number of collations operated between the control

stack and the rule table to get proper left parts in case

of collisions is equal to 383.

(6) The total length of right parts which appeared in the

process of compilation is equal to 760.
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As is mentioned before, the precedence grammar has a
tendency to include many chain rules. As the result, by
the adoption of a precedence language the compiler will be
forced to detect an& reduce many variables with null seman-
tics.

The statistics of fig.5.4 and 5.5 show that the time
speﬁt for detections and redﬁctions of rules with null seman-
tics is not small.

Since we have no space here to list up the syntax of the
GPL(see Appendix A), let us discuss the problem by another

example.

The fig.3.8 shows the syntax of expression of Fortan IV
described in the Wirth-Weber type precedence grammar. This
precedence grammar has precedence functions. The fig.5.6
shows compilation processes of a sentential form | (@ xb +

c x d) | by the grammar.

-67—.
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Stack g:;zz- g;ﬁggl Operation Used rules
1 <
¢ <3 e
{a > X a =37 21, 18, 16, 14, 13, 10
(7, ® < b ,
(my % b > + b =7, 21, 19, 16, 18
repesat T XAy =N 11
(m > +
repeat 9, 4
(m + < ¢
{7 +ec > b e £ =7, 21, 19, 16, 14, 13, 10
{m+m,%X < d
(g7, Xd > ) d = m, 21, 19, 16, 14, 18
(ny+7, X7, > ) MgX My = My
{7, +n, o I 10, 9
repeat L/ ol PN
(m > )
repeat 7. 3
(ny) > 1
repesat 17, 14, 13, 10,9, 4, 8, I
1 = L

fig. 5.6 Analysis of a sentential form

1 {ax b4 exd) g
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Numbers listed in the "Rules' field of fig.5.6 show
numbers of rewriting rules used to analyze the sentential
form. The purpose of the compiler 1s to do actions listed
in the "Operation' field. As is shown in this example, the
amount of time used for the 'Rules" field is much more biggér
than that of the ”Operation”'field. Since the right prece-
dence grammar of Inoue[Ino 70] or grammars of thié-type
{[Ich 70, Aho 72]»can accept left recursive rules, by the
adoption of these grammars we can reduce numbers of rules
~in the "Rules" field.

The statistics of the examples show that the adoption
of a conventional analysis method which does not assume the
existence of phrases explicitly in the compilation will re-

duce the cost minimum.

5.6 The Methods of Gray and Harrison

J.Gray and M. Harrison[Gray 69] have presented two
methods to solve the problem. The one is a method to skip
rewriting rules in the time of analysis. In a seqﬁence of
chain rules we may skip detections, reducfions and retrievals
of several phrases regarding that they are already processed
by the analyzer. The other method is to use a precedence
grammar with smaller number of phrases. Gray and Harrison

have presented the canonical precedence grammar for this

purpose.
Let us give a rough sketch of the first method.
Let G = (Vy» Vg, 1 s |, P) be a context-free grammar.

If there exist X, W ¢ (VN7v’VT)*, y € Vp*, A e Vy such that

— 69—
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u = xAy, v = xwy and the rule (A > w) is in P for u, v ¢
{VN\/ VT)*, then the derivation u => v is called a canonical
derivation and is denoted by u => v.

R
Let H be a subset of P and a sequence Pl’ PZ’ vese , P

k
(¢ P*) be canonical derivations of a sentential form x, then

a mapping‘é(Ple R Pk) defined by a homomorphism

[P.,P. e H,
1 1

@(Pi) =
¢, otherwise

is called a H-sparse generation of x by the set H.

Gray and Harrison have shown that introducing the subset
H and the mapping ¢ for a given context-free grammar G, we can
find a graﬁmar G' such that L{G) = L(G'). This assertion is
the theoretical background of conventional approach which we
have been used from early days of compiler construction.

It is however difficult for a given precedence grammar
to find a new precedence grammar with smaller number of_chain
rules because most of chain rules contained in the original
grammar are introduced to make the grammar has precedence re-
lations. Hence, from practical point of view, ‘it is better
to apply the homomorphism ¢ on the same grammar G.

For bettef understanding of &, let us consider the gram-
mar for Fortran IV expression of fig.3.8. Since the grammar
G has precedence functions, we can make use of them to acti-

vate the application of 9.

(i) Let f, g be precedence functions, a be an identifier in

‘a sentential form L a L. Since f(a) » g[L), we can start
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the operation of table look-up to find (P ... P ). This
is an operation to find A(e VN) such that A Zs a.

(i1} If<§ is not defined for this a, we go back to normal
analysis procedure of precedence grammar. | |

(iii) If A exists and £(A) > g(l) holds, we can replace a
by A.. If £(A) < g(]) holds, we must search other ¢. If

no such ¢ exists, we go back to step (ii).

By the above procedures we can analyze a derivation sequ-
ence A > a quickly., When every derivation in the sequence
has null semantics, this is one of best analysis mechanisms
for compilers. In general many rewriting rules may fall into
the domain of & and as the result, a lot of memofy will be
required‘to store the seﬁuences of canonical derivations. |
Hence it is betterrto use this mechanism only for rules which
appear frequéntly.

