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ABSTRACT

- This thesis presents a generalized compiler with the view
to aid students of Computer Science in creation and manipula-
tion of formal programming languages. |

‘The compiler developed will accept the broad base of con-
text free simple formal languages and can be used to.génerate
a similar class of.object language.

The compiler hopefully results in aAuseful educational -
tool providing a practical facility with which to describe
lingﬁistic conéepts, an approaéh to generalized compiling, and

the compiler function.
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CHAPTER I

INTRODUCTION

1.1 INTRODUCTION

Evidence in the published literature indicates a pro-
liferation of types of computers and of programming languages.
And, in general, a compiler must be written for translation
between each sourcé language-object code combination.

There is a trend towards sténdardization. ALGOL, FORTRAN
in the scientific field, COBOL in the commercial field, JOVIAL
in the military, and recently PL/1 in all these arcas are be-
coming commén (if not standard) languages. However, as the
trend continués, the ﬁeed for special purpose‘languages (symbol
ménipulation, information storage and retrieval, simulation,
concept processing, machine control, ete.,), and the desire for
extensions of preéeﬁt day languages in order to adapt to the
problems of the future, will perpetuate a source languageQObject
code proliferation.

‘The consequent need for a large number of compilers has
caused computer sciehtists to research how cheaply, how quickly,
and'how well any compiier may be created. It should be noted
that compiler wfiting in the past has generally proven to be an
expensive and time--consuming occupaéion. From these efforts has
developed a formal theory on the description of programming

languages and their implementation.




Appendix T contains a short glossary of words for the reader

who is not familiar with the thesis subject.

1.2 FORMAL LANGUAGES AND FORMAL GRAMMARS

" The syntactic rules for many programming languages may be
vspecified by‘formal grammars; generally variants of the phrase-
structure grammars developed by the linguist Noam Chomsky [4]
during the 1950's as a tool in the study of natural languages.
The most representative and fruitful example of this is the use
of Backus Normal Form (BNF) to define most of the syntactic rules
of ALGOL 60 [3].

A complete set of grammatical.(syntactic) rules for a lan-
guage written in a form equivalent to BNF is a "formal grammar'.
The language in which a forﬁal grammarbis.written is a meta-lan-
guage (a laﬁguage to describe languages). A language definable

by a formal grammar is a 'formal language'.

1.3 SYNTAX-DIRECTED 'COMPILERS

The syntactic analysis essential to translation of program-
ming languages can be done entirely mechanically for formal lan-
guages. The compiler philosophy on which this is based is gen-

"

erally call "syntax-directed".



All compilers are syntax—directed in the sense that they
must obviously recognize the various syntactic structures of a
language and the output produced is a function of the syntax.,
Syntax-directed refers to a compiler which contains a direct en-
coding of the syntax of the language, this encoding bging used
by the compiler as data. Hence the alias-"parameterized compiler",
and since the data is often in tabulér form, thesé compilérs are
vthen described as "table-driven". With the other compilers (the
ad hoc class), based on non-formal direct methods, the syntactic
definition of the source language is essentially buried in the
coding of the compiler.

Compilers built upon syntax-directed concepts are very gen-—
eral. Additions to and deletions from the language can be made,
and completely new languages introduced with relative ease, the
only restriction being that the language must be formal to allow
a direct encoding of its syntax to be made corresponding to its
formal definition. In fact, this encéding may usually be gener-
ated mechanicaliy; A varietonf this type of compiler now exists
[6, 7, 8, 9, 14,.16].

| Moreover, by considering languages definable by a more re-
strictive class of definition, syntax-directed compilers can realize
significant economies in syﬁtax recognition.(parsing). Such
techniques as precedence and LR(k) yield efficient parsers [13,

14, 15, 17, 18, 19].



