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ABSTRACT

This thesis presents. a generalized compiler with the'view

to aid students of Computer Science in creation and manipula-

Ëion of formal progranrming languages.

The compiler developed rvilJ- accept the broad base of con-

text free sí.mple formal languages and can be used to generate

a sirnilar class of object language.

The compiler hopefully results in a useful educational

tool providing a practical facility with ruhich to describe

linguistic concepts, an approach to generalized conipi-ling, and

the compiler function.
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CTIAPTER I

INTRODUCTIOI{

1.1 INTRODUCTION

Evidence in Ëhe published literattire ínclicates a pro-

liferation of types of computers and of prograniming languages.

And, in general, a compiler must be rqriT-ten for translaLion

beËr,¡een each source larrguage-object code cornbínation.

There is a trend torvards standardizatíon. ALGOL, FORTRAN

ín the scientific field, COBOL in the commercial fielcl., JOVIAI

in the milÍtary, and recentLy PL/L in aI1 these areas are be*

comíng conmon (if noË standard) languages. Horvever, as the

trend cont:'-nues, the need for special purpose Janguages (syrnbol

manipulation, ínformation. storage and retrieval, simulation,

concept processing, machine control, etc.), a.nd the desire for

extensions of present day la.nguages in order Ëo adapt to the

problems of the future, will perpetuate a source language-object

code proliferaüion.

The consequent need for a large number of compilers has

caused conputer scientists to research hor,¡ cheapl.y, hol cluiclily,

and horv well any compiler may be created. IË shoulcl be noted

that compiler r.¡riting in the past has generally proven tc be an

ex¡rensive aird time--consuming occupation. From these efforts has

developed a formal theory on the description of programming

languages and their ímplementatíon.



Appenclix F contains a short glossary of words

is not f arniliar with the thes j-s sub j ect .

for the reader

who

r.2 FOR}Í-AL LANGUAGES AND FORJ"IAL GRAM}IARS

The syutactic rules for- many programming languages may be

specified by formal gramnrars, generally variants of the phrase-

structure grammars developed by the linguist Noam Chomsky [+]

duríng the 1950rs as a tool in the sËudy of naÈural languages.

The most representative and fruÍtfu1 example of this is the use

of Backus Normal .Form (BNF) to define most of the syntactic rules

of ALGOL 60 [¡] .

A complet.e set of grammatical (syntacËic) rules for a 1an-

guage written in a form equivalent to BNF is a "formal grammar".

The language in r¿hich a formal grammar is r+ritten ís a meta-lan-

guage (a language to describe languages). A language definable

by a formal grammar ís a "formal language".

1.3 SYNTAX-D IRE CTED COT'P ILERS

The syntactic analysis essential to translaiion of program-

rning languages can be done entírely mechanically for formal lan-

guages. The compiler phílosophy on which this is based is gen-

erally call "synLax-directecl".



All compilers are syntax-directed ín the sense that Ëhey

must obviously recognize the various syntactic structures of a

language anci the output produced ís a func.tion of the syntax.

Syntax-directed refers to a compiler which contains a direct en-

coding of the syntax of the language, this encoding being used

by the compiler as data. llence the alias "para-nLeËetrzed, compiler",

and sj-nce the clata is often in tabular form, these compilers are

then described as t'Ëable-driven". With the other compílers (the

ad hoc class), based on non-formal direct.methods, the syntactíc

defínítion of the source language is essential-ly buried in the

coding of the compiler.

Compí1ers built upon syntax-di-rectecl concepts are very gen-

eral. Additions Ëo and deletions from the language can be made,

and completely new languages introduced rvith relative ease, the

only restr:'-ctíon being Ëhat the language must be formal to allor.¡

a direct encoding of its syntax to he made corresponding to its

formal definition. In fact, thís encöcling may usually be gener-

ated mechanically. A variety of Èhis type of compil.er no\¡/ exj-sts

16, 7 , g, g, L4, 16]

Moreover, by considering languages definable by a more re-

sÈríctive class of definition, syntax-directed compilers can realÍze

significant economies in syntax recognition (parsing). Such

techniques as precedence and LR(k) yield efficienr parsers lf:,

14, 15 , 17 , 18, 19] .



L.4 PI]RPOSE OF TI{IS THESIS

This thesis presents an implementatíon and refinement of an

existing synta:r-direc*-ed Ëranslator created by Reeves at the Un-

iversity of Leeds, England [t] . It is an attempt Ëo provicle

students of Computer Scíence with a facj-1ity for practical ex-

perimentation in the definition and manipulatíon of forrnal 1an-

$ua$es;

1.4 .1 I}PLEMENTATION GOALS

(f) Relative Machine Independence:

he syntax-directed compiler under discussion has been

written in Èhe universally accepted algebraíc language AIGOL 60.

Since the input/output routines in ALGOL have on1-y been recently

defined tS] and are, in fact, locally defined at many computer

centres, a complete ALGOL inpuË/output package \,¡as added to this

program and it may novr be implernented using any ALGOL translator

having the prirnítives defined by the IFIP i^lorking Group 2.1 [S].

(2) Ease- of Use:

The student should not encode by hand the internal re-

presentation of the syntax of a language and its associated sern-

antics. He can, in fact, define the formal grammar in an extended

version of BNF and the compiler will convert the formal defini-



tion into the proper encoding. This formal definition encom-passes

semantics as ryel1 as synta,x.

The deíinitions should be concise and easí,ly learned.

(3) r'lexibility:

The system should be workable for a large range of

fornial languages. Facilities should exist for the control of

input/output devi-ces. For instaírce, initialization data shoulcl

be available fror¿ dislc as well as carcls

L.4 .2 EXTENSIONS

An investigation is made into the possibiliËy of useful ex-

tensions to the system; such as increasíng the scope of the input

and output languages.

1.5 REEVES CO}PILING MACHI.NE

The overall organization of Reevesr syntax-directed cornpiler

is basecl on a <iescription by }Íerealfe lZ]. It consists of a KDFS

ALGOL program thaË símulates a special-purpose stored program

digital computer. A program of instructions for this mac.hine

represents the syntax and semantics of some language (i.e. its

program ís the internal encoding referred Èo above). The niachine,

under control of :',ts program, reads in a text rvritten in the source



language, determines if it is grammatically correct, and then out-

puts a text rvritten in the target language. This output may be

either object cotfe or some rearrangement ancl ¡rodj-fication of thís

input. The machj.ne nay thus act as a translato:: or as an editor.

The compilÍ.ng machine need noË be directly programned in its

assembly language. Reeves uses a boot strap technique r,vhÍch

reads the syntactj-c and senantic definition of a language in a

simple formalized form (a rLeta-language) and cornpiles Lhis into

the requíred machíne program. The rrachine will then use this

program to handle the defined language.

1.6 MODIFICATIONS TO REEVES COMPILING I"TACI-IINE

1 .6 .1 TMPLEMENTATION I'IODIFICATIONS

Reeves compiling machine rvas desígned for a paper Ëape en-

vironment (KDF9) using an upper and lower case alphabet, special

characters and underlining facilities. Also it vras r'ruitten in

KDF9 ALGOL which has a locally defined set of input/output pro-

cedures [io].

The following changes

(1) ReevesmeÈa-ianguage

based on underl-ined lower

which are not available on

$Ier-e required:

for formal language de-scrÍptíon was

case symbols and special characters

card oriented systens srrch as the IBli



360/65 used for this implementation. It and the corresponding

softrvare ru'ere adapted to the relatively reduced card character

set .

(2) A different internal characier set coding rvas designed and

routínes modified accordingly. See Appendix C.

(3) A dif ferent set of i¡tput/output procedures \^¡ere used and

data transfers suitably altered. These I/O rouËines will work
LçI .

with any AIGOL compiler using the procedures described in the

-ACM-[s]

I "6 .2 EXTENSIONS

(1) Fornat Control (spacing, tab positioning and carriage con--

trol) r¿as aclded Ëo Ëhe meta-language Ëo facilitate output read-

ability.

(2) I'Iodifícations to the semantic specificatj.on facility in the

meta-language lrere made Ëo ease usage.

(3) A method fo:: allorving the output of object code for Princeton-

type machines was designed but not implemente-d. i:lorvever, the ap-

proach is gíven.



(4) An indication of the efficiency of a particular language de-

finition was added as an option



CHAPTER II

DESCRIPTIOÌ\ OF THE SYNTAX_DIRECTED COì'ÍPILER

2.L ]NTRODUCTIOÌ{

The purpose of this chapter is Ëo gíve a cletailed de-

scription of the revised compíler. This r*'i11 be done- by

looking separately at the tr,vo major areâs of the compíier

function, syntax-analysis and semantics.

2.2 SYNTAX AI{ALYSIS

If the structure (syntax) of a language- may be de-

scri.bed by a set of syntactic rules, these rules may be fed

into the compíler in a standard form (nreta.-synÈactic language)

and Ëhe compiler will produce an internal program or encoding

of the rules. Using this internal program, the compiler

reads in source text of the langtrage d.escribed and atte-mpts

to parse the text

2. Z.L }IE]]A_SYNTACTIC LAI'IGUAGE

In orcler for the stuclent to unambÍguously state a set of

syntactic rules, ri/e require a rigorous rùgta-s)¡n.Eactic language.
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For this purpose an extended versíon of Backus }lorme-l I'orm

has been chosen (see Appendix E)

Composing the meta-syntactic language is a set of meta-

symbols {<, >, :!=, l, t', (, ), -, *, tU!, !, tBEGINt, tENDt}.

The structure of a Langue,ge- may then be clescribed by a se-

quence of syntax rules. separaËed by semicolons and enclosed

betrveen . 
tBEGINt and l¡t'tl t . Each rule has the f orm <syntactic

varíable>: :=<expression). tsyntactic variables' (often referred

to as non-basic or non-terminal types in'the literature) are

denoted by enclosing the name of the variable in meta-brackets

noted by enclosing them in meta=quotes rrrr. An texpressiont

is composed. of a series of ralternativest separated by tl t,

r.rhich is read as tort. An talternativer, which defines a basic

phrase or strLicture in the language, is composed of zero or tnany

constructions rvhich are called relementsr. The juxtapositíon of

the elernenËs defines Ëhe actual ordering of Lheir physícal appear-

ance in the language. An element is composed of a rsyntactic

var:íablet or a tconstantr.

Thus far the meta-syntactic language is equivalent to

B.N.F. The three differences being that, first, the whole set

of definitions must be enclosed in tBEGINt tENDt brackets;

second, defínitions are separated from each other by semicoloirs;
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and third, syntactic consiants are placed in quotes " Noru,

the extensions are consídered;

(1) Left-Rec'.rrsive Definitions

In the ALGCL report, many structt.res are defined

partially in the terms of themselves e.g.

An unsigned integer ís defined to be a digít or whatever was

previously clef:l-ned as an unsÍgned integer folloned by a digit.

Left.-recursive definitions (the name of the variable being

defined appears as the first element in one or more of the a1-

ternatives) of this Ëype are not allowed in this meta-synËactic

langttage. Tnstead, there is a meta-sfinbol t'tr which may precede

an element and is read as ta sequence of zero or rùoret e.g.

<unsigned inEeger> : :=<dígit>*<digit>

read tan unsigned integer is defíned to be a digit follorved

a sequence oÍ zero or more digitst.

(2) Structural Element

I{henever, rvithin a definitÍon, several alternatives

start with the sane element(s), replace all Ëhe alËernatives

by a síngle alternative, whose first component ís the common

element(s) and whose last cornponent is Ëhe non-comaon eiements

l_s

by
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separated by tl t and enclosed in meta-brackets tOt, e.g.

(a): :=<b><c><d><"> | <b><c> 
| 
<b><c><ft l.gt

r'rould be transformed into

(a): :=<b><c>(<d><e> l.fr I ) l.gt.
The expressíon enclosed ín 'O' is cal.led a structural

element. (Note that sínce the compiler will consider alter-

natives ín the order ín r¿hich they appear, the null alter-

native is placed last in the structural element.)

As an example of hanclling both a left-recursíve defínitíon

and a structural element,

<a>: :=<b><c> | <a><d><e> | <a><f> l.gt.ht

would b-e transformed ínto

<a> : :=(<b><c> I <e><h>):t (<d><e> I.¡t) .

(3) Any Syrnbol Other Than

The meËa-symbol r-r precedíng an e-lement denotes t"tty

symbol other thant, e.B.

-tr3tt is read rany symbol oEher than the constanE 3f .

.-("ab" 1"r.") ís read as 'any symbol oËher than an

'a' followed by a 'b' or an 'a' follorved by a 'c'. Thus the

acceptabílity of 'a' depends on its contexi.

(4) Any Synbol

The rneta-synbol I tUr I denotes rany symbolr.
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We can now describe the syntax of our meta-syntactic.

language, using the meta-syntactic language.

'BEGIN
<grammar>::="TBEGINI"<subject)";"<definitÍon>*(";"<defínition>)"rENDI";
<defini tíon> : : =<variable>tt : : =tt(expres sion>;
<variable) ¡ ¡ =tt4tr'*r' t>rr tr>rr'
(expressÍon> : : =<alternative>',r (" | "<alt"rnative>) ;
<alternative> : :=-*<element > ;
(element): :=(variabfe> | <constant) I "r*"a.I.*ent> | " ("(expression)") "

I tt tg r " I 
t'-ti<element) 

i
(COnStant) ¡ .=ttrltr lU t'å-tllrll llrlll
tEND t

Note Ëhat Èhe tiËle or subject of the granrmar is listed

following the first "tBEGINt". This is done for ease of code

generation as will be seen later. This "subject't must be the

syntactíc variable name of the root definition; that is the

definítíon whose variable name does not appear in the expressions

of any defínitions.

This syntactic descripEion does not include such semantic

consid.eratíons as the restriction on left recut"ion as discussed.

on page 11.
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2.2.2 TlllÌ P¿\RSIllc ìL\CtlINlì

The ALGOL j.nple;rentatío¡r simulates a specÍal purpose

stol:ed pl:ograrn digíta-1 conìplrter, the conpiler machÍne, a pro-

gran for r+hich defínes Lhe syntax and the semantics of some

source J-anguage. That parL of the conip:'-1er machine dealing

only r.:ith syntax analysis r,,i11 be referred l-o as, the parsing 
:

machine. rt deternines the syntactic structures that com-

prise a source texL (i . e . parsing) and deternínes r,¡hether this

texË is granmatically cor:-ect. This section r.¡i1l describe the

parsing machine and the set of :'nsEructions u""o"jot"d r.¡ith it.

Control Unit

ffi E*1--, EI

.l'he parsing

Turing machine

istack Link

Stack (push-dor.m) Ileimory Secluential
. I'fenlory

FIG. I TIIE PÄRSI)iG }L\CHINE

naclrine is a sequential cor¡lputer similar to

It. consists of the follor,'ing elenlents:

source
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(f ) An input strean of sy'rnbols f orming the source Ëext.

(2) A set of ope-ralions i.¡hich perform the functions necessary

Ëo parsíng, ancl a set of instructions v¡hic.h invoke these

opera tions .

(3) A Boolean register "fla.g" r.¡hose

dicaËe the success or failure of

parsing process.

values true or false in-

differenl stages in the

(4) A register "ínpt" (input pointer) rvhich points to the

syrrbol currently being scanned in the input stream.

(5) A register "pcr" (par.ser control register) ivhich poiuts

to the next instructl'-on in the progran to be executed.

(6) An instruction memory to contain the "progrann" of in-

structions to be execuËed in parsing the input source

texË.

(7) Trvo sËack memories to contain

are push-dor,¡n lists that save

respectively at various siages

t'istacktt and t'linkt'. These

values of ttinpttt and trpcrtl

in the parsing process.