Now let us sketch the second method.

Let G = (Vy, Vg, | s !, P) be a context-free grammar.

A set T is called a token set of G if it satisfies following

two condtions;

(1) VLT,
(2) if A ¢ T and (A > x) € P,
then x ¢ (VY V*T(V U V) .

A token set T is said to be a strong operator set (SOP)

if it satisfies following condition;
if (A > xBCy) e P for y e (V) WV V¥, where A, B, C ¢
(VN\J VT), then B e T or C € VT.

Gray and Harrison have proved that we can define prece-

~-71—
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dence relétions over T if a token set T of a context-free
grammar G is a strong operator set. The precedence relations
are Floyd's operator precedence relations if T = VT.and
Colmerauer's total precedence relations if T = U%JL/VT)'

The operator precedencé grammar does not permit a re-
writing rule of the form A - xBCy, B, C ¢ VN'- This restric-
tion 1is inconvenienf for assignment of meanings in compiler
constructions. In addition to it, the restriction will pro-
mote the grammar G to have many rewriting rules of the form
A * B, where A, B € Vy- On the otherhand, the size of prece-
dence matrix of total precedence relations is sometimes too
big for practical compiler implementation. Thus the methods
of Gray and Harrison are good épproaches to the solution of
overhead in syntactical analysis induced by the existence of

phrases.

5.7 Error Recovery Procedures

It is easy to detect syntactical errors in a precedence
language, but it is not so easy to keep track of the analysis
process activating appropriate recovery procedures. Recovery
procedures for a syntactical error involve operations of back-
tracking for tables and stacks. Thus error recovery is not
only a problem of syntax but also a problem of semantics.

R.P. Leinius[Lei 70] has presented é method for detec-
tion and recovery of syntactical errors of precedence'language.
Leinius has classified the error detection of precedence lan-

guage into following four types:
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(1) Type 0: There is no precedence relation between the top
symbol R, of the stack and incoming input symbol
ay - This error is denoted by (R, 7 ak}.

(2) Type 1: There does not exist a right part of rewriting
rule such that Rj eoe Ry which is in the stack
and is detected to be a phrase.

(3) Type 2: There exists a variable A such that A - Rj
Ri’ but it causes relation (Rj_1 7 A).

(4) Type 3: There exists a variable A such that A - Rj

Ri’ but it causes the relatioh (A ?'ak).

Leinius attempts to recover these errors by reduction of

phrases. The recovery procedure is described as follcws;

(i) it extracts a phrase which contains the error, then
(1i) it reduces the phrase or the right part which contains
the phrase to a variable. If there is no such variable, it

repeats from the step (i).

On the otherhand, the GPL compiler uses not precedence
relations but precedence functions for syntax analysis, so
that any syntactical error becomes the form of type 1.

For the first version of the GPL compiler, the author

had adopted following simple method for error recovery.

(a) An identifier is checked its left and right symbols to
see if it 1s a procedure name. If it is an undefined iden-
tifier, it .is defined automatically by the compiler,

(b) Wheﬁ a phrase is detected, the analyzer checks next input

symbol to see if its appearance is legitimate.

By this method the compiler must terminate the processing



on encountering a type 1 error. This situation forced the
programmer to make rerun his program many times. In the se-
coﬁd version, the method is changed to recover from errors

of type 1. -The analyzer, on encountering the type 1 error,
continues to read input symBols until it findsan end of state-
ment mark in the input string. Then the analyzer begins to
pop up symbols ih the control stack until it findsa symbol
<block head> or <blockbody>. The variable <block head> indi-
cates a state that the analyzer is processing declaration
statements and the variable <blockbody> indicates a state
that the analyzer is processing executable statements. By

this method we can now recover from almost all errors.

5.8 GPL as a Software Writing Language

The usefulness of a software writing language may be
considered from points of view of (1) the easiness to read
and write, (2) the memory utilization of programs written by
the language, (3) the.execution efficiency of the written
programs.

The example of fig.5.3 shows that a pfogram written in
the GPL is superior toc a program written in assémbly languages
for the point (1). Since it is difficult to give generalized
discussion on the points (2) and (3), let us consider the prob-
lem by an.example. |

The Fortran IV compiler of IBM7044 consists of five phases.

The role of the first phase(it is called the SCAN) is, (i) to

¢lassify an input string and to convert it into internal codes,

(ii) to find out_almost all syntactical errors in the input
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string.

The original SCAN routine is written in the assembly lan-
guage according to a set of flowcharts. We hafe written a new
routine(let us call it as SCAN2) in the GPL according to the
same flowcharts. The SCANZ routine 1is implemented on the
FACOM230-60 computer. Since both FACOM230-60 and IBM7044 are
36 bits word machines with similar instructions and same num-
bers of instructions for an operation, we may compare the
memory utilization of SCAN and SCANZ routines. The memory
utilizations of SCAN's and SCAN2's instruction parts are 7100
and 7800 words, Tespectively. Hence the ratio of instruction
lengths becomes 1 : 1.1. Considering the ratio,Nwe may conc-
lude that the execution efficiency of program written in the
GPL is almost same as a program written in an assembly language.

The difference of 700 words between the SCAN and SCANZ is

caused by following reasons:

(a) The SCAN2 consists of 40 program units (90 procedures
in total) of the GPL. Every;procedure written in the GPL
requires 3 words for its procédure entry and return opera-
tion (90 x 3 = 270 words).

(b) Every procedure declaration has two data words to get
pfoper locations of 1its formal parameters (90 x 2 = 180

words) .

~ (¢) The most simplest form of '"case statement' of the GPL

corresponds to the "computed goto statement of the Fortran
language. We used two case statements of 50 branches each
in the SCAN2. Each statement requires 50 additive instruc-

tions (2 x 50 = 100 words}.

— 75—
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(d) The "for statement', or "while statement'' are used in 25
parts in the SCANZ.  These statements require additive 2
instructions, respectively (25 x 2 = 50 words).

The difference of the residual 100 words is caused by the
facts that we have often used one word for one character, and
that we cannot specify accumulators explicitly in the GPL.

This memory ratio is attained under the restriction that
all prpcedures of SCANZ are, as the SCAN routine, loaded in
a same segment. The SCAN or SCANZ has about 370 external re-
ferences, When the references are not resolved in a loading
unit, i.e., in a segment, they will be connected with each
other via address constants. In our case we need three words
for an address constant. Whether the restriction of a same
segment is removed or not 1s é control card option of the GPL
comﬁiler. If the restriction is not specified, we need another
1000 words for the address constants.

Let us consider another example. The fig.5.7 shows a
routine used to make storages free in a dynaﬁic memory alloca-
tion scheme (see Appendix D). The sheme is called as Buddy
system{Kﬁu 68]. The routine of fig.5.7 written in GPL uses
186 machine words of FACOM2Z30-60 computer,

The fig5.8 shows a rewritten routine of fig.5.7 by using
the "function' feature of GPL. }his routine has almosf,same
form as programs written in the assembly language and uses 168
machine words. Thus we can reduce the size of original routine
in 10 percént;

The GPL.compiler is written rather redundantly in the

Fortran langugage. It compiles the SCANZ of 40 program units,
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+BEGIN
COMMENT**»**i****af**********i**********************i**********i**
* THIS ROUTINE RETUKNS A BLOCK OF Z2%*#N LOCATIONS STARTING AT *
* ADDRESS 1. *
*********i—********%**l*************Iv**i************************Ir*‘
PROCEDURE FREE ([N} %
BEGIN
SEGMENT BASE FALLOC/ #
) INTEGER GETVALUEFREEVALUE ¥
i ARRAY 39 INTEGER AREA ¥
ARRAY 38 INTEGER A SYN AREA(2) *
INTEGER MASKF=3TT7T770000000, MASKB=C00000TTTTTTO
TAGON=1T7T777777770, TAGOFF=4000000000000 ¥
INTEGER XR1eXRZaXRI+ARG+XKS #
INTEGER M=5+517E=32 ¥
SEGMEMNT BaSEF LOCAL =
INTEGER [T aNeT yUsKalL sPs@ed #
LABEL Tw ¥
FUNCTION 5TX(3+0452150000000) #

XR1l=X1 ¥ XRK2=X2 ¥ XR3=X3 % XR4=X4 % XR5=X5 ¥
IfE N.LT.0 0P N.GT.m THEN GO TO ERROREX]T #
IF N.EG.M THEN BEGIN INIT # GO TO ENDFREE % END #
Xi={ %
IF A(X1).LT.0 THEN GO TO EKROREXIT ¥
L=1 » u=N =%
x=N+S[ZE *
CHECK.. X1=K ¥ X2=) ¥ X4=1 %
' STAX(3+45Tiw) ¥
Twes T=1 SHLA 0 - 1 ¥
‘U=L AND T ¥
IF U.NE.QO THEN GO TO ERROREXIT ¥
P=T+1 XOR L #
X2=P %
1F A{(X2).G6T.0 THEN GO TC PUTON ¥
COMBINE. . X3=A{A1l) AND MASKF SHKA 18 ¥
1F X3.NE.P THEN
BEGIN
IF X3.E@.K THEN GO T PUTON #¥
X1=A(X3) AND MASKF SHRA 18 *
IF X1*NE+P THEN GO TO COMBINE #
IF x1.E@.x THEN GO TG PUTON ¥
END ¥
X4=ACXRZ) #
T=A{X2) AND MASKF ¥
Q=A(X4) AND TAGOFF #
ACX4)y=A(X4) AND MASKB OR T OR @ ¥
X5=T SHRA 1B ¥
; ACX5)=X4 ¥
* J=J+l ¥ K=K+l #
IF X2.LT+L THEN L=x2 ¥
GO TO CHECK *
PUTONs + X2=_ #
T=A(X1) AND MASKF ¥
ACX2)=A(X2) AND MAGKB OR T ¥
x3=T SHRA 18§ *
A(X3)=X2 % A(RZ)=X1 #*
T=L. SHLA 18 ¥
ACX1)=A(X1) AND MASKB OR 1 ¥
AEA2)Y=ALXZ) OR TAGOFF %
Gy TO ENDFREE #
ERRGREX[T.» FREEVALUE==1 ¥
ENDFREE . X1SXR1 ¥ X2=XR2Z ¥ X3TXR3 ¥ X4=XR4 ¥ X5=XR5 ¥
END ¥
END