Initially t'fJ-ag" is set to true, "inpt" poinEs to the

first symbol in the sourc-e text, and "pcr" points to Ëhe first

instruction in the program. "istack" and "link" commence as

ernpty stacks.
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The machine has the common fetch-increnent-exec.ute control

cycle. The instruction specified by "p.t" is fetched, "per" is

incremented to point to Ëhe successive instruction, and then the

instruction is execut.ed. This cycle continues until terminated

by a STOP'insËruct.íon. The insLructÍons are normally executed

sequentially, but this order can be broken by branch instructions.

The program which the machine obeys is a sequence of in-

structions defíníng the parsing algorithrn for the source

language. The instructions are of single-address type, having

the forrn (label, operatíon code, operand). The label names the

location of an instruction. An operaËion.code identifies the

operation to be performed. And an operand is the label, symbol

of the defined language or null character which the operatíon

requires.

The parsing instruction set follorvs:

CALL Saves currenË value of ttinptt' in ttistacktt.

Saves, if Ëhe operand is null, then null else "p.*", Ëhe

location of the next instruction in the program se-

quence, in ttlinktt 
.

Sets ttflagtt true.

If the operand is not null, transfers control to

address specified by the operand.
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MATCII Matches the source syrLbol at the currenL point of

scan r.¡ith the symbol. in t-he operand. If they are

Ëhe same, t'flrg" is set true and ttinptt' is incre-

mented. Otherwise, "flag" is set j4j9.

NEXT Sets "flagt' true and increments "inpt" to the next

source symbol

TRUE If "flag" is true the_program control is Ëransferred

Ëo the address specifíed by the operand. Otherrvise,

ttflag" is set true and ttínpt-.t' is restored from the

value, in the top of "istack".

FALSE Lf ".flag" is false then program control is transferred

Ëo the address specífi-ed by the operand.

FLAG If "flag" ís true then program conËrol is Ëransferred

to the address speeífied by the operancl. Otherrvise,

ttflagtt Ís set true.

NOT The setting of "f1ag" is reversed.

ttinptt'is restored to the value in the top of ttistackt'.

If t'flag.tt is norv Èrue, ttinptt' is incremented to the

next source synbol.

The top value in e.ach stack is deleted.

RETURN Tf t'flag" is false then '.'inptt' is restored to the value

in the top of "istack".

If the operand is not null, then control is transferred

to its address

The top value from eac.h staclc is deleLed.
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STOP . Stops the machine.

If "flag" is fq!¡!, dÍ-splays the message "faulty

syntaxtt.

The purpose of these nine ínètructions r+ill be explained

in the nexL section.. Briefly, holever, CA-LL and. RETUtu\ are

subroutine call and link instructions r¿hich use the stack to

a-dminÍster the reËurn addresses. TRUE, FALSE and FLAG are

conditional branchi.ng instructíons, a bránch occurring by re-

placíng "p"r" by lhe labet in the operand field of the jurnp

instruction. ì,ÍATCH, NEXT and NOT are input control instructions.

STOP is an output instruct.ion.

2.2.3 PROGIìAI\ßIING THE PARSING MACH.INE

This secËion explains hovr, given the grarurar (wrítten in

the meta-syntactic language) clefining Ehe structure of a lan-

guage, Ehe program for the parsing machine may be written.

The general rnethod lvill be firsË shovrn, follorved by trvo exarnples.

2,2.3.L TH.E GENERAL APPROACTI

In order to rvrite the program that will parse a given

source text, we first examin.e tI-re languagets grammatica.l ciefin-
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ition. Each syntactic definition in the meta-language is

represented by a subroutine ín the comprrter program. The

head of the sub::outíne is labelled by the syntactic varÍable

name and the instructions comprisi.ng the subroutine corr:espond

to the expression part of the definition. These instructions

are portioned into sequences corresponding to each alternative.

The function of each such sequence is to seÈ Ëhe flag corres-

poncling to the acceptability of that alternative. Alternative

strueÈure- sequences are separaterl by a TRUE instruc-tion

which causes a conditicnal jump to the end of the subroutine.

Thus as soon as an acceptable alternative is found, lhe othe-rs

are ignored. Leaving a subroutine causes a return to the calling

instruction that invoked the subroutine.

That is, since a (grammar> is a sequence of <definition>sr

and <defj-nition) : :=(variable)" : ::"(expression) v¡here (expression>

: :=(alter¡¡¿fiys)*(alternative)r Ëhe parsing machine program

corresponding to each <definition> has the form:

syntactic variable name <alLernative>
TRUE link
(alternative>
TRUE link

V
IINK

(alternative)
RETURN

DEFINITIONPROGRAM CORRESPONDING TO A
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For each alternative, (¿l¡srnative): :="x(elements>, tlr-e

progran examínes each elenent in turn and sets the flag true

or false depending on that el-eme-ntrs acceptability. Betr'¡een

consecutive elements is a FALSE instruction causing a conclitional

jump to the encl of the alternative. Thus the elements are ex-

amined one by one, and any unacceptable one calrses the flag Ëo

be set false a.nd Ëhe resË are skipped

(element)
FAI,SE
(eiLement)
FALSE

:
(element)

next alt

PROGRAM CORRESPONDING TO A-Ii ALTERNATIVE

Most elements require some sort of matching test and are

call.ed (active) but others do not. The latter are called

<passive) and are alivays acceptable. They include "*(elernent)"

and "tut", and are not followed by a TR.UE instruction.

' The instructíon sequences for each type of element are

listed belor.¡.

next alt.

next alt.

COPJTE SP ONDTNG PROGRfuY

CAI,L variable nam-e

NOTE

the operand is
the name of the
head of the rele-
vant subroutíne.

<ELEMENT>

<variable>1.
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<ELE},ÍENT> CORP.ESPONDING PROGRÄ}Í NOTE

2. <constant> }íATCH constant lhe operand is
the constant
under test

3. *(elenent> L: (element>
FLAG L

4. (<expression>) CALL the operand is
(expression) null
RETURN

5. I Ur NEXT

6. -(element> CALL
<elenen!>
NOT

Finally, the program is terminated by placing a STOP

instruction at the end of the principle subroutine.

2.2.3.2 EXAMP],ES OF PARS]NG MACH]NE PROGRAMS

EXAI"IPLE 1

Consider the follorving granimar that defines Ëhe structure

of a sentence:

TBEGINt (sentence) ;
(sentence>: : =<subj ect><predicate> ;
<subject>: :=(noun phrase> ;
(noun phrase) : :=(articls)(nourr) ;
<predícate) : : =(verb><obj ect> ;
<object>: :=<noun phrase> ;
(article> : :="THE" l "At' ;
(noun): : =ttBOYt' | "TREE" ;
(verb)::="SEES"
tEND t



22

The program that r,¡ill

gramirrar v¡ou1d be:

STI'ÍT /I LABEL

parse a sentence defined by this

1
2

mairr routíne

sentence

LI

subj ect

noun phrase-

L2

predicate

L3

obj ect

article

noun

OPERATIOI.I

CALL
STOP

CALL
FAISE
CALL
RETUfu\

CALL
RETURN

CALL
FALSE
CALL
RETTIfu\

CAIL
FALSE
CA],L
RETUfu\

CAIL
RETUR}I

MATCH

FALSE
MATCH

FALSE
MATCH
TRUE
MATCH
RETURN

}IATC}i
FALSE
MATCH
FA-LSE

MATCH
TRUE

OPERAND

sentence

subj ect
L1
predicate

noun phrase

al: trcle
L2
noun

verb
L3
obj ect

noun phrase

3
4
5
6

7

B

o

10
11
L2

13
I4
l5
T6

L7
1B

19
20
2I
22
23
2t!

25
26

T
L4
H
L4
E

L5
A

B

L6
0
L6
I

L7

L4

L5

27
28
29
30
31
32 L6
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STMT I/

JJ
J4
35
JO

37
3B

39
40

4I
42
43
44
45
46
47
48

IABEL OPER{TION

MÀTCH
FA],SE
I'ÍATCH

FAI,SE
MATCH
FALSF',

}fATCH
RETUPN

MATCH
FALSE
I'IATCH

FALSE
MATCH

FALSE
MATCH
RETUfu\

OPERAND

T
L7
R
L7
E

L7
E

S

LB
L
tB
E

L8
S

L7

verb

L8

If requí-red to anaLyze the structure of source text
t'The boy sees a treet', the parser machine r,¡or-rld begin at the

first instrucËion in the maín routine and perform a hierarch--

ical series of subroutine calls and returns. All possibilities

r^rould be examined until either the sentence coulcl not be

matched rvith the ultimate constants, or it was completely

acceptable. The latter results in a well-defined sentence,

the former in t'faulty syntaxtt.

A left-to-right scan of the source text rvould be made.

By use of t.he stacks ttistack" and ttlinktt, subroutines called

cor-rld remember the current point of scans in the parse at all

tímes and correct linkage could be effected,. For a detailecl

explanat:'-on of the execution of the parser machine ín parsíng

the above source text, see Appendix G.
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EXA.TUPLE 2

Let us consider the syntax of

itself . The corresponcli.ng parsing

tax v¡ould be:

STMT //

1
2

LABEL

Ehe meta-syntactic language

program to anaLyze its syn-

^2

A3

3
4
5
6

7

B

9

10
11
L2
13
L4
15
L6
L7
1B
L9
20
2I
22
23
24
25
26

granmar

AI

definition

OPERATION

CALL
STOP

MATCH
FALSE
MATCH
FALSE
}IATCH
FALSE
I"IATCH

FALSE
MATCH
FALSE
CALL

FALSE
CALL
}fATCH
FALSE
CALL
RNTURN

FLAG
MATCH
FALSE
MATCH

FAI,SE
MATCH
RETURN

CALL
FALSE
MATCH
FALSE
MATCH
FA],SE
MATCH

FALSE
CALL
RETURN

OPERAND

granmar

lnl
.D

AI
tEt.

A1
lnl
tt

A1trt
A1
tNt

AI
definition
A1

t
¿\J

definitíon

^2tEt

A1
tNt

Al.
tDt

variable
B1

B1

B1

BI
exPression

27
28
)q
30
31
32
-1 J

34
35
36 BI
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STI4T

JI
38
39
40
4I
42
43
44

4s
46
47
48
49
5C
5l
52
53

LABEL

varaabl-e

C2

C1

expressíon

D3

D2
D2
D1
D1

alternative

e lement

OPERATION

I'ÍATC}I
FALSE
CALL
}IATCH
NOT

FLAG
}fATCH
RETURN

CALL
FALSE
CAIL
MATCH
FALSE
CALL
RETURN
FLAG
RETUR}I

CAIL
FLAG
RETURN

CALL
TRUE
CALL
TRUE

MATCH
FALSE
CAIL
TRUE
}TATCH
FALSE
CALL
FAISE.
I'ÍATCH
TRUE
MATCH
TRUE
MATCH
FALSE
CALL
RETURN

OPERAND

C1

C2

alternative
D1

I
I

Ð2
alternative

D3

element
alternative

variable
FI
constant
FI
ù

E2
element
FI
(
F3
expressi on
F3

)
FI
tut
FI

F1
el ememt

F2

F3

54
55
56

57
5B
s9
60
6L
62
63
64
65
66
67
6B
69
70
7L
72
73
74
75
76
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STI"IT // LABEL OPERATION OPERAND

76
77
7B
79
80
BT
82
B3
B4

constant

G2

G1

MATCH

FALSE
NEXT

CALL
}fATCH
NOT

FLAG
MATCH
RETUfu\

il

G1

il

G2
il

tr^lith resp.ect to this section, the following facts

should be noted:

1) Symbols Wíthin Quotes

Placing a slmbol(s) within guoLes ís equivalent-

to underliníng it (them) in Reevers compiier. For example,

TBEGINt 
= 

tB' rEt rGt rIt rN'= BEGIN

2) Integer Form of Synbolic Parsing Programs

The above two examples of symbolic parsing pro-

grams are r+ritten in a mnemonic notatíon for labels, operation

codes, and operands. Thís was done for ease of understanding

' For direct input Ëo the compitrer machine, hol¿e-ver, a "symbolic"

(assembly language) fonn of parsing Program is rvritten com-

pletely in integer notation. The compiler will assemble this

assembly program, resolving al1 symbolic labels into absolute

addresses, Ëo generate the t'machine" form of the parsing pro-

gram which wilt then drive the parsing machine.
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This l¡il1 be fully explained, in terms of the total

compiling machine later in this cha-prer, ancl rvhat follo¡.rs is

a brief summary. Labels are negative integers. dperation

codes a-¡:e the positive integers I - 19 (see AppenclÍx A) . Op-

erancls may be either positirre or negative integers or 0, de-

pending upon rvhether they represent characters in the language

(see Appendíx C) , 1abe1s, or the null character.

3) Blanks in the Source Text

The above tr,vo exarnples of parsing programs appear

noE to consider blank characËers ín the source text. This

is correct because the parsíng machine ignores all blanks and

skips alorrg until finding a non-blank symbol.

4) Number of Labels

There may be up to Ëhree labels per program state-

ment.

5) Main Routine

The ordering of definition subroutines is not sig-

nificanl. Hor+ever, the main routine must appear first.

CAIL SUBJECT
STOP
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6) Þlechanical Generation of a Parser Progrant

The direct relationship binding a meia-synÈa.ctic

definition to the required parser prcgrani is rvhat errables the

compiler to reaC in a grammar definitÍon anC mechanically gen-

erate the required program that rvill parse the defíned source

language. This ís the bootstrap technique that rvas referred

to in Section 1.5

2.3 SEMANTICS

Thus far the thesis has dealt rvith source language

parsing. IIorv it is rrecessary to consíder Ëhe senantícs

associated lqith the sou::ce text. Therefore, Ëhis section

will describe the method for generaËing the elements of the

target. language. The compiler machine consists of two dis-

tincË successive processors, the first of which beíng the

parsing machine and the seconcl being an editor machine (see

Figure 2 on page 29). The parsing inachine analyzes the struc-

ture of the incoming source fext, as previously detailed, and

concurtrently generates a semantícally oríented output streafit

(the interface) which is then rearranged and rnodified by the

editor machine, resulting in the appropriate target code.

Thís section will be devoted to a detailed description of

Èhe two levels of semantic outflorr, parser ouf-put and editor
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Compiler llachine

interfaceParsíng
Machine

Editor
Machine

source text

FIG. 2 THE CO}'i?iLEiì }L-\CHINE IN A }ÍACROSCOPIC VIEI,I

Control Unit

r--." Gt ñil ñrE-Em

FIG. 3 THN PA-R.SING I'TACHINE

-l
i
I

I

I

stack (push-dolvn) memory
v¡hose elements are lists of
character and fornrat symbols

I. character symbols
2. format symbols
3. edit codes

TllI EDITOiì )f;\CllINE

interfacesecluential

ùç¡
o+l.gX

oÉøq)
a)doÐ
.o 'r{'rlXÐ0Jllcddoo+rcd!oÉÊ5
aJ >o ordooq)

istack ostack mstack link

ITTI

interface

FIG. 4
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output, and of the meta-semanlic language necessary for their

specífication. The- meta-syntactic language described in

- Section 2.2.I rvill be extended into a complete meta-language

capable of desc::ibi.ng both syntax and semantics, enabling

the stude.nt to ftr1ly descríbe a computer language and to
-mechanically generate the appropríate program to perform Ëhe

entire compíling function

2.3.L PARSING MAC}IINE OUTPLTT

The parsíng machine provi,des sernantic output generatl'-on

in a fashion consisËent with and e¡nbedcled in the parsing logic.

The machine a.s previously described must be expanded for this

facility. The elemenËs Èo be adcled are:

1) an output stream (Ëhe "interfacert) consisting of a

línear sequence of output elements. See Fígure 3.