Fige 5.7 The Free routine written in GPL

-77-
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+BEGIN
| COMMENT***********************************************************

¥ TiiiS ROUTINE RETURNS A BLOCK OF 2%#N LUCATIONS STARTING AT %
* ADDRESS 1. *
******************'******-}************************f***************¥
PROCEDURE FREECIWNI ¥
BEGIN
| SEGMEN! BASE ZALLOC/ ¥
: . INTEGER GETVALUE+FREEVALUE ¥
ARRAY 39 INTEGER AREA ¥
ARRAY 38 INILGER A SYN AREA(2) *#
INTEGER MASKF=3777770000000+ MASKB=000000T777770,
TAGCN=1777777777770+TAGCFF=400000000000C #
INTEGER XR1vAK2+vXR3sXR&1XR5 #
INTEGER M=5+512E=32 %
SEGMENT BASE LUCAL # .
INTEGER LanTfUQK!LnPQQQJQTEMPl ¥
| LABEL TwsCOMBINE L ABEL1+PUTONJERROREXIT ¥
f ‘ _ FUNCTION  STX(3+0452150000000)s LA(24010310000000C) .
LXA(3+4440100000000) s JUMP (1+4000100000000)
TL(1+1701100000000)s  TE(1+070210000000C)
TH(1+0700100000000) TNE(1+1702100000000)
ANDCP (140106100000000) « RAL(6+0032000000220) ¥
FUNCTION STAC(L14+0231100000000) #

XR1i=X1 ¥ XR2=X2 ¥ XR3=Xx3 ¥ XRa=Xx4 ¥ XRD=X5 ¥
LACOWN) ¥
TLCO) ¥
JUMP (ERROREXTT) ¥
TH(M) ¥
JUMP (EXRCOREXTT) ¥
IF N.Ew.,M THEN BEGIN INIT ¥ GOC TO ENDFREE ¥ END #
Xl=1 %
LAC2 AHEA) ¥
TL(OY ¥
JUMP (ERROREX1T) ¥
L=] ¥ J=N ¥
K=N+S1ZE ¥
CHECK .., Xi=K ¥ X2=J ¥ X4=1 ¥
STX(3s5,Tw? %
TW.. T=1 SHLA O = 1 ¥

ANDOP (LY %
TNEC(O)Y %
JUMP(ERROREXT 1) ¥
Xz=p ¥
LACIVAREA) ¥
THCOY *
JUMP (FUTON) #

COMBINE.., LACZ AREA)Y ¥

Fig.5.8 The refined Free Routine (continued)
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ANDOP (~ASKF)Y #
RAL ¥
LXACGHOUY *
TE(P) ¥
JUMP CLABELL) ¥
TEC(K) *
JUMP(FUTON) ¥
-LACSG+AREA) ¥
ANDOP (MASKF) #
RAL ¥
LXAC2+0,0) »
TNECP) ¥
JUMP (COMBINE) ¥
TE(K) - ¥
JUMPCPUTON) %
TeA(XZ2) AND MASKF
Q=A(X4) AND TAGQOFF &
A(X4)Y=A(X4) AND MASKB OR T OR @ %
X5=T SHRA 18 #*
A(X5)Y=X4 ¥
Jm i+l ¥ K=K+1 #
[F X2.LTsL THEN L=x2 %
GO TO CHECK ¥
pUTONno X2=L ¥
T=A(X1) AND MASKF ¥
A(X2)=A(X2) AND MASKB OR T =
X3=T SHRA 18 ¥
ACX3)=X2 ¥ A(XZ2)=x1 ¥
T=L SHLA 18 ¥
ACX1Y=AC(X1) AND MASKB OR T ¥
A(X2Y=A(X2) OR TAGOFF #
GO TC ENDFRFE #
ERROREX!T.s FREEVALUE==1 #*
ENDFREE . » Xi=XR1l ¥ X2=XK2 % x3=XR3 ¥ X4=XR4 ¥ X5=XR5 ¥
END »
END

Fig.5.8 The refined Free routine
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4300 source cards in 200 seconds(by the cpu time of FACOM230-
60 of 0.92 ps machine cycle) and produces the.binary object
program for the linkage editor. If the listing of the source
program 1s not specified, it compiles the SCAN2 in 140 seconds.
The compilation speed is due to the in-core, one pass

compiling method of the compiler. The adoption of the prece-
dence grammar, or more generally, the phrase structure grammar
explicitly for the analysis of the input string reduces the

compilation speed to a certain extent.

5.9 Concluding Remarks

From the above discussions, we have following conclusions:

(1) Using the precedence grammar in compiler construction,
the compiler designer can get insight into the working pro-
cess of the compiler at the stage of thé language design.

(2) Adoption of a precedence grammar, or more generally, a

- phrase structure grammar in the analysis process of a com-
piler reduces the efficiency of the compiler.

(3) When the language is suitably designed, the object pro-
grams produced by the compiler are comparable to programs
written in assembly languages in their memory utilization

and execution efficiency.
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Chapter ©

Conclusion

The recognition that we are in the situation of so called
"software crisis' has made us to feel the needs for methods
to promote productivity of programmers, and for methods to
develop techniques of design automation of software.

To promote the pfoductivity of programmers, considerable
effort has been devoted to develop suitable software writing
languages for these several years[Fel 68], and almost all of
these 1anguége5 are described by context-free grammars.

To develop techniques for design automation-of software,
we must assume some structures for the software. But we
should notice a fact that the introduced structures always
accompany unexpected, undesirable overhead.

In the design of compiler, the structure often means
the phrase structure grammar. In our case we have selected
the precedence grammar because of reasons that (1) it allows
the implementation of very simple analysis mechanism, (ii)
it can analyze a sentence efficiently, (iii) it is able to
recover from syntactical errors by simple procedures, (iv)
it gives unique analysis for the input string. Moreover if
we had once constructed a computer program to compute prece-
dence relationé, we can use the program for the analysis of
many precedence grammars.

The precedence grammar which uses the matrix for language
analysis requires much space and time. That is, the analysis

method to use precedence matrix is an obstacle to practical
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applications of precedence grammars. But we can, as we have
seen, avoid the difficulty any time using precedence functions.

Thus we have selected the precedence grammar as the de-
sired structure of language description, but the introduced
structure of course induces the overhead. We have seen that
the amount of the overhead is ratﬂer big. If we want to re-
duce the overhead, we must eliminate many rules with null
semantics.

A conventional method[Sam 60] which does not assume the
existence of phrases explicitly attains efficient compilation,
but it lacks theoretical validity. An intermediate method of
Gries[Gri 68] will give efficient analysis speed but it seems
to require a large amount of space for subroutines.

The method of Gray and Harrison[Gray 609] 1s another one
and it also seems to require an amount of space for tables to
look up.

Whether there is a method with theoretical validity that
guarantées to use less space and time is, to the author's
knowledge, an unsolved problem.

On the otherhand, the usefulness of a software writing
language is rather independeht of the overhead, as we have
seen in the application of GPL, if the overhead is in toler-
able degree. The statistics about memory utilization and
execution efficiency of programs written in GPL show that
_these types of languages such as PL360, GPL, etc. are use-

ful tools for software construction.
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’ID.

'T NUMBER!
'STRING!

'X REG!
YFUNC [D?
'DPARAM D!
'PROC 1D!
'B REG®
'"LABEL 1D°
"EXTERN 1D
YT CELL 1D
'T CELL!

'T CELLY®
'T CELL2!

'T CELLY
*ARITH OP?

tREL QP!

*'LOG OP!
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Appendix A

Syntax

B
+ =
« W
'K _J
+ =
]
=
=
.
. =

* ® ® = 85 & 8 2 T = * .

+r R

' R

of GPL

—mame EACH OPTION OF OQUTPUT

0

NUMBER OF CHARACTER

11 COLUMN
28 COLUMN

101
1071
10S
10X
1DF
10D
[P
108
1oL

0 0

EXTERNAL=BASE=1D

] [D|

'T CELL
*T CELLY?
'*T CELL2!
'T ceLL2?
'T CELLS!
*T CELLA!

1D

)

)

sARITH OP!
' T NUMBER'
'*X REG®

'*T CELL ID* (

+

»

/

++
LT,
E@
+GT,
+LE.
«GE,
+NE.
AND

IN A

1

WORD =

* %

'T NUMBER?®

4



22
23
24
25

27
12

i3
14

44

46
47

48
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'SHIFT OP!

"UNARY QP!

*EQuU!

'*X REG EXP1'
'X REG EXPR'
*X REG ASS'

'T CELL EXP1'

'T CELL EXP2!

*T CELL EXPR!

'T CELL EXp¥*!
'*T CeELL ASS!
'FUNCL?

YFUNC2?

*PROCY!

'PROC2!

*MULT ASS1!

*MULT ASS2!
'*MULT ASS3!

*MULT ASSa!

OR
XOR
rom SHLA
SHRA
SHLL
SHRL
o= ABS
NEG
NEGABS
im o= VY REG!
vax X REG Expl'
'X REG EXP1!

*ARITH OP' 'T NUMBER'

«® X REG' 'X REG EXPR'
*X REG' ‘T CELL ExXpP#!

o= = 17 CELL"

= *T NUMBER!'
= ISTRING!
so= = JNARY OP* *T CELL'
= {UNARY OP' 'T NUMBER'
= TUNARY OP' 'STRING!
= A 7 CELL'

e =
=

‘T CELL EXPit

'T CELL EXpP2'

‘T CELL EXPR' 'ARITH OP' 'T CELL®
'T CELL EXPR' ‘'ARITH OP* *'T NUMBER!
*T cgll EXPR* 'LOG OP' T (gLL!
'*T CELL EXPR' 'LOG OP' 'T NUMBER'
'T CELL EXPR' '"SHIFT OP' 'T NUMBER'
'T CELL EXPR'

'T CELL' 'T CELL EXP#*®

YFUNC2' *T NUMBER'

'FUNC2' *'X REG'

‘FUNC2' 'T CELL!