2) a register "outpt" (output pointer) which points to

the location in ttinterfacett where the next output

synbol rqi1l be placed

3) a stack menìory "ostack" to save values of 'routpt'r at

various stages in the parsÍ-ng process.

4> a set of operations ivirich perform the functions

necessary for output, and set of instructj-ons

which involce these operations.



31

The parser outpur strearn, ttÍnterfacett, ís a string of

symbols each of ¡,¡hich rnay be a character synbol , an edít

code, or format control sy'inbol. An orr-tput instruction fo::

the parsing rnachine loads the positÍon j-ndicated by the

curtenÊ value of rroutptt' and advances ttoutpttt to the

successor positíon. Certain j_nstructÍons cause ttoutptt' to

be restored to an earlier value (saved in rrostaclc") and

have the effect of erasing all intermedíate iteins from the

ínterface. IniËially the interface ís empty and rrouËpt"

indicates the leadj.ng position.

The basic output ínstructicrs of the parsing machine

are:

(1) PRINT characrer

Outputs the symbol in the operand part of
the instruction.

(2) COPY

OuÈputs the symbol just read in from the source

texE, i.e.: the one immediately preceding that

specified by "inpt" as the next, to be read.

(3) NULL

Optputs a spe.cial null s1nnbo1. This occupies

a space ín Ëhe ínterface and causes ttoutptt' to

be advanced, unlike a nul1 input, but r¡i11 not

be written out by the editor later.
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(4) EDrr edit code

Out¡,ruts the edit code in the ope::and part of

the instruction.

posi-tive íntege;

Outputs a special format conËrol sy-inbol for

spacing.

positive integer

Outputs a specíal format control symbol for

tab positioning and carriage return.

(5) SPACE

(6) rAB

We dif ferentÍat-e betr;een character, edit ancl format

codes on the parsing machine output stream. character codes

represent tl-re slmboJ-s to be evenËually'listed on an output

device. Edit codes are editor instructíons invoking modífi-

cations and rearrangements of the character codes before they

are lisËed. And format codes control layout aË final J-isting

time. PRINT, COFY, and NULL produce character codes, EDIT

generates edit codes, and. SPACE and rAB yield ihe format codes.

The pushdoi^m stack "ostack" is atigmented. at each level in

the parsing process by a locatíon which records the value of

"ouËpt". This is handled by the expansion of the instructions:

CALL subioutine rrarne or null (^)

records the value of t?outptt' in ttostaclctt.

If t'flagtt is false then restore to ttoutpttr the

value from the top of ttostac:kt' and delete it

from rrostacktt.

RETURN
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NOT

TRUE

Resiore to ?toutpttt the value from the top of

the -rtostackt' and delete ÍL frorn the troslacktt.

If "flagtt is false restore to trotitptt' the

value from the top of t'ostack"

These last operations serve to e::ase any output that may

have taken p1.ace- ín the course of an unsuccessful recognition

attenpt ín the parsing procedure

2.3.2 ED].TING AND TTIE EDITOR IVTACHINE

The method of combíning anCr rearranging the characËer

(an.d format) symbols on the parser output siream, "interface",

must nor,/ be consiclered. -rt is acconiplished by passing "inËer-

face" Ëhrough a second computer called the editor machine which

ís formed by: (see Figure 4)

(1) Input stream, I'interf acert , consisting of a sequenËiaL

format symbols, and editlist of characËer symbols,

codes.

(2) Output stream, the target code, consisting of a

sequence of rearranged characËer and format cocles.

(3) A stack memory containing a pushdown list structure,

rtestorett, whose elements are lists of one or more

character and format codes.
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(4) An operating cycle consísting of:

a) t'Pulltt the next.element frotn the list ttinterfacett

b) If the element ís a character or format symbol,

ttpushrr j-t into the stack I'estorett.

If the elernent j-s an edit cocle, execute the

specífíed -operation upon . the elements of t'estoret'.

(5) A set of operations that are invoked when the corre-

sponcling edit code is detected in the input stream.

Thus the input stream, rtinterfacet', acts as conbíned

clata ancl progïam for the eclítor machine. The character ancl

format codes are the data and the edit codes Ëhe instructions.

The edit codes are:

1) X Exchange the Ëop two lists of "estorert.

2) C Concatenate the top tr¡¡o lists of rtestore" by

aËtaching the head of Èhe top list to the rail of the

next.

3) I^l Output (write) the elements in the editor stack in

sequence 1-ist by list from the bottom up and from

head to tail within each list, ígnoring the null

symbol rvhenever ia upp.rrs, and obeying all format

control symbols. Then return control to the parsing

machine at the ínstruction follorving the EDIT tr,I

which ínitially invoked the edítor.
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The editor machine i-s lnitiated by the execution of an

EDIT I'l ínstructíon by the parsing machine. Thís causes the

parser to output the eclit code trù as the las.t ele-ment of t'ínter-

face" and to pass control to the ediËor machíne. The editor

scans t'interf acett one e] ement at a time f rorn its head to the

final.I^l , pushing dor.m all character and format slttbols j.nto

the editor stack and executíng edit codes. Irthen editing ís

finished control is returned to the parsing machine.

1)

For edífícation purposes, let

trinterfacett consísË of tog X Ca C

letters represent edit codes and

X i^I where capital

lor,¡er case specify the

2)

character synrbols toga.

ttestorett, conmencing as ernpËy, be represented by a seríes

of elemenËal lists separated by commas, the elements

being ordered such Ëhat the bottom level is on the left.

The activation of the editor machine upon the parsêr-

editor ínte-rface v¡ould ôhange Ëoga into goat as follows:

interface

ÈogXCaCXI^i
oBXCaCXW

g X C a C X I^I

XCaCXI^l
CaCXIù

ACXT,I
CXW

XW
t^I

estore

t' 
E ro
Èrorg
ttgto
t,go
t rgo ta
t,goa
goa, t

targeË code

goat
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2.3.3 I'fETA_SEMANTIC LANGUAGE

In order to describe the structure of the source text

by a set of synÈactíc ru1es, the meta-syntactíc language vras

designed. Now, ín order to describe Ëhe semantj-cs associated

wiËh the structural elements of the source textr we require a

meta-semantic language .

The first level of the semantic process is the output

from the parsíng machine. The meta symbols { (l ,/), tCt, tXt r tSt 
r 
tBt,

tlüt, tot, tçr] vlhich compóse the meta-semanti-c language there-

fore correspond to the outpul instructions in the parsi-ng machíne

prograrn. The correspondence ís as follor,¡s:

meta-semanËic language

(1) (/ abc....z/)
where ârbr. ... )z are character
symbols

PRINT a
PRINT b
EDIT C

PRINT c
EDIT C

PRINT Z

EDIT C

SPACE CI,

TAB O

COPY

NULL

EDIT I./

(2) 'scx'
where

(3) r Bsr
where

(4) 'K'

(5) 'O'

(6) 'I,I'

0 is a posíti.re inËeger

o, ís a positive integer
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(7) 'C' EDrr C

. EDIT X(B) 'X'

In case (f-) the print defÍnition (/ abc.,.z/ ) where

abc....z represents a string of chat-acter symbols, produces

a PRINT a instruction folloived by a series of PRINT and BDIT.

C ínsLructions. This ensures the character string will, in

the editor phase, have its eleinents concatenated and will

thus be treated by later edit.i-ng operaËions as arÌ entire

unit (Ínstead of having only its last character operated on).

The semantic rules musE correspond and be embedded rvith

the syntactic structures of a source language. Therefore,

the meta-ser¡iantic and meta-syntactic languages are integrated

to form a "meta-languagetr, that is, a'l anguage that will com-

pletely descríbe (the syntax and semantics of) another language.

To clarify the semantíc concepts clescribed in Section 2.3,

there folloi¡ two examples, the first illustrating Ëhe polrer

of parsÍ-ng machine output, and the second illustratíng the

editing facilities.

EXAMPLE I:

Suppose we wish to translate the sentence "The boy sees

a treeil into its equivalent Gerrnan counterpart "Der knabe seht

einen baum." The meta-language definition r+ould be:
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tBEGTN' (sentence)i
<sentence> : :=<subject>(predicate> (1 . / ) ;
<subject) : :=(noun phrase> ;
<predicate) : : =(verb><obj ect> ;
(verb>: := t'seesrr I 51 I (/ seht 7 )
<object> : :=(noun phrase> ;
<noun phrase> : ::<arËic1e)(noun) ;
<arLicle)::= "The" (/ d.er /) 1"r."(noun)::= "boy" tslt 1/ knabe" /)
IEND'

lô1.

'slr (t einen / )tct |"rieert Islt
tct 

;
(1 baum /) 'c'

The parsíng machine program would be similar to that

descríbed in Example 1 of Section 2.2.3.2 on page 21 wíth

the followi.ng modif ications to acld semantic rules to routines:

19

STMT /f

3

LABEL

senËence

LI

article

OPERATION

CALL
FALSE
CAIL
FALSE
PRINT
RETUR-t\

MATCH
FALSE
MATCH
FALSE
MATCH
FA]-SE
PRINT
PRINT
ED]T
PRINT
EDIT
TRUE
MATCH
FALSE
SPACE
PRINT
PRINT

OPERAND

subj ect
LI
predicate

:'

T
L4
H

L4
E
L4
D

E
C

R
C

L5
A
L5
I
E
I

L4
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STMT /I LABEL

L5

noun

OPERATION

EDIT
PRINT
EDIT
PRINT
EDIT.
PRINT
EDIT
EDIT
RETURN

MÁ.TCIi
FALSE
MATCH
FALSE
MATCH
FALSE
SPACE
PRINT
PRINT
EDIT
PRINT
EDIT
PRINT
EDIT
PRINT
EDIT
EDIT
TRUE
MATCH

FATSE
MATCIT

FALSE
MATCH

FALSE
MATCH

FAISE
SPACE
PRINT
PRTNT
EDIT
PRINT
EDIT
PRINT
EDIT
EDIT
RETURN

OPERAND

27

C

N

C

E

C

N

C

C

B

L6
0
L6
Y
L6
I
v

N

C

A
c
B

C

E

c
c
L7
T
L7
R
L7
E

L7
E

L7
T

B

Å
c
U

C

M

c
C

L6

L7
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where s,
control
spacett

ST}ÍT /I LABEL OPERATION OPERAND

4I verb MATCH S

FALSE L8
MATCH E
FALSE LB
I"ÍATCH E

FA-LSE LB
MATCH S

FALSE LB
PRINT S

;åii' å
PRINT H

3iii, ;
EDIT C

. LB RETURN

I^líth regard Ëo Figure 2 on page 29, this sourcp text

and parsing machíne program rvould cause the follorving output:

represents a format
symbol of ttone

source text

the boy sees a tree

Parsíng
l"Iachi.ne

1:l5O"C a C b C eC C s, s eChC r C C s, e i C nC eCnC C s 
rb 

a Cu Crn C C

Edítor
Machine

der knabe seht einen baum
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It should be noted that this example uses little editing

fací1Íti-es. The numerous concatenation commands t'C" to the

editor are noË really necessary herê, but are included for

generalíty. The main purpose Ì^ras to sËress the output capa-

bil-ities of the parser machíne.

EXAMPLE 2:

To illustrate the compiler machíne rvith an emphasis

on editor machine actions, leË us consider a problem associated

vrith the compÍlation of ariËhmetic expressions - Ëranslation

ínto Polish postfíx notation.

The meta-language definition is:

rBgGtNt <arithmetic expressÍon);
(arj-thmetic expression) : : =(term)* (<add
<add op>: : = "+".1-"-tt ;
(term) : :=(facto¡>'* (<r,iult.op> tKt <factor)
<mult.op> : := rr'*tr 

l 
tt/t' 

;(factor): :=(variab.le) I"("<arithmetic
<variable): :=(letter> tKt '* (<letter> tKC

(terrer> : := Al s I c ln I r I rl c lHl r l -r;
<digiË>: := tlz l: l+ ls I o I z Is I stEND t

op> tKt (term) rXCC I ) t't,Ir

'xcc') ;

.*pt"""iorr>") ";
'lcaigir>'KC');

If the above definition is used to generate a parsing

Program r^¡hich in turn reads in the source expression "41+41/(Sl+¡Z'k

Al)-JAB", then the translation process r,rould proceed:
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41

source text

Interface

Parsing
Machine

Editor
Machine

Al A1 81 82 Al'1- + / + .i¿s -

2,3.4 I'fARKING A\D TESTI}ÌG

.There exists a,further facÍJíty r¡hich can be helpful

in economizing the description of a sour". la.glr"gu. It is

called "markíng and testingt'ancl iË consj-sts of flagging Ëhe es-

currence of a syntactic type and later allo-,ríng conclitional

semantic output ín the successively higher level of the rneta-

Ianguage definition, dependíng upon Íf the given syntactic

tjpe occurred.
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2.3.4.T TLLUSTRATIOi{

This can be shor'rn most easily by jllustraiion: Consíder

Èhe syntax

tBEGTN' <group> ;
<group> : : =<item)<item> ;
<item) : :=t'att I 

r16rr 
I 

rrarr
tEND t

and suppose that the required ouËput when parsing a group

is "d" if the first item of the group is "b", otherivise

nothing. The nonnal approach ís unaËiractíve, namely,

<groLlp> : : =<iteml><item2>;
<iÈeml>::="a"
<itern2> : : =ttatt

Our preferr"¿ 
"ot,rtion Ís:

(group)::=<ítem>rTlt ( (/ d /) )<item>;
(iËem) i i-rratrl r16rr rMl t 

| 'rcrr

trühenever "b" occurs as an item in " tr:"nr. bit one in

a register called "mark" is turned on (as signified by tMl t ) ,

Then in the next level <group>,bit one is Ëested (as specÍfied

by tTl') immediaLely after recognizing the first item. . If

this bit is on then r,¡hatever semantics foJ-loiv, enclosed i.¡ithin

parentheses ttOt', are executed. If noË, these semantics are

skÍpped. In this exanple, the instruct.ion to print "dt' is

enclosed rviËhin parentheses.

"b" (/,1 /)1"c";
ilbil 

| 
ilCil



44

Nor.t consíder:

<a> : :=(b)(b>(c> tTB t (txCxt ) ;
<b>: :=?rnrr r11 r 

I 
ttqtt tKt 

;
<c>: : =<b> lrtrr' 

tIo4B t

This says that an <a> will consísË of a sequence of

Ëhree symbols each of rvhich may be 'rpt' or rtqrr. In addition

the last syrnbol might be an "r". The syrnbols are copíed

out as they appear, unless the last symbol is "r" in rvhich

case the three slmbols are reverse.J. BÍ.t eÍght of "mark"

is set and tested in Ëhís illustration.

If , however, this definitÍon rvas modified as follorvs:

<c>: :=<b> I <reverse>;
<reverse>, r=,,1,,KI:¡8,

the Ëesting of bit eíght in <a) would not r'iork for <a) ís

Ërvo synËactic levels above <reverse>. There exists a unique

t'mark" for each syntactic type and ít can be altered only by

the syntacËic type whích ít explícitly calls.

Finally, a more subtle example, but commonly used, is:

<a>: :-qþ¡-ir(<b>'Ùilt)'T1' ( (/ multiple occurênces /) ),

If <a> consisËs of a sequence of trüo or more (b>s, then

Ëhe message ttmultiple occurancestt is output. 
. 
Since Ëhe second

<b> in the definitíon ís enclosed rvithín parenlheses (is part

of a "structural element") ané is prograamed r'¡íthin CALL Â and

RETURN instructions, it ís in fact a next level and may,

therefore, set the marker assocíated rvith <a>.
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2.3,4.2 II'IPLE}ÍENTATION

Marking and testing requíre the follolving facilities

in the parsing machine: (see Figure 3 on page 29)

(1) a register "mark" that contains a sequence of 31 bits.

(2) a register "hold" to hold temporarily the operand

value of a TEST instruction.

(3) a stack memory Ëo contain "mstack". This is a pushdown

list that saves values of t'marktr at various stages

(levels) in the prr"ing process

(4) a seË of operatioàs rvhich perform the functions necessary

to rnark and test, and'a set of instructions rvhich invoke

these operations.

The basíc Èhree instructions for this feature are:

(r) MARK d

r¡here o, is a positive integer If,31]. Sets

bit o to I in the record at the head of "msËack".

(2) SELECT s

rn'here q, is a positíve integer [1,31] . Copies

q, into a temporary location called "hold".

(3) TEST 1abe1

TesËs if the bit position of "mark" speciiied
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by "hold" contains 0 or 1. If 0 control is

Ëransferre'l to labe1 , l,'here. lalel specif ies

: Èhe instrrrction folloi,¡ing the conditional seman-

Cic ourtput succeeding Ëhe TEST instruction.

In addition, the follovríng parsing machine instructions

are extended:

(1) CALL routine name or nu1l

Push ttmarl<rt onto the top of ltmstacktr and set

ttmarktt to zeros.

(2) TRUE label

If ttf lagtt is f alse reset t'marktt to zeros.

(3) RETURN

NOT

Remove the record from the head of t'msËacktt

and copy it ínto ttmarkt'

Thus each activatiol_of a program routíne (represenËing

a syntactic type defÍnitíon) has a set of 31 marker bits

associated with iË ín "mark", and they are initially zeroed.

tr^lhen this routine cails anoÈher, ttmarkt' is saved on the top

of ilmstack" and may there be altered by I'IARK instructions

vrithín the ca11ed routine. When control ..trrtr" to the calling

routine, t'marktt is restorÞd from Ëhe top of ttmsÈâckt' and may

then be checked'by SELECT and TEST insËructions to conditionally
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allor,¡ semantic outpuË. AË the end of each alternative I'marktl

is reset to zeros by the TRUE instruction, Ëhus reinitial-

izi'ng it for the next al-ternatíve.

The meta-language def ínition of ma-¡:kíng and testing

corresponds directly rvith the machíne Ðrogran:

metalanguage

(1) rMocr

machine program form

t'fARK c[

where q, is an integer [1131]

(2) 'To¿' (<passive>) .SELECT 
ct

TEST L
where cr, is an íntegef [f r31] <passive)

L:
and (passíve> is any meta- :

-language code not invoking

the testing of source symbols.

To complete our illustration, the assembly form of the

compiler machine program for the first example in this

secËion would be:

CALL group

. STOP

group. CALL item
FALSE A1
SELECT 1
TEST A2
PRINT d

AZ CALL iËem
A1 RETURN
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item MATC}I
TRUE
MATCH
FALSE
MAru(
TRUE
MATCH
RETUR.I]

B2

BI

a
B1
b
B2
I
B1

C

2.3 ,5 GENI]RATING AN ASSE}ÍBLY PROGRAM FOR THE PARSING MACHTNE

It rvill often be desirabl e to generate as targeL code a

program for the parsing machine ítself. This prograïn may

take one of Ëwo representations, an assetrbly 1-anguage form

allor+íng symbolic labels, or a machine language form which

has addresses in absolute value ancl can be executecl by the

parsing machine.. Since the compiler machine explícitly

provídes the additional facility of an assembler, the besË

approach is to generate the syrnbolic assembly language pro-

gram and let the aseembler resolve t,he symbolic labels and

translate into machine language form. The parsing machine

program ís the only program that the student must provicle

to the compíler machine. The parsing machine, in executing

this progran, will construct the "ínterface" which consists

of the combined data and program for Lhe editor machíne.

Therefore, the parsíng machine program may, for applicatíon

purposes, be thought of as the "prograin" of the compiler
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nechirìe. This section l¡ill descrj-be the techniques re-

quÍ.rr:d to ger.erate an assenbly prograxr that r,¡i1l run the parsíng

machÍne

Fígurc 5 shor+s the conpil-e:: nachÍne extended to in-'

clucle an assenbler and índicates the ordered manner in

r'¡hich the nachine operates. Initially the conpiler r,:.achine

reads an assenbly progran. (syinbolic parsing nac.irine progran)

ínto the assenbler, assernbles it into the ¡nachine for-n, and

places it into the sequential nemory of Èhe parsing machine.

Control is then transferred to the parsing i::achine. It,

under control of the rnachine progrâ-n, reads in the source
G

te>lt, paises it, and generatcs an iaterface to the editor

macirirre. Tlie erlitor nachine interprets the s1'rirbols and. edit

cod.es cf Ehe interface to procluce the target code. This

target code, ho'..¡everr aay aetually be an assenbly progralr

for the parsing nachine Ín rvhich case ít can optionally be

fed back inËo the assenbler Èo begÍn the cycle aner.r. OÈher-

t¡ise the cycle ter-ninates upon production of target code.

(r)
assembly pro

(2)
source text

machine
ASSEM_

BLER

Parsing
Machine

Editor
I'lachineinterface

FIG. 5 CO]ÍPrLlìR lf,\Crn.NE

tar et code
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2.3,5 .L SYI'ÍBOLIC PAP.SING If,{Clill'IE PROcR-Ar\t

Until nory all examples of progr:anis for the parsing

machine have been written using nineluonics fo:: labels,

operation codes and operands. This was done for ease of

underst.anding, but these programs are not in a forrn that

the compiler nachiners assembler- can directly assemble

into the reqtrired machine language forn. The assembly

form of the pi:ogram rn¡hich is acceptable is a strearn of

integers as follows:
tBEGINt <assembly prograrn>;
<assembly program> ¡ ¡=:k<¡es¿ines>t'999tt ;(routine) ¡ ; =:'r çf¡s ¿ructions >tt0rt ;
(ins truc tion) : 3 =:k<laþ ql><op . code><operand> ;
<label>: :=(internal label> | <external label>;
<internal label> : :=<integer X,-999<X<-l>;
(external label>: :=(ínteger X, X<-1000>;
(op.code): :=<integer X, l<X<998>;
<operand>::=<label>|<charãcEer symbol>|<lositive integar>|<nult syrnbol>;
(character symbol>: :=<integer X, 35<X<198>;
<positíve inLeger): :=(integer X, X>0>
<nu1l syrnbol>: :="0"
tEND t

1n

l_n

The integers to be used for operaËion codes are gíven

Appendix A. character symbol representaËion is described

Appendix C.

For purposes of illustration, consider the last example

2.3.4l-n

tn¡Citlt <group) j <group>::=(item>rT1 I

(item): : =ttatt I 
ttbtt t¡11 t

(Ua¡¡)<ite.m>;
I 
rt"tt tEND t



51

CALL
STOP

group CALL
FALSE
SELECT
TEST
PRINT

A2 CALL
A1 RETUfu\

ítem IÍATCH
TRUE
MATCH
FAISE
MARK

B2 TRUE
MATC}I

81 RETURN

The assembly program

Mnemoníc Form as befo;:e-

that r¿il1 compile

Correct

-r000

-2
-1

-1001

a <group> is:

Symbolic Form

group

item
A1
1
IL

d
item

B1
b
B2
1
B1
c

I
L9

0
I
4
B

9

L6
1
2

0
11

J

11
+

7

3
1t

2
0

999

-1000
0

-1001
-1
I
-2
53

-1001
0

50
-1
5l
-2
I
=1
52
0

a_L

-1

Thus a negative ínËeger represents a label or symbolic

address. Labels identifying routínes are called external

labels and are íntegers less t.han or equal to -1000. Labels

within routínes are internal labels and have values in the

range [-999, -1] . Mnemonic operation codes are replaced by

posítive íntegers in the range [1, 998.]. Operands may be

positive or negative, depending upon whether they are a

character symbol, format control value, or a label. h{ren

the assembly program is assembled into an executable machine

program, .the symbolic labels are resolved ancl replaced by
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positive

address

end of a

absolute

in a CALL,

routine.

addresses, so

RETUP,T'{, NOT,

that a zero denotes a null

or COPY instrr-rction or the

2.3.5 .2 INTEGER OUTPUT

The compiler machine must possess the capability to

explicitly output integers. This ability is necessary in

order for the student to generate t.he ínteger stream com-

prisiing a parsi-rrg machine assernbly J-anguage. Also, in a

more general sense, this facility is required by the parsing

machine in order to generate the integer streaar comprising

the interface:

tBEGINt <ínterface>i
(interface)¡ ¡=:t (<symbot> | <edit code>);
<syrnbol>: :=(character synbol> | 

<forniat control symbol>

(characre, lffiffiîl=:î;l:å:: iî5;ä:ìl;ïï" sv'bo'> ;

(format control synbol>: :=(integer-XlX> 600000000>;
<null symbol> : :=500000000 ;
<edit code>::=(ínteger X, X<-1>;
(special positive integer): :=(integer X, X>0>

tEND t

The mnemonic edít cocies are replaced (see Appendix A)

by negative integers. The synbols are al1 positive integers.

Generating integers is a clifferent process from producíng

character digits, and enters the meta-language in tv¡o Lrays.
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(1) Via the Parsing }fachine -- the PRINI' instruction

The mela-language PRINT s1'mbo1 may be used to

ouËput integers by placing the integer in paren- 
.

theses "()". Thus (/ (f) /) is coml>i-le<l as PRINT

1, rvhereas (l L /) is cornpiled as PRINT 41 sínce

41 is Ëhe internal character code for the digit

1. The PRINT meta-symbology may no\,¡ be def ined

AS

" ( /"*("("<pos. integer)") " | 
<character synbol>) "/¡ "

I^Iith Ëhis facility operation codes and most op-

erands may be generated.

the Editor Machine

Tv¡o rrerv meta-language edit codes tVt and tNt

compile into EDIT V and EDIT N respectively. Their

effects when interfreËed by Ëhe editor are as

f ollorvs:

tvt assuming that the top lisË of the editor staclc

(2) Via

"estore" contains a string of digits, replace

it by the corresponding integer.
tNt assr:ming that the top list of "eJtore" contains

a single integer value, negate it.

The use of the tVt code ís seen r,rhen specifying an in-

têgerî in the meia-language.
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<integer> : :=<digít> tKt". (<digit> tKC t ) tV t 
!

As successive digits are read, Ëhey are copiecl and concatín-

ated ínto a stríng, and fínally the rvhole string ís replaced

by the value of the int-eger

'N' is required to generate negative íntegers in the

target code. The parsing machíne cannot directly generate

output integers that ale negative, since they would be in-

tercepted by the editor as edit codes. Thus the parser pro-

duces the edit code N in the interface and lets the editor

create the negative integer.

2.3.6 LABEL GENERATION

The generation of ínËegers for operation corles and for.

all operands, including negatíve ones but excluding labels,

may, be handled by the techniques described in 2.3.2. Labels

require special methods for each l-abel must be unigue and

thus necessitates additional parser and editor instructions.

A1so, since labels have tr,ro integer ranges according Ëo

whether they are internal to routines or global ' tl,/o separate

methods are used:

(1) External Label Ceneration

External labels correspond to the names cf syntactic

variables ín the meta-language and they name the location
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of the heads of routines in the parsing machine program.

This corresponclence is set up via a further eclit cocle,

'L', in the meta-language rvhich compiles as EDIT L.

Before explaining the actío¡ caused by L entering

the editor machine, ít is necessary to extend Lhe editor

machine. Independent of the editor staclc t'estorett is

another sËack, t'namett, rvhich is a list of sub-11s¡g

(see Figure 6). A sub-list consists of a first element

which is Èhe external label (integer I -1000), folloived

by a second element lvhich ís a sub-sub-list contaÍning

the syrnbols making up the variable name. Finall y the

edltor contains a register "index" which is ínitiaLt zed

to -1000

The action of the edit code L is as f ollor'¡s:

L Assuming that the top 1isË of the editor sËack "estore"

is a string of symbols making up a varíable name,

scan the list "name" for this name. If found, Íê-

place the entry in the stack by Ëhe corresponding

external label va1ue. If not found, enter the name

from ttestorett ín the list ttnamett with the curr-ent

value of ttindextt as the external label value, and

replace the t'estore" entry as before - also decre-

ment Ëhe value of "inclex" by unity.
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The use of the L edit code is seen ín the full

specification of a variable in the mèta-language as

sho'çr.n. ín Appendix B.

<variable> : :=tt(tt tUKt.x (Jt>tt tKC t 
) 

rr>n tL t .

(2) InÈernal Label Generation

For generation of internal references the parser

machine is extended to include an additionar fíve in-

structions and associated hardr.rar:e, a register .tagt'

to hold positive íntegers, and a push d.own list "label"
whose elements are values of 'tagtt. The extra ÍnsÈructions

are as f olloivs:

SETLAB
INCLAB

LABEL

DECLAB

RESETLAB

Set t'tagt' = I and clear t'labeltt list
Push current value of tttagtt onto top

of ttlabelt' líst, and incrementt't"gt' by unity.
Output top entry in the "label" lisË,

followed by the N edit code.
If ''flag" is false, copy Êhe top

ent.ry of the "label" list into
"Ëug". Delete the top entry.

Clear "label" list.

For convenience, Ëhese five instrucËions are actually

written with one operation code t'referencet' and. operand

of 1, 2, 3r 4, 5 respectivel_y. Correspondíngly, the

meta-language specif ies t.hem as rR-l-, , ,R2, , ,R3, , ,R4 r,

and tR5 t . The full specification of t.he neta_language

is in Appendix B.



57

SETLAB (reference 1) and DECLAB (reference 2)

should be specified at the beginníng ancl end of a

parent routine that calls other routines ¡¿hich i.¡ill

generate labels. INCLAB and DECLAB should be speci-

fied at the beginnÍ-ng and end of a routine wirose in-

struction sequence contains LABEL Ínstructions corre-

spondíng to one particular 1abel. A label is output

whenever LABEL is obeyed.

NoÈe that the labels are output by the parsing

machine as positi.ru int"gu.rs follor,¡ed by an N ed.it

code. This is because the label r,¡ould be interpreted

by the editor as an edit code if it r^/as negative in Ëhe

ínterface. The N gets around this diff_Í-culty.

The five instrtictions are suffícient to handle all

internal labelling anrl are ivell illustrated in Appenclíx

B whích defínes the complete aeta-language, both syntax

and semantics, in the meta-language itself.

2.4 CYCLING AND COMPILER USAGE

The ability of the compiler machine to cyclé was basically

descríbed in section 2.3. rn this section the cycling process

will be restated ancl its function explained ruith respect to

íntended compiler machine usage.



58

2.4.L CYCLING AI'ID RECYCLING

The compiler rnachine t'cyclett consists of an ttassembly

phase" follor,¡ed by a "compile phaset'. In the assembly

phase, a parsíng machíne assembler progranÌ, describing the

syntax ancl semantics of some source- lang-uage, is read into

the assemLller. The assembler resolves a1l syrnbolíc refer-

ences, generaLes the machine forn of Èhe program and places

ít into the sequential rûemory of the pars-ing machine (see

figure 6). Then, in the compile phase, source text is compiled

into target code. That is, the parsing machine under control

of íts nevrly acquíred machine prograûl inputs some source

language text (descríbed originally by the assembler program),

parses it and generates the appropriate interface to the editor

machine. The editor machine then interprets the interface ancl

produces the final target code.