"FUNC2' 'STRING!

'*FUNC2' ‘LABEL ID'

'FUNC2t 'PROC ID!

*FUNC ID' ¢

*FUNCL'

'PROC2' 'T CELL'

'‘PROC2' *'T NUMBER'

'*PROC2' 'STRING!

'PROC ID' (

YPROCLY

(¢ T celLe

(C T NUMBER®

(( T'STRING!

'MULT ASS3!'

'MULT ASS1!

'*MULT ASS2* 'T CELL®

TMULT ASS2*' T NUMBER!

'*MULT ASS2' 'STRING'

TMULT ASS3' )
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85 TMULT ASS! vem YMULT ASS&+ T CELL EXPL!

B¢ 'VECTOR EXPR' ..» = *MULT ASS4’

87 50 *CASE SE@° .= CASE ‘X REG' OF BEGIN

a8 51 1CASE SEG' 'STATEMENT' &

89 tSIMPLE ST .= 'T CELL* 'X REG EXPR'

30 ‘T CELL* ‘EQU' 'B REG'

91 ‘B REG® = 'T CELL!?

52 'T CELL ASS!'

93 53 'X REG ASS!

94 "MULT AsS'

9s 'T CELL* 'VECTOR EXPR'

96 54 NULL

97 55 GoTo 1D

98 56 ‘PrROC 1D'

99 ‘PROCLY )

100 57 *FUNC ID?

101 58 YFUNCL1Y )

102 59 'CASE SE®' END

103 60 'BLOCKBODY' END
104 67 'NOT! ++% WNOT.
105 *CONDITION? ..= X REG* ‘REL OP' T CELL'
10¢ 1X REG' 'REL OF' 'T NUMBER!'
107 'T NUMBER' 'REL OP' 'X REG'
108 ‘T CELL' *REL OP' 'X REG®
109 *T CELL® "REL OP' 'T CELL'
110 *T CELL?® *REL OP!' 'STRING®
111 17T CELL' 'REL OP' 'T NUMBER'
112 ‘T NUMBER' 'REL OP® *T CELL'
113 72 OVERFLOW
114 14 *T CELL®
118 15 'NOT'  *T CELL®
116 76 1COMP COND? es®m 'CONDITICN!
117 17 'COMP AQR® 'CONDTION®
118 78 'CoMP AOR' .+® "COMP COND' AND
119 79 'CoMP COND* OR
120 80 tCOND THENW! .+m YCOMP COND' THEN
121 81 *TRUE PART! ..= 'SIMPLE &T' ELSE
122 82 iwHILEY «+vm WHILE
123 83 'COND DO » = YCOMP COND* DO
124 1AS8S STEP! .i= 'X REG ASS' STEP 'T NUMBER'
125 LIMIT semw UNTIL "X REG'
126 8s UNTIL *T CELL’
127 87 UNTIL *T NUMBER'
128 88 po? ++™ DO
129 89 IGTATEMENT®! .= *SIMPLE 5T
130 90 1F  YCOND THEN' 'STATEMENT#!'
131 91 IF  1COND THEN' ‘'TRUE PART' *STATEMENT=®
132 92 tWwHILE' 'COND DO' 'STATEMENT#!
133 93 FOR 'ASS STEP' TLIMIT' +DO' 1STATEMENT*?
i3a 94 tSTATEMENT! som VSTATEMENT »?
135 9% g1 T TYPE! ++= SHORT INTEGER
136 96 INTEGER
137 97 LoGgrcab
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142
143
144
145
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147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
T 16%
166
167
168
169
170
i71
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190

98
39
100
101

i1g2
103
104
105
iQs
107
108
109
110
111
113

1ié

117

il
119
120
121
122
l23
124
125
126

127
128
129

131
132
133
134
135
136

138
139

140
la1
142
143
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‘T TYPE®
'T DECL1!

'T DECLZ2!
'T DECL3Y
'T DECL4!

'T DECLS®

'T DECLT!

Pt
'FUNC DC1°

*FUNC DC2°
'FUNC DC3!
'FUNC DC4!
'FUNC DC5!
YFUNC DCo!
YFUNC DCT!
TSYN DC1t

'SYN DC2?

'*SYN DC3
"SEG HEAD'
"PROC HD1!

*PROC HD2'
'*PROC HD3'

TPROC HD4!
*PROC HD5'
1PROC HD6!

'PROC HD2Dt
'*DECL!

L
I
LI B B AN B ]
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T B
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REAL

LONG REAL
BYTE
CHARACTER
LABFEL

'S T TYPE
ARRAY T N
'T TYPE* ‘i
'T DECL2"Y
'T DECLT'
'T DECL1' =
'T DECL3!
OT DECL5'
*T PDECL4!
'T DECL4!
'T DECLL®
'T DECLL'
'T DECLl' =
'T DECLY!

(

FUNCTION
'FUNC DCT'
*FUNC DC1°
TFUNC DC2°
'*FUNC DC3!
YFUNC DC4!
"FUNC DCS5!
"FUNC DC6!*
‘T TYPE* ¢
'SI T TYPE!
'S] T TYPE!
'S T TYPE'
'sYN DC3'
'*SYN DC1!?
‘SYN DC1!
'*SYN DC1!
*SYN DC2!
SEGMENT
PROCEDURE
'SEG HEAD'
*PROC HDL'
'"PROC HD2'
'PROC HD&'!
'PROC HD3'
'"PROC HD4'
'PRQC HD5'
'PROC HD2D!?
'"PROC HD2'!
'T DECLT!
YFUNC DCT!
'SYN DC2'
'"PROC HD6'
'SEG HEAD'

UMBER' *'S1 T TYPE'

DI
Ip
]

'LP'

L]
'T NUMBER'?
'STRING!

'7T NUMBER®
'STRING'
)

L
OIDI
¢
'T NUMBER®
L]
tT NUMHBER'
)
ID'  SYN
REGISTER *ID*
ADCON '[D* SYN
SLCON "ID' SYN
‘ID'  SYN
‘T CELL®
*T NUMBER'
"X REG'

L}

PROCEDURE
'lDl

{

¥

'‘DPARAM D!
)

¥

Y

'STATEMENT %
BASE 'B REgG!

SYN
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145
148
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148
149
150
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"LABEL DEF!
'BLOCKHEAD!

'8LOCKBODY!

*PROGRAM!

35726

'SEG MEAD' BASE 'EXTLERN
'*SEG HEAD' BASE LOCAL
Y1DY ..

BEGIN

"BLOCKHEADY 'DECLY ¥
'BLOCKHEAD'

'BLOCKBODY' 'STATEMENT'
'BLOCKBODY' 'LABEL DEF?
« 'STATEMENT?' .

199 RULES

D

¥
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Appendix B

Precedence Funciions for GPL
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FCo

L2 2

GCID

1D

T NUMBER
STRING

X REG
FUNC 1D
DPARAM 1D
PROC 1D

B REG
LABEL ID
EXTERN 1D
T CELL ID
T CELL

T CELL1

T CELL2

T CELL3
ARITH OP
REL OP
LOG OP
SHIFT OP
UNARY QP
EqU

REG EXP1
REG EXPR
REG ASS

—y o —t e 3D

CELL ASS
FUNC]
FUNC2
PROC1
PROC2

MULT ASS1
MULT ASS2
MULT ASS3
MULT ASS4
MULT ASS

VECTOR EXPR

CASE SE®
SIMPLE ST
NOT
CONDITION
COMP COND
COMP AOR
COND THEN
TRUE PART
wHILE
COND DO
ASS STEP

PRINT OF PRECEDENCE FUNCTIONS

CELL EXxP1
CELL EXP2
CELL EXPR
CELL EXP*
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55
56
57
58
59
60
61
62
£3
&4
65
66
67
&8

70
71
72
73
74
15
76
77
78
79
80
81
BZ
83
B4
as
gé
a7
88
B9
90
91
g2
93
94
95
96
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100
101
102
103
104

b
RO P P 0 e RO

[ .
@O R B R RO B B R B P

[y
SIS

- s b b
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LImMIT

Do
STATEMENT »
STATEMENT
SI T TYPE
TYPE
DECL1
DECL.2
DECLI
DECL4
DECLS
DECL 7

e o ——

LP

FUNC DC1
FUNC DC2
FUNC DC3
FUNC DC4
FUNC DCS
FUNC DCé
FUNC DCT
SYN DC1
SYN DC2
SYN DC3
SEG HEAD
PROC HD1
PROC #D?2
PROC HD3
PROC HD4&
PROC HD5
PROC KDe6
PROC HD20L
DECL
LABEL DEF
BLOCKHEAD
BLOCKBCDY
PROGRAM
1D

ipT

ips

IDX

IDF

IDD

1pP

IDB

IDL
EXTERNAL*BASE=ID
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Appendix D

COMMON /ALLOC/ [GET+IFREEVAREA(3Y)

DIMENSION INDEX(20)
I1GET =0

1FREE=0

DO 10 [=1+39
AREAC[)=0

CaLL INIT

CALL WRITEI

DO 1 1=1+5

Jel=1

CALL GET(D
[FCIGETLLT.0) GO TO 9
INDEXCI)=IGET

CALL WRITEG(D

DO 2 1=1+5

J=i=1

CALL FREECINDEXC(I) +J)

IFCIFREE.LT.0) GO 10 9

CALL WRITEFCINDEXCId W)
DO 3 [=1+8

CALL GET(2)
IF¢IGET.LT.0) GO TO 9
INDEXCID)=IGET

CALL wRITEG(2)

DO 4 [=19+81+2

CALL FREECINDEXCI)2)
IF (IFREESLT.0Y GO TO ¥
CALL WRITEFCINDEXCI)+2)
DO 5 [=218+2

CALL FREECINDEXC(!)+2)
[FCIFREE«LT.0) GO TO 9
CALL wRITEF CINDEXCI) 2D
CALL FREECO45)

CALL WRITE!