The Ëarget code may be any kind of output the student

desÍres including an assembler program for the parsing machine

in which case it may be routed as input to the assembler to

initiate the starË of a neÌ,r cycle. This is referred to asrrre-

cycling" and may theoretically occur to an arbitrary fíníte depth.
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2,4.2 HOkI CYCLING IS APPLIED

Normal usage of the compiler machine- consj-sts of

feeding it three consecutive inputs:

1) Assembly program defining the meta-language. This

is a standard program that need not be lrritten i:y

the student.

2) Meta-language definition of a source language.

3) A text rvritten ín the descríbed source language

and finally receiving the desired object code.

(1) anci (2) form the assembly and source text inputs of

a first cycle. (3) forms the source text input of a second

cycle. This occurs as follows:

1) Cycle 1.

a) Assembly Phase " In order to initially

provide Ëhe parsing machine with a program,

an assembly program is read in, assembled into

machine language form and placed in the pars-

ing machinefs sequential memory. This assen-

bly program defines the syntax and semantics

of the met.a-language ítself .

b) Cornpile Phase. The studentrs source

language definition, vrritten in meta-language

form, ís reaC ín as source text by the parsing
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2)

machine urrder conf-rol of íËs machine program.

The target code finally produced ís an assembly

program for the parsing machine Ëhat corres-

poncls to the studentts source language defínition.

Cycle 2.

a) Assembly Phase. A recycle rror{ conmences.

The assembly language program, corresponding to

the studentrs source language definition and

just produced as target code, as rrotrù asse¡nbl_ed

and placed into the parsing machinets sequential

memory, over-!/ríting the previous contents.

b) Compile Phase. The parsing machi4e, under

control of its ner,r program, reads in the studentts

source language text. This is now compilecl ínto

the Ëarget code desired by the student (or a

warning of "faulty syntaxil is output).

See Figure 7.

Once the stuclent has made his final source

language <iefinition, either in the standard meta-

language or his ovm, he is able to output the

target code assenrbly pr:ograrn for the parsing

machine that corresponds to his source definition.

Then each tirne he r¡ishes t-o compile a program, he

need only nake one cycle, reacling in this assenLbly

progran before his source declc.
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In addition, if the

language ín terrns of the

language rvritten in thís

in the source language,

first cycle followed by

a flexable system.

student, sây, described hís or,¡n raeta-

standarcl one, then described a source

ner^r meta-language, and finally read

there i.¡ould be three fu1l cycles (a

Ër./o recycles). Recycling thus provides
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FIG. 7 NOR,\L{], CYCLING FOR STUDENT USAGE
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CHAPTER IIT

AN II'PLEMENTATION TN ALGOL

The compÍler machine was ínrplemented as a virtual or pseudo

machÍne, rather than as a hardr¿are entity. Tha.t is, it is a

simulated machine pl:ogrammed on a computer.

This chapter will describe the softrvare approach Èhat ruas

follorved.

3.1 PROGRA}Í}ÍING LANGUAGE CONSIDERATIONS

3.1.1 CHOICE OF ALGOL 60

rn order to achieve the goal of relatíve machine independ-

ence, the syntæi-directed compiler was rvritten in the univer-

sally accepËed algebraic language ALGOL 60 t3].

3.L.2 A],GOL 60 INPUT_OUTPUT ROUTINES

The inherent problem associated rüith this choice of languages

is Ëhat ALGOL 60 was original.ly def ined r^¡iËhout r/o routines, leav-.

ing this domain to be developed localry by each user Ìnstallation

and creating source language I/O incompatility between computer centers.

A set of standard prÍnitives rvere recently accepted. [s] , and

based on these, stanford university suggested. a group of standard.
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r/o Ëransfer proceclures [tt]. lgnored, hol.rever, have been the

r/o control procedures (next record, tabulation controJ-, carri-

age control, etc.)

To resclve this clil.emma, a general set of nine r/o control

procedures \,/ere designecl . stanford ts r/o transfer procedures

were í.rnplemented, anci this total package was documented and aclded

to the compiler machine as a global block. (See Appendíx D)

Thus, Ëhe program may be ímplemented using any ALGOL trans-

lator havíng stanford r/o procedures [r{ , or, more generally,

having the primitives defined in L5]. The borly of each

r/0 control procedure, horvever, rvil1 neècl to be locally defined

for all but IBI'Í 360 translators

3.2 STORAGE MANAGE}TENT

Memory space for all the

1er machine is handled by list

Ì{as necessitated by a need. for

ancl makes available the usage

ear strings.

data structures used by the cor.rpi-

processing methods. This approach

dynamic reallocation of storage,

of lisË structures as wel-l as lin-

e-ach element

tttailt'. These

each of which

Since each

L1Å

A list is a connected sequence of elements,

consísting of tlvo computer words, a tthead" and a

elements are connected through the ttheadt' parts,

contains the address of the succeeding elem.ent.
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element points to its successor, successive list elements

need not be, and in general are not, consecutive double r,¡or,fs

in menory. In fact, one of the attrac-tive features of lists

is their ability Ëo utilize arbítrary, disjoíntecl sections of

memory.

The second word of eacir element, the "tailttr may contain

data (a syrnbol or numerical value) or rnay point to another

list. A list v ivould have the folloruing structure:

where

firs t

lísË head

SII'IPLE LIST STRUCTURE

x e.....,x Ín the taíl of all elements other than the7' ' n

represent data.

Each list is provided ¡.+ith a "list head", a knor,rn loca-

tion in memory, through ruhich the programmer can locate the

list. This lisE head poinËs to the first and lasË element in

Ëhe list. In addition, the last element, is flagged by a

pointer of 0. A null list is represented by a list head con-

taining tivo 0 pointer values

"--*filf risr head

the null list
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Since the tail portion of each list element may poínt

to another list (cal-led a "sub-list"), and so forth to an

arbitrary finite depth, very complex configurations called

ttlíst structuÌ:estt may be formed. For example:

list head

0 tr"1 Ò
x

A

L
o X

9

AN EXA}ÍPLE OF A LIST STRUCTUI)G

As can be seen, a list structure contains information

in two trays, the f irst being the acLual datum *t r.... rxn, and

the second being the structural locatíon of the datum.

3.2.2 STORAGE ALLOCATION

The

namically

spacett.

storage space required for all

from a special list ca11ed the

Initially, all available rrenory

lists is Eaken dy-

"1ís t-of-available-

is assigned Eo this
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1ist. Then rvhen various lists are ct:eated and built, their

elements are allocated one at a time from this list-of-

available-space. si¡ritarly ruhen a list is no longer needed,

iis elenents are ::eturned and are then available for re-

allocation to another 1ist. Thus at any time only the exact

amouni of needed storage is being used and iists have the

abilÍty to begin, increase anci decrease in size, and. be erased

as requíred at execution time.

This dynamic allocation and reallocatíon of nremory to

list strucËures has been ímplemented as follor,rs:

a) List Store and List-of-Available-Space

U
LIST II

STøRE
T

storesize
lavs

LIST STORE INITIAIIZED TO TÉIE LIST-OF-AVAILASLE_SPACE

Total storage for lists, the ',list store,,, consists of

trvo integer arrays declared H, T Il:storesize] vrhere "storesize"

ís the length of each array and is read as an input parameter

at the beginning of the progran. (A storesize of 2000 Ís

suffícient for most apprications.) A list element allocated.

/t ¡.
^

/L ¡, ffi
^

1\ ¡.
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from this store rui1I have an addre-ss i, l<i< storesize

v¡í1l consist of the pair HIi], Tfi] be:l-ng respectively

head and the tail of the element.

Storage allocation is handled ín a conventional mannsr

by means of a list-of-available-space, ttlavs", ,vhich has no

list head. Initially, "lavs" points to the first elemeni in

the "1ist store" (has the value l) anci each element is chained

in a linear fashj.on as shor,¡n above. Thus at the beginning of

the program, lavs consists of Ëhe i¡hole store list. The daturn

in lavs are set to SOOOOOOOf, the nuil value Â, in ord.er Eo

facilítate monitoríng.

b) Allocation of Elenents from Lavs

Mechanisms are needed for obtainíng ttnewtt elemenËs froxt

and returning unneed.ed elenents to the list-of-available-space

lavs. An element H[i], T[i] may be taken from lavs by an AIGOL

procedure "take(i)" which assigns the address of the first,

element in lavs to the intege.r i. Lavs is changed to H[lavs],

that ís, lavs norv points Èo the next el.ement in its líst. Loca-

Èions no longer required must be returned to lavs by a procedure

"put(i)". This pushes the element Hli], T[i] onto Ëhe beginning

of lavs by cha-i-ning H[i] to lavs, setting Tli] to A and then

letting lavs equal the address i. For example, if after: many

operations, the' list-of-avåi1ab1e-space looked as follorvs:

and

the
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a call of the procedure take(i) rvould calrse it to appear
, lavs-,

i-_"|--t-\i LrE hrr
and an innLediate put(i) would return it to íts origínal state.

Take(i) a-ncl Put(i) are the prírnitives rcqui-red. for

oËher list processing procedures.

3,2.3 LIST PROCESSING PROCEDURXS

In order to build' lisÈs, operaËe upon

delete Ëhem, the follorving procedures are

1) open list (V) - takes rhe firsr

lavs, makes it a list head

it to a null list

tlrem, and finally

uscd:

free element from

a.rld. anlE]-all-zes

"-*f-o lìl
2) push (X , V)

I

lavs to

value X

^ coffiects the first free element in

the head of [ist V ancl assígns iË the
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3) append (X , V)
2

travs to the

value X

connects the first

end of líst V and

free ele:rent in

assigns ii the

4) pu1l (X, V) - assi.gns to X the value of the firsË

qlement ín list V and returns the element to

the list-of-availabl-e-storage.

5) closelisL (V) - returns the head and elements of

lisË V to the list-of-available-storage and

sets V Ëo 0.

v-Ð

V=0

combine (Vf, v2)

\12 to the end

åFË andX:=X
I

6)

list Vl

7) exchange (Vf, V2) - exchanges the lÍsts Vl and V2

Bj reverse (V) - reverses the linear orcler of the

e)

elements in list V.

behead-(i,V) - returns to the 1íst-of-available-space

any elements chained from the head of list V Èo

_ 
Èhe lisË element r+ith address i.

concatenates the el.ements of list

of list V1, creating a conbined
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10) betail (i,V) - returns to the 1íst-of-availab1e-

space any elements of list V that trail from

the list element rvíth address i.

equal'(Vt,V2) - compares trqo lists V1 anC V2 Ëo see

if they contain the same information.

11)

3.3 IMPLEMENTATION OF THE ASSEI'ÍBLER

An assembly language program that is to be assernbled con-

sisÈs of an integer stream of Ínstructions, each having the forrn

(-* <label) (operation code) <operand>). The instructions are

grouped into routines, each routine terminated by ttOt', and the

whole program is Ëerminated by tt999¡t. The only negative in-

tegers are either labels, or else operands referencing the in-

structions named by the labels. The complete description was

gíven in 2.3.5. The machine language form resulting from as-

sembly was specified in 3.2. It is output as a list "targett'

and then transferred to the sequential memory of the parsíng

machine to become the machine ttprogramtt.

3.3.1 THE ASSE}IBLY CONFIGURATION

The assembler consists of:

1) an inpuË stream of integers forming,the assernbly program
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2)

3)

an output 1ist, t'target.tt, each element of r¡hj-ch con-

tains a machíne instruction in packed form (see 3.3.2).

memory Lo contain ttintref tt and ttextref tt. These are

list strucLures to aicl in resolving symbol:'-c acldress

references.

logical operations that rvill assemble the input pro-

gram an ínteger at a time.

Hardware
Logic

stack. memory

ASSEMBI,ER DATA STRUCTURES

1) t'targettt - machj-ne program that is generated

4)

3.3.2

where I

2)

.rhr-s the i Ínstruction in
ttextreftt and ttíntreftt

structure:

packed form.

both lists have

Assembly
Program

the followíng
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Int
Ext ret

l-.-i tTr

ï-îiË

The fírst element in each sublist contains the label "1"

in its negatíve integer for-m. The second elemenË contains !'t",

the address ín "target" of the instruction labelled by "1".

The remaíning data "1t, Í2r ...., frrtt are the addresses in

tttargettt of all instructions v¡hose operands rnade a slnnbolic

reference to trltt

ttlntreftt ís

Ínes. ttExtref tt

tfru fi-"t handlÍng all references wiËhin rout-

hanclles all external ref erences betr,reen rouËines.

3.3

The

cutívely

ing the

ASSEMBLER LOGIC

integers in Ëhe assembler program are read in

as the variable "x" and irrunecliately assembled

procedure "assenble(x)". Assemble(x) proceeds

conse-

by invok-

as fo1lor,¡s:
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x is a symbolic reference

ifx¿
else

-999 then intref
extref

x=0

x is a positive operand

-I *x

End of routine

Sweep through "intref" and
for each sublist place the.
address t'ttt into the ope::-
and posit:-on of all "tar-
gettr instrucÈions names byttf ,... rfntt. clear ttinËre

swee@i
and for each sublit
place the address ttttt
into the operand posi-
tion of all ttËargettt
instructions named by
"f. ,... rf_tr. clear

ttextref tt.

x is an operation code

amins I"n

Place address of
I' in ttttt posi-
tion of sublist

Scan |treft' to see if it alreacly
conÈains a sublist whose labeltrlrt equals ttxtt. If not, create
a neLT sublist with t'xt' as the
labe.l- "l-" and append this sub-
list to ttref tt.

1ll I\
XISAN
synboli
erencin
ed ins

--_l
Append
of I i.n.posr- tro

sub

#\
operand
ally ref-
a label-

ruction

ddt.ss i
to"f"I
or tÊe I

ist I

x is a label n

0: n*l;

Add an element tottËargettt to contain
next instruction
and zero it.

â
\j [1

End of assembly program
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3.4 IMPLEMENTATION OF THE PARSER .AND EDITOR I,TACHINES

Given the complete fu*ctional delineation -i.n chapter rr

of the parser- and editor mach-ínes, together r,ri_th, i.-n 3.2, the

procedures for all list/stack handling, the basic programming

of parser and eclitor is quite straightforward. (see Appendix

E for Ëhe actual coding)

This section will discuss trr'o structures Ëhat merit at-

tention -- the ímplementation of the parsí-ng machine progra.m,

and a student language efficiency measure.

3.4.7 STORED FORM OF A PARSING ì.{ACTIINE PROGRA}T

An assembly program Ís assembled and the resulting 'tar-
get" code is stored in the sequential nemory of the parsing

machine (see Figure 6). Here it is called the storecl form of

the parsing machine program, or, simply, the "machine programtr.

This section will describe its appeararrce within the A-LGOL

implenenÈation program and give a brief ill_ustration.

The rnachine program is held in the form of a simple list,

each datum element being a complete instrucEíon. The method of

packing an instruction into a single cornputer wortl is as fol_lovs:

' 100,000 x (operation code) -| (operand>

Thís saves stolage and facilitates monitoring. All symbolic
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PARSTNG MACäINE FOR A <GROUP>

Mne¡nonic form Assembly fornr Machine foLmr'r

index
addr ess

ttprogramtt 
-

30

31

33

47

26

52

93

94

9s

6T

6B

100

LL2

7L

72

'Itpointtt to their successor. The

, of course, arbitrary and this

CAIL group

STOP

group CALL iten
FALSE A1

SELECT I
TEXT A2

PRINT d

A2 CALL item

A1 RETURN

item MATCH a

TRUE B1

MATCH b

FALSE 82

MARK 1

B2 TRUE 81

MATCH c

81 RETURN

1 _1000

190
0

1 -100r
4-r
81
9-2

16 s4

-1 1 -1001

-2 20
0

-1001 11 50

3_1
11 5t
4_2
71

-23-l
11 52

-1 20
0

999

25

13

*Note that the head elements

absolute index addresses are

is an illustration only.

10009 4

4000s2

1600ûs 4

11000s0

r1000s 1

400rL2

70000r

1100052
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labels have been resolved ínto absol-ute address references.

For purposes of íllustration, consider once again the

parsíng machín.e program for a group where a group was defined:

rbegin <group>;
<group>:
(item> :

tend t

(See the previous page)

3.4.2 LANGUAGE DEFINITION PERFOR}IANCE TNST

Students experimenting in the definitíon and manipulation

of formal languages, might rvish to compare the efficj-encies of

various language definitíons used for the compilí.ng of source

Eexts

Thus, an optional performance tèsË rvas added to the coinpiler.

It is a count of the number of attempts that were made by the

parsing machine to recognize both syntactic consËants and vari-

ables. This vras implemented by incrementing counters each time

a matbh insËruction vras executed or when a call instruction re-

ferenced a syntactic variable subroutine respectively

3.5 COMPILER MACHINE I/O STRNAMS

The input stream (<assernbler progra¡n¡/r(seu¡se text>) and the

output stream (J.<Ëarget code>) of the compiler machine are ex-

tencied somer',hat to allorv flexibility and ease of use for the

students. The exËensions facilítate:

(item> lT1' ( (/a¡1 ) <iren>;
alu'ut'lc
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1.

)

Control of compi-ler machine storage requirements.

The student speci.fj-es (stor:esize), the number of 1o-

catíons given to 'TLIST STORE", frorr r'¡hich all lists

ín the machine are taken.

Control of I/0 deúices. Through control paranletersr

the stuclent may specify

a) Input/output devices for ínitial assenrbler pro-

gram. Thus, thís inÍtialization parsÍng machine

progran tha! defines the meta-language ís avail-

able from disk as rvell as cards. Also, iE nay

be optionally copied onto any device.

Output device for target codes. The target code

generated at the terminaËion of each cycle may be

optionally output on any device. Thus, iË may be

listed on a printer, as in Ëhe case of final ob-

ject code, or, as in the case of the assembler

program definition of the sËudentts meta-language,

iË may be stored on disk for future compiler mach:-

ine ínitialization

The input source texts are assumed to always come from cards.

3. Fornatted printer'listings. Whenever the student spec-

ifies output on the printer, the compiler machine for-

maÈs the listing

a) Assembl.er programs are listed Ín both nunreric and

synbo.líc form, one instruction to a line.

b)
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Target texts that

are page aligned.

are not assembler programs

3.5.1 THE INPUT STREAY

Syntax

tbeginr <input stream)
<input stream) ::= (store size)

(assembler control paralrs><assembler program>
*((source control params)(source text>t'$t') ;(store síze) : := <integer>:

(assembler control pararns> : := <device><listing?>;
<device> ::= <integer x, 0 ( x _<- 15>;
<listing?) : := "tTRUEt" <dev'ice>| "tFALSEt";
(assembler program) ::= see 2.3.5.1
(source control para.ms> : := (route><listing?>

(perfornance testing) ;

r' TTRUE r rr 
I 

rr rFALSE r rr 
;

Semantics

<store size), Eïre first entity in Ëhe input stream, is

posiËive integer specifying Ëhe number of storage locations

vailable to arrays H and T of LIST STORE.

(assembler control parameters>, conËrol the choic.e of I/0

devíces used in the assembly phase of Ëhe first cycle. The

first (device) specifies the input device.to be used for the as-

sernbly program. The convention used is 0 for card reader, I for

prinÈer and 2 - 15 for devices that the student may define via

control cards. <listing?> determines if the student wants this

assembler program listed (tTRUE', tFALSEt) and if so, on what

output <device).

b)

(route): := tt1t'i tt2ttl tt3tt.
(performance testing> : :=
(source text) : := *tUt
lend I

a-
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(assembler program> is the initiarization assembler pro-

gram that defines the meta-language. See 2.3.5.I.
(source control parameters) control recyclíng ancl output

listing of target code. (route) is an integer whích selects

the course of the conipílation as follows:

1. A source language text is to be input and no recyclíng

after it is processed.

2. A grammar is to be input and no recycling after it is
processed

3 ' A grammar is to be input and recycling ivitl occur.

<listing?> specifíes íf the student \^/ants the target code

output ( tTRUE t , tFALSEt) and if so, on rn¡hat device. The pars_

ing count of Êerminal and non-terminal structures may be de-

manded by again stating the Boolean value tTRUEt or tFALSEt.

<source text> is the text thaË will be cornpiled in each

cycle. rt can be a meta-granmar, a met.a-1-anguage, or a source

program. A final termínating $ is required.

3.5.2. THE OUTPUT STREAI"T

SJ¡ntax

tbegin t (output stream);
(output sËream) : := (<assembler progr.*> | )*(<source control parans><source text)t'$"

(<performance resr resulrs) | ) (<turg.t coae> | ) );(assembler program) : : = 'VETAGRAI"I"IAR"(5ee Z .: .5 . ].> ;(source control params> : := (route>(listing?><performance testi-ng>;(route) : := ttR3UTE¡=rr(trlrrl t'2t'¡ "3'r¡ ;
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<listing> : := "OBJECT CODE LrsTrNG:=t'C" tFALSE"'l " rTRUE r DEVlcn
_ FOR OBJECT CODE LISTING:=" <device>)

(perfornance testirq> !:= "PERFORIíANCE TESTTNG.--rr(rrtTRUErrrlrrrFALSlJr");
(source test) ¡ ¡= * r¡ r;
(performance test results) ::= "NUI'ÍBER 0F ATTEllprs ro a-EcoGNrzE

A NONTEP.IVIINA], TYPE:='' <íNtggET) ''NLMtsER OF ATTEMPTS
T0 RECOGNIZE A TERì.ÍIÌ{AL TypE:=" <inÈeger>;

(target code> : : = (assembler program> l 
t', tU t

tend I

Semantics

The initializatíon assembler program may optionally be

listed on arly device. Then for this and al1 succeeding cycles,

the- (source control parameEers) are echoed onto the printer

along with the (source text). <performance test results> may

optionally be given and also (target code> output.

rt should be noted that v¡h.en (Ëarget code) is an assembler

.program for the parsing machine (i.e. when (route) ::= 3)

and is output, it is listed ín numeric and synibolic form, for

easê. of reading.
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CHAPTER IV

ÊTUDENT USER REFERENCE

This chapter is ruritten as an aíd to the student wíshing

to use the compiler machine rvith minÍmum knowledge of its in-

ternal worl<.ings. It is not an independent and totally des-

criptive cha-pter, but an outline r¿ith cross references to re-

quíred reading sections in the thesis, and provides an applie.d

example. see Appendix F for a short glossary of any unfamil-iar

terms.

4.T INTRODUCTION

The compiler machine provides a facility for practíca1

experimentation in the defÍnition and manipulation of formal

languages. There is a standard meta-language in which the

student may write a granmar which describes a programming lan-

guage and, optionally, the object code to which it should be

translated. Then he can submit a program in this language,

leaving the compiler machine to scan the program for faulty

syntax, and uap iË into the corresponding target language, if

this was described in the grarurar. For more advanced sËudents,

there is the possibílity of designing onets ov/n meta-language.
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4.2

Before submitting a program to the compiler machíne, ít

is first necessary to defíne the language ín r^¡hich the progranr

is written. rn this programmÍng language definition there are

Ëwo distinct but related areas of descríption - syntax and

semantícs. syntax is the written appearânce of Ëhe language,

its allorvable phrases, its structure. semantics refers to the

meaning associ.ated r'¡ith the syntax, and'Ëhis is usually for-

malízed as the tar€ìet cod.e for a corrputer that perrnits the pro-

granmerts objectives to be realízed.

Therefore, the standard meta-language provided r,¡ith the

compíler machine to allorv the stuclent to describe his program-

ming language may be conceptualized as an amalgam of a meta-

syntactic language and a meta-semantÍc language.

4.2.1 META_SYNTACTIC LANGUAGE

The meta-syntactic language is that hatf of the meÈa-lan-

guage in whic.h the student can define the syntax of his program-

ming language. rt is a simple extension of Backus Normal Forrn,

and is v¡el1 described in section 2.2.I .

As a further example to section 2.2.1, 1et us define a

normal ariÈhmetíc expression:
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rbegín I <arith expr>;
<arith expr) : := (term,..t"((tt+tt tt-tt)<term>)
(term) : := (factor>*((tr+rt rr-rr)<factor>) 

;(f actor) : := (prinary)* (rr;';:!tr4nrlmary>) ;(primary> : := (variable> l.i.tt.g"r> 1 " ("<ariËh
<variable> : := (letrer>*-(<letrer> 

| <aigif>) ;
<integer> : := <digit>?k<digít>;
(letter> : := t'A"lttgttlrtçttl .... .,ltrz,r:
<digit> : := "0"¡ir1rr¡r''2"1 :... lrrgr'r.rend t

1. Generation of strings

2. Editing (rearranging)

yielding final target

3. Output initiatirin and

expr)rt)rr;

of code. .

operations on Ëhose strings

code.

control.

4.2.2 . META-SEMANTIC LANGUAGE

The meta-semantic language is the other half of the meta-

language and ís used to describe the semanËics associated r,¡íth

thc studentrs programruing language. It describes the target

code the compi.ler machine must generate from any given program

ín the studentrs language, and Ëhe printed format of this code.

The neta-semantic language consists of a set of symbols

which dictate semantic output operations at three d.istincÈ,

successive levels:

4.2.2.T GENERÄTING CODE STRINGS

This is the prinary

production process. Tite

leve.l of the

meta-semantíc

semantics or object code

symbols used to generate
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code at. varior.ls posítions and 1eve1s in the syntactic descrip-

tion a::e:

1. String Ourpur (/<string>/)

where <string> ¡ ¡= *:-rr/)tl

Any string of príntable characters may be directly

output as one code string by bracketing thern with

(/ , /).

Copy Previous Character tKt

Any character (ferminal chara'cËer) of the incoming

source text nay be echoed as a code string to the

output stream.

Null Character r0 r

This generates a code string consisting of a null
' unít, that is a code string that will be consider:ed

as such in the editing level, but rvill never in fact

be printed. Thís is often required for generalíty

r.¡iÈh respect Ëo the laÈer editing operations;

As a trivial example of 1. and 2., consider the obje.ctive

of recognizíng an integer, and outputting it along with sone

kind of signal:

tbegin t<integer>
<integer> : := <dígift'K:'* (<¿igir> rK') (/tqOtEy,INTEGER/) ;<digít> : := "0"lrr1rrlrr2rrl....... l"g''rend I

t

J.

Each time an integer \,/as recognized

its digits would be cop:'_ed as a sequence

ín

trf

the source Ëext,

individual code
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strings to the oulput stream, follorqed by the_ code string

"NOTE'kINTEGER"; i.e. d,d,d, . . . . ,d rNOTE:'TINTEGER where d. is

digíÈ, and code stríngs are separated by "r".

4 .2,2.2 EDITING THE CODE STRINGS

The linear sequence of code strings generated by ( /, . , , D ,

tKt, r0r may now be reorciered or tted-itedt' by the symboJ-s tct

and tx t . The- con.ceptr¡al kernel is as f ollor¡s:

The compiler machine regards the grarTmar describing a

source language as a tree structure, using it as a top-to-bottorn

left-to-right parsing algorithm. Each tirne iË recognizes a

syntactic type, ancl semantic output is dictated, it appends

this current code stri-ng to the linear sequence of previously

generated code strings. Each tíme Ëhe edit codes tct or txt

are indícated, Ëhe compíler makes the respective operaËÍ-on on

the last two code strings

Combine tc t

Combíne the previous tr^/o .code strings.

Exchange txt

Exchange the previous tllo code strings.

These operations are quite aËtractive, from sonier+hat _the

dominoe principle. The combine operation can successively ac-

cumulate many code strings into a si.ngle stríng of code, and

the exchange ope-ration could then be effected on the 1ot.

1.

2.
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Example 1

Consider reversing input text. The gramniar would be:

rbegin t (text);
(text) : := t0 tJ.(tUt txt tc t)tr$r'(/:I:'<:!IEXTJ.REVERSED/)
tendt

Then if the input source text \,ras

LIVE $

the output stream r¡ould be generated as follols:

Level 1 ô, Lrxcr, Itxcr, Vtxcr, Etxcr, *;.*:I1¡¡TI'RE\TERSED
Level 2 a) t0, Itxct, Vtxct, Etxct, *;I:'r1g¡T?TREVERSED

b) ILo, Vtxc t, Erxc r, "x'x-,1-1¡¡T:'{REVBRSED
c) VILO, Et*"t,'*:k?tTEXT/rIl¡vERSED
d) EVILOT:k:'írkJIf,J:'(REVERSED

Level 3 nlfl *s-**fIXT:IREVERSED

Note that in Level 3, the final otrtput phase, the null

symbol S does not appear.

Example 2

consider the problem associated r,vith arithmetj-c expressions

-- Èranslation into Polish posÈ-fíx noËation. The grammar to

do Èhis is found on page 4L (exarnple 2 of 2.3.3).

4 .2.2.3 OUTPUT CONTROL

This third and final level of semantic or object code

production process, consists of symbols tInIt, tSt, tBr r¿hich

iniËiate and format the actual output of the edited output

sËream.
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l: I^Irite tInI t

Initiates the editíng and actual output of the string

codes generated up to this point. tWt mr-rst always

appear ín a grammar involving seman.tÍ.c output, at

least once, and at the end.

2. Space I s(integer> I

Space (i-nteger) positions on the outpuË record be-

fore writing again.

3. Tabulate tBcintpger> t

Skip <integer> output records before rvriting again.

The meta-semantic symbols, tSt and fBt, although control-

ling output formattíng, are handled until this time by the com-

piler machine as índivídual code stríngs and are thus under

control of the edit symbols txt and tct.

4 .2.4 MARKING AND TESTING

Marking and testing is an additional feaÈure allowing

conditional semantic. output at the first 1evel, and economy

in descripEion of a sour.e lrrrgrrag.. It consists of "marking"

or flagging the occurrence of a syntactíc type and the, aË

the next higher syntax leve1, "Eesting" for the syntactic typets

- occurrence and conclitonally generating a cocle string.

Thj.s can be- most easily shorqn by the illustration of

sectíon 2.3.4.1 on page 43.
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4.3 JOB SET:UP

Nor,/ in order to finally use the compíler nr.achÍne, the

student raust subrnit a deck of cards consisting of a gramnaï

followed by a source program and each preceeded by control

inf o¡:rnaLion.

This layout is described formally and in full generality

ín section 3.5.1. This section, horvever, will describe Ëhe

set-up for a Èypical student ru' consisting of a grammar fol-

lowed by a source deck.

a)
b)
c)

a)

<job> : !=
(storesize><initíalíon info>
<grammar control parameters>(grammar>$
(source control parameters)(source pr-ograrn>$

(storesize) ::= integer specifying the number of double
word lnemory locations to give to the compiler machÍne
for 1íst handling. Generally, 3,000 has been found sat-
isfactory;

<initiation info) : := <devíce>(listing?>(<initiation aata>l )(device> ::= (integer x I O<xcfS>;
<lisring?) : := rTRUE I (device> | 

tfalSn t 
;-

The compiler machine requí-res initiation data lvrrich v¡ill

normally be kept on random access for ease of stud.ent use.

<device> here refers to Ëhe device on which it is found, and

will be given locally by the professor. <risting?> should nor-

mally be tFAl-sgt to prevent the output of Èhe initiation data,

wirich is an assembler program'to drive the compil-er machine.