$TOP

END
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SUBROUTINE WRITEI

COMMON JALLOC/ [GETWIFREE+AREAC39)
WRITE(6W1)

FORMATC(IXa "INIT )

GC TO 100

ENTRY WRITEG{N)

WRITE(H642) N

FORMAT CIXa'GET (w1242 )

60 70 100

ENTRY WRITEFCL M)

WRITEC6+3) LM
FORMAT(IX s '"FREEC w134 vt [34") ")
WRITE(6.101) AREA
FORMAT(1X+410013,7+C1X+10013))
RETURN

END

SUBROUTINE PRINTCIvJsKaLl)
WRITE(E.10) TeJeKsl
FORMAT(1HOs '2a% v « 5015)
RE TURN

END

SUBROQUTINE LISTCD)
WRITE(6.1) |

1 FORMAT (1X+'A=REG ='4+012}

RE TURN
END
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+BEGIN

COMMENT**l********************************************i***********
* THE BuDDY SYSTENM CODEL BY ™. ToMIYAMACJAERI) USING GPL¢ *
* THIS KOUTINE INITIALIZES VALUES OF THE BUDDY SYSTEM» *

********%*********ii******%**************************************¥

PRUCEDURE INIT %
BEGIN )
SEGMENT BASE /ALLOC/ *
INTEGER GETVALUEFREEVALUE ¥
ARRAY 39 INTEGER AREA ¥
ARRAY 38 INTEGER A SYN AREA(2) ¥
INTEGER MASKF=3777770000000+ MASKB=0000007777770,
) TAGON=1T7777T7TT77770+TAGOFF=4000000000000 ¥
INTEGER XR1«XRZ+XRI+sXR4sXR5 ¥
INTEGER M=5,512E=32 ¥
SEGMENT BASE LOCAL ¥
INTEGER T1 *

XR1=X1 ¥ XRKR2=X2 ¥

Tr=0 -%

X1=S1Ze+M ¥ Ti=x1 % A(X12=0 ¥
AC03=F1 SH A 18 OrR T1 OR TAGOFF ¥

X2=S11E ¥
X1=x1=-1 %
FOR %2=x2 STEP 1 UNTIL X1 LO
T BEGIN
“dl=0 ¥ .
T1=%2 %
CALX2)=F1 sHLA 18 OR T1 ¢
END - ¥
XI=XR1 % xZ=XRZ ¥
END ¥

END .
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(BEGIN

COMMENT****i**********i**************************************i****

# THIS ROUTINE FINDS AND RESERVES A BLOCK OF 2%%N LOCATIONSs OR =
%¥ REPURTS FAILURE(GETVALUE==1), *

*****************&*****#*****************************************¥

PRUCEDURE GET(N) ¥ £
BEGIN v
SEGMENT BASE /ALLOC/ ¥
INTEGER GETVALUE FREEVALUE ¥
ARRAY 39 [INTEGER AREA ¥
ARRAY 38 [NTEGER A SYN AREA(2) ¥
INTEGER MASKF=3777770000000+ MASKB=00Q0007777770+
TAGON=1777771777770,TAGOFF=4000000000000 #
INTEGER XR1+XR2+XR3vXRH 1 XRS5 ¥
INTEGER M=54SIZE=32+X=38 ¥
SEGMENT BASE LOCAL ¥
INTEGER UsV WP NK ¥
LABEL Tw ¥
FUNCTION STX(3+0452150000000) «

XR1=X1 % XR2=X2 ¥ XR3=X3 ¥ XR4=X4 ¥ XR5=X5 ¥
((Vew))=0 ¥
IF NoLT.0 OR N+GT.M THEN GQ TO ERROREXIT ¥
K=N ¥
XIEN4S]ZE # V=Xx1 ¥ w=X1 ¥
FINDBLOCK .+ X2=A(X1) SHRA 18 #
' X2.,EQ.V THEN
BEGIN
X1=xX1+1 % V=X1 »
K=K+l ¥
iF V.GT.X THEN GO TO ERRUREX]T ¥
GO TO FINDBLOCK ¥
END %
REMOVE «« GETVALUE=X2 ¥
V=A(X2) AND MASKF ¥
X3=y SHHA 18 *
A(X1)=A(X1) AND MASKB GR V ¥
A(X3)=X1 ¥
ACA2)=A(X2) AND TAGON ¥
CHECK.+ IF X1.EQ.w THEN GO TO FOUND ¥
SPLET. . ((Pat))=0 & _
X1=xX1=1 ¥ y=Xx1 ¥ Xx4=1 ¥ X2=K=1 ¥ Ka=X2 ¥
STX(3+5+Tw) #
Tw.. P=1 SHLA U + GETVALUE #
X2=P ¥ X5=U ¥
U=U SHLA 18 #
A(X2)=A(X2) AND MASKB OR U ¥
ACX2)=X5 ¥
ACx2)Y=A(X2) OR TAGOFF ¥
A(X1)=P SHLA 18 + P #
GO TO CHECK ¥
FRROREX]T.+ GETVALUE==1 ¥
FOUND . » X1=XR1l ¥ X2=XR2 ¥ X3=XR3 ¥ X4mxR4 ¥ X5=XR5 ¥
END ¥

END .
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