If however the <initiation data) is not on a R.A. device,

buË is given to the student in card form, this shoulcr forlor,r
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(device> ::- 0, <listing?> ::= tFALSEt.

b) <grammar control paraneters> ::= (route><listing?>

(route) :3= 'rlrr lrr3rr 
(perforniance testing)

<listing> ::= tFALSEI
(perf orrnance listj-ng> : := TFALSE t

SPecifying (route) as 2 determines that the grammar is

to be checlced syntactically after rvhich the compiler machine

is to terminate. (route> = 3 specifies that a <souïce program>

is to follow the (grammar).

<listing> = tFA,I-SEr prevents a nervly gener:ated internal

program of the compíler machine from being lj.sted.

(performance testing) = tFALSEt is normal.

(grammar) ::= sËudentrs grammar (in nieta-language forur)
Cefining his programníng language. This r¡il1 ahvays be
listed for the student on the printer.

c) <source language> ::= <route><lisËing?><perforaance- testing>

(route) ::= 1
<listing?> : := 'TRUE' <device> | 

tfÆ,Su t

(device> ::= 1
(performance Èesting) : := tTRUg t 

I 
tfAlStr t

Specifyíng (route> = i deËermines that the (source program>

is _followíng and the compiler machine is to termina.te after

Ëranslation.

<listing> = TTRUE t <device> specifies Ëhat Ehe semantics

(studentrs object code) is to be outpuL after compÍ-lation of

the follor,ring (seqrce program) and on device (device>. (Note

that <device> ::= I is for printe-r.) If , horvever, the student

specified no semantic output, only program syntax checkÍng in

his grammar, (listing?> must be tFALSEt.
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(perfornance testÍng> alloiøs condítional output of the

Èotal nu-qrbe-i of syntactíc variables and ccnstants that rtere

attempted to be recognized ín the analyses of the <source pro-

gram>

<sourcè ptogru.i ::= a progranr in the prograrnming language
described iry the studenL in his gramïrar This will
always be listed for Ëhe student on a printer, optionally
follov¡ed by the generaLed object code.

4.4 A STUDENT EXAMPLE

A) Problem:

Let us rorr consider a typical computer science probrem -

defining a simple programming language for a targeË computer

of the Polish notation class (e.g. Burroughts 5500, English

Electric KDI'9) r¡ith a stack-Iike accumulator.

The Earget code to be generated is an assembly language

as follorqs:

Synta{

tBEGrNt (assembler language>; Target.code for a stack computer;(assembler language) : := * (<operand> | <operatoï)" r'r¡ rrr'.¡ç¡rr-.
(operand> : := <ídentifier> 

| <nurnber>;
(operator> : := (declarative operatot> l<imperative operator);(declarative operator) : := tt/.VARtt ltt*¡¡gtt.(imperative operator) ¡ 3= rt:l'Çl[t'l"rtAn¡tt l"*SUBtt

rt*EXprr 
l t':',NEG" l "rt4gg ''' ttr^TZEtt l"r,ttr" l"r*tOtt"<identíf ier> : := <lert"r>* (<letter> | <aigít> ) ;(number) : := <digit>:k<digít> ;<dígir> : := "0"1 i't"l i'z',1,.... 1 "9",<letter> ::= ".A."lrrB,l"c, I .... ..1,2,'

lend t

rr';¡¡g¡rr lttxDrvtt
il:!51grr l"*t*"tt-*HLTtr;
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Semantícs

a) Assenbly Time:- The assenrbly program r,¡il1 be assernbled

conventionally placing each imperative operetor and eacrr oper-

and of the prograrn in successive locatiåns.

The follorving thre-e declarative operators are executecl

by the assembler at assembly tirne:

*VAR <operand> - allocates a location for the fol_

lowing operand. This instructÍon
' must preceed all_ imperative operators.

*LAB <operator>- defines the current location (pointed

to by location counter) symbolically
' by the foLlowing operand.

*END - terminates assembly. Thus it is

alvays the final operator in the

progranl.

All operands other than immediately behind a v.vAR or *-LAB,

are.asseinbled into their corresponding location as an address

for variables, or as the value of that operand (for numbers).

All ímperative operators are assembled into theír corres-

ponding locatÍons.

b) Execution Time:- Thus each imperative operator and

operand is contained in separate words of the cåmputer. con-

trol'steps sequentially through the computer, iumping to a nerü

sequence rvhen commancled by a transfer operator. The appearance

of an operand causes the operand to be placed in the computerfs
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pu-qh-do\,rn stack. The appe-arance of an operator causes execu-

tion of that operation

The imperative operators are:

*CLA replace the variabl_e address in

the top entry of sËack luith that

, variable va1ue.

*A-DÐ - replace Ëhe top two entries of stack

wiËh their sum.

'^SUB : replace the-top tr.¡o entries of stack

with their di-f f erence.

*MUL - replace the top trvo entries of stack

with their product.

trDIV - replace the top trvo entrj.es of stack

with their quotient.

*EXP : - replace the top tr,¡o entries of staclc

with their exponentiation.

*NEG - replace the top entry of stack with

its negative.

*ABS - replace the top entry of stack with

its absolute values.

*ST0 
- - store the value of the top entry of

stack in the address specified by

Ëhe next-to-top entry. Remove both

entries from stack.
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"ÁTRA - Ëransfer control to. the address

specified by the top entry of stack

and remove it.

*TZE - transfer' eontro.l to the add.ress

specified by the top entry of staclc

if, and onl y if, the next-to-top en-

Ëry contaj.ns a zero. Re¡nove both

entries.

""cTPL 
.j 

functions as *TZE, but for a positive

value

*TMI - functions as :kTZE, but for a rninrrs

value.

à'HLT - stops execution.

B) Solving:

Assuming the student vrishes to design a simple prograûl-

ming language for this computer, and submit an example prograrn

in this language, a job deck would be set up as follows:

(lnitiation data assumed to be on device 5.)

INITIATION: STORESIZE:=3000;INDEVICE:=5;LISTING:='FALSEt ;GRAIßÍAR: ROUTE : =3 ; INTEFJ,TAI CODE LISTING : = 'FA-LSE ' ;
PERFORMêJ\CE TESTING : ='FA],SE' ;

rbegint <program>; studenË granmar defíning a simpre programming
language;

(program) : :=(declaration list>"; " tBI t(statement list)'r/l','Bl t q¿'t
END. /) ,W' 

;(declaration list> : := <declaration)*- ("; "<declarati.on> tc t ) ;(declaratÍon> : :="("(variable lisÈ>")r! rSBCt 
;(variable list> : :=(variable> (/:ty4q , /) txc n'r (", "<variable> (/^*VAR, /) txcc t ) ;
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(statement líst> : := <statement)'* (" ;rr(statement) t" t ) (/xltlT, /) tc' 
;(statement) : :=(label list><basic statement) tcBlc r;

<1abei líst> : :='0 t:l (<labe1)" : " (/*LAB, /)'xccIÍ1' ) rTl r I rnlc 1) i<1abel> : : =<ident-.if ier> ;
<basic statenlent) ::=(assign stmË>lcgo to stmt)l.if 

"tortr;(assign stnit) : :=(vari-aþls)tt=rr(sxpression> (/.,tStO, /) t cc t ;<go to stmt> ::= "GO To"<label>(/'!TRA, /)tct i<if stmt> : := t'IF"<expressiorìt'=tt<"ottdition>tt, go tot'(labe1> rxcc r 
;(condírion> ..- rrorr (/*TZE,/) I "*" (/t,TpL,/) | 

-rrl'(/r,TtI]-,/),
(expression) ::=(term)'*(rt+rr<term>(/*-aln,/) t""t I t'-"<term>(/rtSUn,/) tcc')

I 
t'+"<e*pression) 

I "-"."*ptussion) (/íl¡nC, /) t c t ;<term> ::=(facto¡>:k(tt'*rt<¡actor)(/,rmrr,r/)tcctl"/"<fu"tor>(/x¡1v,/)tccr);
(factor> ; ¡=(prínary):k (r';'.--*tt<primary> (/,rnXp,/) tcc t ) ;(prinary> : :=(variable> (/:tg¡Ar/) tc'

| "/".u*ptession)'t/" (/'*a¡é , /) ' c
<varíab1e> : :=<identifier>;
(number) ; ¡=(<integer>(<fractÍon> tct 

I

(number) 
| " {t'au*pt"ssion>tt) "

t

) lcfractlon>) (/ ,/)'c'i
't<c' l<digir>'Kc,) (/, /, c, i

rrIrrTrrIugrrIl9rr.

çi' ¡ "t1J' ¡ 
nlJr I rr¡i I rr6rr I rr¡rr

| "U" ¡ "y'' ¡ "ti" ¡ "¡'' I 
rr{rr 

I 
rrTrr

<identif íer> : : =<letter> 'K''Å' (<letter>
(fractíon) : :=tt. t'tKt(integer) tc t;
(integer) : :=<digit) tKt*(<digít> tKct)
<dígit> : :="0"1 rrlrrl rr2rrl rr3rrl rr4rrl rr5rrl rr6

(1et.ter) : :="Ai'l rrgir 
I 
rrçir 

I rr¡ir I rr¡ir I rr¡ir I rr

l "M"l "N" ¡ 
rrorr¡ rrtrr¡ ''0''¡ "*"¡ "i''¡ "{"rrendr$

SOURCE:

(a,n rc) ;
B = (A + r)/2

51: T = B;
B=B+(A/B
rF /B -r/ -
$

ROUTE:=I;OBJECT CODE LISTING:='TRUE I 
;ON DEVICE :=I;

PERFORMANCE TESTING := ITRUE I 
;

,

- s) /2;
0.0001 = +, c0 T0 S1//

N.B. Note that the example source prograrn computes Ëhe square

root (B) of a number A by Newton Raphson Èechnique, iterating until

Ëhe incremental change ín the computed squ.are root is less than 0.0001.

c) Output:- Output on the printer (lnVfCn=t) would be a

copy of the job deck sr:bmitted by the student (control para-

meters, grammer and source program) , f o11or.red by:
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1. Relative I'feasure of performance:-

Number of attempts to recognize.a nonterminal type:=353;

Nunber of attempts to recognize a terminal type z=r4L2

2. Then on a ne\^r page would appear Ëhe semantíc output,

that is, Ëhe generated assembler program for the

stack computer.

JçVAR, A r trVAR, B, JTVAR, T
B rA, *CLA, 1, -*ADD 

r 2, ?kDIV 
r 
-*STO,

*LAB, Sl-,
T, B , 

'*CLA, "^STO ,
B, B, à'CLA rAr'.(CLA, B, tçCLAr:."DIV 

r B, *CLAr'^SUB,2 
, ?kDIV 

r 
-*A,DD 

,:'.STO,
B,'åCLA, T, *CLA, t SUB, ",rABS ,0 .0001 ,'tSUB, Sl , *TpL ,
".(HLT
*END

ThÍs target program could n'r.¡ be assembled by Ëhe Ëarget

machine and executed to find the square root B of A to a pre-

cision of 0.0001.

4.5 EXTENDED USAGE OF THE COMPILER MACHINE

This chapter has deseribed how the sËudent may design a

computer language for the compiler machine and compile a pro-

gram in ihi" lr.rguage.

The more advanced student may wish to clesign first his

ovrn neta-language to al1ow more sophisticated. gramnìars. This

is very simply done by describing his new grammar in terrns of

the standard one, ancl storing the output on trisk as the new

initiation data-. Horvever, this denands a firm knowledge of the

compiler machine internals and thus the reading of chapter rr.



9B

CHAPTER

CONCLUSIONS

This chapter revier^¡s the

its merits, limiLations, and

c'.ompi1 er ¡na.chine rvith respect

future possibilitj.es .

Ëo

5.1 EVALUATION OF THE COMPT.IER IVTACIIINE

1. Irrrplementation:* The conipiler machine has been irn-

plemented as a ful1y workíng system.

2. concept:- hrithin the global realrn of generalízed corn-

pilers, the basic design principle of the compiler machine is

conceptually aËtractive. For genera.lity, the machine consists

of a sequence of two processors, the output of one being the

input to Ëhe second. rts functioning entails a hierarchÍcal

recycling of output back into itself. Thus, the same mach-

ine may be used successively Ëo compile the grammar describing

a source language and then a program in that language, or, a

grarìmar def ining a granmar, the ne\,r grammar, and f inally the

language text. conceptually sophísticated, functionally simple,

yet displaying the generality of a sequential processor.

3. Success as a Compil-er:-

a) Scope of Input - The class of languages that

the machine is capable of cornpiling is equivalenl to r:he mach-

iners porüer of syntactíc descríption and parsing. rt ruas <1e-
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signed to accept the broad base of context free phrase stïuc-

ture languages, and cannot reaLize parsing econo¡rics gained.

frorn such specíalized classe.s of languages ciescribable by

precedence grammars (13, 15, J-9) or LR(k) granmars (17).

. b) Scope of Output - The range of output corres-

ponds to the machinets power of sernantÍc description and ís

the major weakness of the compiler. Although formal semantic

Èheory is not currently at a well-developed leve1, and the

semantics d.escribed on ttrÍs machine appear reasonable, the

allorvable output of the compiler machine is unsatisfactory

for stuclents of computer science. The machíne is a reasonable

editor and can output object code for stack computers, buË

lacks the abilíty to generate code for the enËíre class of ncn-stack

Princeton computers, other than itself.

4, Ease of Use:- Facílity to students is provided through:

a) Device ConËrol - Input and output is mostly de-

vice independent, the I/O unit being simply desÍgnated by the

control parameters. This is particularty helpful. in genera-

Èing and utilizing initíalizati.on data on disk.

b) Minimal Storage Requirements - Depending on

their size of applicatíon and possíble nemory resËrictions,

students may designate STORESIZE.

c) Fer,¡ Parameters - The control paraineters required

before each ínpuE text are mínimal and easily learned..
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d) Free Format Input - Since the I/O is handled

by AIGOL routines, the ínput to the compiler machine is re-

garded as a stream, blanks ignored. The only rule is Ëhat

numbers (required for the initial- assembl y program) need be

separated bv a non-numeric character, such as "lt'.

e) Universality - Implemented in ALGOL, Ëhe com-

piler machí'e is widely àcceptable, although the nine r/o con-

trol routines may necessitate local modification. The choice

of an extended BNF meta-language should, for educational pur-

poses, be representative of the class of context free formal

grammars usually dealt wíth in Computer Science.

f) Educational Tool for Students - The purpose

of thj-s thesj-s \,Jas to provide students of Computer Science

r¡ith a facility for practical experímentation in the definitj-on

and manipulation of sirnple formal languages. Languages des-

cribed by specialized grammars such as precedence and LR(k)

\^rere not consídered.

The compiler machine-fs practical success 
"orr.=ponds to

its general success as a compíler. It provides a simple, easy-

to-use, but flexible system for syntactic description and ef-

ficiency experímenÈation. I^Iith semantics, horvever, it favours

specificatíon simplicity at the expense of output capability,

particularly the faculty for generation of object code for corn-

puters of the Princeton class, i.e. cornprrters r,{hose accumulators

are individually accessed by instructions and not considered as

a sËack.
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As an added educational benefit, ít does provÍ-de an ex-

ample for Ëhe concepts of meËa-granmars, grammars, meta-lan-

guages, source languages, machine langttages for sEack compuLers,

and design of a generalized compiler.

5.2 FUTURE EXTENSIONS

Presently, the stuCent has a translator luith editing

features, capable of definíng a type of Èransfer function be-

tween a pair of -context free phrase structure languages. The

class of input language coul.d be extended to include context bound

languages. The compiler could be tailored, or more J-ikelyr aug-

menËed to recognize such important language classes as those de-

scribed by precedence and LR(k) granmars and conside-raLion should be

given to extend the allowable class of output languages.

For precedence and LR(k) languages additional parsíng

facilíties are necessary for their recognition and inherent

parsing efficiencies. The parsing machine v¡ould need align-

ment to utl-lize nel (e.g. prececlence) functions.

For other languages, additíonal output and editing facil-

ities are necessary. A dict'J'-onary entry and look-up facility

would be very useful in general programming language transla-

tion. The t'mark'ìing conttol d"".tves extension tã more than

one 1evel. The abilíty to generate internal symbolic labels
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is necessary in most progranuning languages. Rescanning of the

input text ryould facilitate ímproved semantics. These and

oËher features can be implemented. Ëhrough the use of additional

edit code-s and further extensions to the edítor. In fact, Í.t

uríght prove useful to have several editors, since many features

may be dependent on Ëhe ta.rget language required. An eclitor

could take the duËies of target code assernbly Ínto absolute

machine forn. These appro-aches r^¡ould, specifical-ly, allorq the

highly desirable generatÍon of Princeton computer object code.

The inherent cost to a stuclent, hovrever, is a very individual

complex meta-semantic language, and for: purposes of education

this undesírable consequence should be considered.
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APPENDIX A

INSTRUCTION SBT FOR PARSER MACHINE
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APPENDIX

INSTRUCTION SET FOR PARSOR MACHINE

CALL
RETURN
TRUE
FALSE
FLAG
NOT

MARK

SELECT
TEST
REFERENCE

OPERATION CODE

Mnenonic Internal Code

OPEMND

address or 0
0

address
address
address

0
integer lL,321
ínteger [1 ,32 ]
address

1
2
3

4
5

1
2
J

4

5
6
7

B

9

10

tt{E}ÍONrc
IDENTIFIER

SETLAB
INCLAB
LABEL
DECLAB
RESETLAB

META-
SY}ßOL

MATCH

NEXT
COPY

NULL
EDIT

PRINT
SPACE
TAB
STOP

1.2
3
4
5

11
L2
13
L4
15 WRITE

CONCATENATE
EXCHANGE

NEGATE
VALUE

tRl t

tR2 t

tR3 t

rR4 |
rR5 r

fKr
tot
tlnlt
tct
txt
tNt
rvl
(/ />
tS t integer
lBr integer

L6
L7
1B
19

character code
positíve integer
positive inËeger

0

NOTE: The code printed
operand part.

by'the EDIT instrucËion is the negat,ed
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APPENDIX B

GRAI"IMAR FOR META_LANGUAGE
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APPENDIX C

CHARACTER CODES



r08

CHARACTER

blank
do11ar sign

Pr]-me

left parenthesis

slash

right parenthesis

numbers

letters

nunber sign

conma

period

INTERNAL
CODI}iIG

ignored

-1
JO

37

3B

39

40

4I
42

49

50

51

52

53

75

76

77

79

CHARACTER

- mfnus

+ plus

únderscore

INTERNAL
CODING

ç

I

&

,

?

il

or sr-gn

ampersand

right angle bracket
colon

semi-co1on

noË sign
questíon'mark

quotation mark

equal sign

at sign
percent sign

asterisk
left angle bracket

80

81

82

B3

B4

B5

B6

87

BB

B9

90

91

92

93

94

95

96

97

9B

G

&

(/
/)

Quoted characËers:

To any characters appearing within a pair of primes ( t ) , add

100 to its normal ínternal coding, except t$t which is I78.
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APPENDIX D
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LIST OF DEFINITIONS

assembler - a compiLer that translates an assembly language into

machine code.

assenbly language - a computer language that employs mnemonic opera-

Lion codes and symbolic addressing and has a I - 1 corre-

sponclence r¿ith machine language instructions.

Backus Normal Form - a type of meta-language designed by John Backus of

IBM and Peter Naur as a tool to define programmíng languages.

It was used in the official definition of ALGOL 60 and

attracteci atËention to the possibility of syntax-directed

compílation. /

binary Ëree - an exËension of the idea of an ordered pair, wiËh the

. further provision that each of the two elemenËs of the

pair may itself be an ordered pair, and so forth to an

arbitrary finite depth.

bottom-up parsj-ng - examines the ultimate terminal types (syntactic

conslants) and matches them agaínst the definj-tion in the

granmar. The resulting synËacEíc variables are matched

again against the ciefinítions, and so forth until the root

constituent is reached.

compiler - a program to translate a source language into a Èarget

language. Also called I'translatorr'.
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direct compiler - a compiler using ad hoc or direct techniques for

compilatíon. 
, 
The syntax- and semantics of the source lan-

' guage are buried in the encoding of the cornpiler. These

translators are generalJ-y very efficient but restrícted to

one language and not easily modifíed.

formal grammar - a complete set of grammatícal (syntactic) rules for

language, rvrítten in a meta-language su.ch as BNF.

forma-l language - a language definable by a formal granmar (e.g. AIGOL).

granmar - a complete set of grammatical (synËactic) rules for a language

language - a finite linear sequence of admissable strings (i.e. syn-

tax) and the meaning (semantics) attached to them.

1isÈ - general term referring to any sequence of elements. In our

context, iË refers to a linear sequence of elements.

list processing_ - refers t.o a type of computer programming directed

Ëor+ard symbol-manipulatíon. There are many variants buÈ

most share the follorving features:

1) data representation - strings, list structures, or

binary trees. These are used to create complex data

structures, the data contaíning symbolic andfox numeríc

inforrnation. Inforrnation is also carried by the rela-

tional sËrucËure.

sEorage allocation - A "list of available space" is

maintained. Locations are assigned to data-structures

dynamically as required, and are chained together by

pointers rathe:: than occupying secluential locatíon.

2)
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3)

4)

A locatíon or list of locations may be returned to the

"list of available space" when no longer needed..

pusli dor,rn stores - all use push dorr-n stores or s.tacks .

recursj-ve operatíons - are often necess.ary for con-

strtrcting or processing list structtiLes of arbitrary

complexity.

list structure - a list of 
"lu*"rrts, where these elements may again

an arbitrary finitebe lists, structures, and so forËh to

depth

LR(k) -gramnar - a type of grammar such thaË Ëhe synËax syurbols of

the described language can be unambiguously recognized in

context of everything Ehat has already been scanned'plus k

symbols to the right, i.e. left-to-right scan usÍng all

text to the left and k terminal syrnbols to the right.

méta-grammar - term used by Reeves to signify a gramtrar defíning a

meta-language, i.e. in our context, it r¡ould be the iniËial-

izatÍon assembler program.

meta-language : a language rvith which to define- languages; in our

syntax and semantics of acontexË, it emcompasses both

language.

meta-semantj-c language - a language with which to define the seman-

tics (neaning attached to syntactic parts) of a language.

meta-syntaclic language - a language rvith which to define the synËax

(structure) of languages.
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object language - the language (code-) that is output by a compiler.

Also called a target language.

parsing_ - the analysis of a language in order to discover its parLÍ-

cular syntax (grammatical structure). lÎore specifÍcally,

parsing means to find the híerarchy of syntactic rules

which clefines the language text.

phrase-structure grantmar I formal grammar for a phrase--structured

synonomous rvith forrnallanguage. For our purposes, it is

gralrrmar.

phrase-structure language - a language consisting of a hierarchical

system of admissable phrases.

sËructure grammar.

It is definable by a phrase-

precedence_ grammar - a type of grammar such Ëhat unique relations or

. ttpt"cedenc.eslt hold between all or certai.n sets of syntactic

units. This allows parsing efficiencies duríng translation.

Princeton-type computer - computer whose accumulaËors âïe individgally

semantícs

accessed by instructíons and noL considered a stack (..g.

rBM 360, CDC 6600) .

- the meaníng attached to the admissable phrases (strings)

of a language. In the sense of " programrning language,

this means Ëhe execution of the program as hoped. for by

the programmer. From a compiler vier.ryoínt, it reiers to

the object code generated.

sequential. computer - a conputer v¡hich executes each instruction in

the prograrn sequenËially, This sequence can be broken and
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control transferred to a ne\{ ínstruction sequence only by

a ttgo torr instruction.

source langlrage - the language ivhich a compiler inputs and translaies.

to object code.

stack-asequentialset of memory locations ËhaË operaies ín the

fashion of Ëhe connron cafeteria tray stack. Placing a tray

on top of the stack "pushes dovmn the previous Èray; re-

movÍng a tray "pops up" the previous tray to the top of the

stack. A stack ahvays worlcs on a t'last in - first outtt

principle.

stack- co_mputer - a computer ruith ttsËackt'aceumulatorsS Ëhat is, ac-

cumulators which are accessed by instrucËions as a ttstacktl

in a push-pu1l manner.

Instructions are fetched sequentially from memory, in-

dividual instructions generally being either an operator cr

an operand. Operands, rvhen fetched, are inmedíately placed

in the tttoptt accumulator in the accumulator stack, pushing

previous operand entries dor,m one. Operators, when fetched,

are executed on the top one or two accumulators in the ac-

cumulator stack (e.g. Burroughs 85000, English KDF9).

strinå - a linear sequence of storage locations. The number of ele-

. ments in the string can vary, hor,zever, durÍng a computer run.

syntax - set of rules definíng admissable constrúcts (strings) in a

language, and hortr to conrbine simple construcËs into more

complex strings.
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top-dovm parsíng - is an approach to parsing, vrhich establî.shes, goals

and sub-goals and attempts to relate its envÍronrtent to

Ëhese goals by manipulating Ít in a trial-and-error fashÍon.

It searches dow Ëhe grammar tree begínning at the, root

definitíon, establishing each constituent as a suh-goal,

until matching the ultimate terminal types (syntactic

constants) agaiist the.source text
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APPENDIX G

A DETAILED EXAIYPLE OF PARSING
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APPENDIX G

A DBTAILED EXAMPLE OF PA?.S]NG

In section 2.2,3,2, an example of the program for the

follorving granrmar was given.

TBEGIN| (sentence) i
(sentenc e> : : =( subj sc t><pred icaË e> ;
<subj ect> : :=(noun phrase>;
(noun phrase> : :=(arËic1g)(n6u¡) ;
<predicaÈe) : : =(verb><obj ect> ;
<obj ect> : : =d¡loun phrase> ;
<article> : :- rThên I rr4rr.

.;;;;;;=' ;Boy"ï;rl.;" 
;

(verb>: := ttSeestt
tEND t

trdhen Ëtre parser program v/as presented rvith the sample

sentence ttThe boy sees a treett, a Ërace on the executÍon of

thís program would appear as follows on page 183 where the

trace of each sËep is prÍnËed before execution.

Input stream:

rHE BOY SEES A TREE
Location t2 3 4s6 zs 910 11 t2l3r41s

NOTE: Blanks are ignored.



ttp"rtt 
FLAG
SETTING

input STACI(

''iSTACK''

ttLrNKtt

STAC,.!,.

183

"input" Sa,IBOLIC rNsTp,ucTrol,l

1
J

7

9

19
20
2L
22
23
24
26
10
11
27
¿Õ

29
30
31
32
40
12

8
4
5

13
4L
42
43
44
4s
46
47
4B
L4
15
L7

9
19
20
24
25

Ërue
true
Èrue
frue
true
true
true
frue
true
true
true
true
true
true
true
true
true
true
true
true
true
true
true
true
true
true
true
true
true
true
true
frue
true
true
true
true
true
false
false
true

1
I
I
I
1
2
2

3
3
4
4
4
4
4
5
5
6

6

7

7

7

7

7

7

7

7

B

8
9

9

10
10
11
11
1l
11
11
11
l1
11
11

2

214
2L.A
2,4,9,r0
2,4 ,B r7o
2r4"8r10
2,4 ,g,Lo
2,4,8,L0
2,4 ,g rro
2,4,9,L0
2,4 ,B
2,4 ,B
2,4,8 r12
2 rt+ rB rI2
2 14 ,8,r2
2,4 ,8,r2
2,4 ,8,L2
2,4,8 rr2
2,4 ,B,r2
2,4 ,B
214
2

2
216
2 16 ,L4
2,6 ,L4
2 r6 ,L4
2 16 ,I4
2 16 ,I4
2 16 rL4
2 16 ,I4
2,6,4
216
216
2 16 ,L6
2,6,16 rLg
2 ,6 ,76, 1B ,10
2 ,6 ,16,18 ,10
2 ,6 ,16, 18 ,10
2 r6 ,L6,lg ,10

1
1'1
1r1,1
1,1,1r1
1rlr1r1
1,1,1rl
1rlr1r1
1r1r1rl
I ,'1 ,1 ,1
lrlrlrl
lr1rl
1,1 r1
1,1,l r4
1rlr1r4
I rL,I r4
111L
L,L,r,4
1r1r1r4
1,1,1 r4
lrlrl
1r1
1
I
r17
I,7 ,7
]-r7,7
L,7 ,7
L17,7
I,7 ,7
I,7 ,7
L,7 ,7
l-17,7
rr7
Lr7
1r7 ,11
1,7 ,11,i1
7 ,7 ,LL,11 ,11
L,7 ,rI,11,11
1 ,7 ,11 ,11, l1
1,7,11,11,11

CALL
CALL
CALL
CALL
MATCH
FALSE
MATCH
FALSE
MATCH
TRUE
RETURN
FALSE
CALL
MATCH

FALSE
MATCH
FALSE
MATCH

TRUE
RETURN
RETURN
RETURN
FALSE
CALL
CALL
MATCH

FALSE
I'ÍATCH
FALSE
I"TATCH

FALSE
I'ÍATCH
RETURN
FALSE
CALL
CALL
CA].L
MATCH

FALSE
TRUE
MATCH

sentence
subj ec t
noun phrase
article
T
L4
1+
L4
E

L5

L2
noun
B

L6
0
L6
Y
L7

L1
predicate
verb
S

LB
E

LB
E

LB
e

L3
obj ect
noun phrase
article
T
L4
L5

^



ttpcrtt FLAG
SETTING

ttLrNKtt

STACK

184

inpuË STACK "input" SylfBOLIC INSTRLTCTIOT'I

"isrAcK"

26
10
11
27
2B
32
33
34
35
36
37
âo
JO

39
40
12
18
L6
.6
2

Èrue
true
true
true
false
false
true
true
true
true
true
Ërue
true
true
true
Ërue
Ërue
true
true

2 ,6 ,L6,18 ,10
2,6,L6 ,LB
2,6,L6,L9
2 ,6 ,16, 1g ,12

2,6 ,L6 ,LB ,L2
2,6 rL6 ,LB,L2
2 ,6 ,16,18,12
2 ,6 ,16,lB , 12
2,6 ,L6 ,LB,I2
2,6 ,L6 ,IB,L2
2,6 ,L6 ,rB ,72
2,6,16 ,LB,L2
2,6,L6r18,l2
2,6,16 ,LB ,I2
2,6 176 rr9
2 16 ,16
216
2

L 17 ,Lrr11,11
L,7 ,LL,IL
I ,7 ,11 ,11
L ,7 ,LL,LL,I2
L,7 ,IL rII rr2
L,7 ,LL,Ir,r2
L 17 ,Lr..LL,I2
I,7 ,11 ,r1. ,r2
lr7,1l ,II ,I2
L,7 ,LL,LL rI2
I,7 ,rL ,rL,L2
I ,7 ,11 ,rL ,12
1,7 ,11 ,LI ,I2
1r 7 ,11 ,LL rLz
1r7,11,11
L 17 ,LL
Lr7
I

RETUfu\
FALSE
CALL
MATCH

FALSE
TRUE
MATCH

FALSE
MATCH
FALSE
I"ÍATCH

FALSE
MATCH
RETUfu\
RNTURN
RETURN
RETURN
RNTUPN
STOP

L2
12
I2
T2
I2
72
L2
l3
13
L4
L4
15
15
L6
I6
L6
L6
16
L6

L2
noun
B

L6
L7
T
L7
R
L7
E

L7
E
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