1.4 - PURPOSE OF THIS THESIS

This thesis presents an implementation and refinement of an
‘existing syntax-directed translator created by Reeves at the Un-
_iversity of Leeds, England [l]. It is an attempt to provide
students of Computer Science with a facility for practical ex-
perimentation in the definition and manipulation of formal lan—

guages:-

1.4.1 IMPLEMENTATION GOALS

(1) Relative Machine Independence:

The syntax—directed compiler under discussion has been
written in the universally accepted algebraic language ALCOL 60.
Since the input/output'routines in ALGOL_have only been recently
defined [5] and are, in.fact, locally defined at many computef
centres, a complete ALGOL_input/output ﬁackage was added to éhis
program and it may now be implemented using any ALCOL tranélator

having the primitives defined by the IFIP Working Group 2.1 [5].

(é) Ease of Use:

The student should not encode by hand the internél’re—
presentation of the syntax of a language and its associated sem-
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 encompasses
semantics as well as syntax,

The definitions should be concise and easily learned.

(3) Flexibili£y: '

The system should be workable for a large range of
formal languages. Facilities should exist for the control of
input/output devices. For instaiice, initialization da@a should

be available from disk as well as cards.

1.4.2 EXTENSIONS

An investigation is made into the-possibility of useful ex-
tensions to the system, such as increasing thie scope of the input

and output languages.

1.5 REEVES COMPILING MACHEINE

The overall organization of Reeves' syntax—directed compiler
is based on a dgscription by Metcalfe [2]. It consists of a KDF9
ALGOL program that simulates a special-purpose stored program
digital computer. A program of instruétions for this machine
represents the syntax ana semantics of soﬁe language (i.e. its
program is the internal encoding referred to above). The machine,

under control of its program, reads in a text written in the source



language, determines if it is grammatically corfect, and then out;
puts a text written in the target language. This output may be
either object code or some rearrangement and modificaﬁion of this
input. The machine may thus act as a translator or as an editor.

' The compiling machine need not be directly programmed in its-
assembly language. Reeves uses a boot strap technique which
" reads the syntaétic and semantic definition of a language in a
simple formalized form (a meta-language) and compiles this into
the required machine program. The machine will then use this

program to handle the defined language.

1.6 MODIFICATiONS TO REEVES COMPILING MACHINE

1.6.1 TIMPLEMENTATION MODIFICATIONS

Reeves compiling machine was'designed for a papér tape en-
vironment (KDF9) using an upper and lower case alphabet, ségcial
éharacfers and underlining facilities. Also it was written in
KDF9 ALGOL which has a loéally defined set of input/output pro-
chdﬁres [10]. | | |

| The following changes were required:
(1) Reeves meta-language for formal language description was
based on underiined lower case symbols and special characters

which are not available on card oriented systems such as the IBM



360/65 used for this implementation. It and the corresponding
software were adapted to the relatively reduced card character

" set.

(2) A different internal character set coding was designed and °

routines modified accordingly. See Appendix C.

(3) A different set of imput/output procedures were used and
data transfers suitably altered. These I/O routines will work
- C57]

with any ALGOL compiler using the procedures described in the

~AcM-{5].

1.6.2 EXTENSIONS

(1) Format Control {spacing, tab positioning and carriage con-
trol) was added to the meta-language to facilitate output read-

ability.

(2) Modifications to the semantic specification facility in the

meta-language were made to ease usage.

(3) A method for allowing the output of object code for Princeton-
type machines was designed but not implemented. However, the ap-

proach is given.



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

finition was added as an option.



CHAPTER I I

DESCRIPTION OF THE SYNTAX-DIRECTED COMPILER

2.1 INTRODUCTION -

The purpose of this chapter is to give a detailed de-
scription of the revised compiler. This will be done by
looking separately at the two major areas of the compiler

function, syntax-analysis and semantics.,

2.2 ' SYNTAX ANALYSIS

If the strgctufe (syntax) of a language may be de-
scribed by a set of syntactic rules, these‘tulés may be fed
into the compiler in a standard form (meta-syntactic language)
and the compiier will produce an internal progrém or encoding -
of the'rules. Using this internal program, the éompiler
reads in source text of the language described and attempts‘

to parse the text.

2.2.1 META-SYNTACTIC LANGUAGE

In order for the student to unambiguously state a set of

syntactic rules, we require a rigorous meta-syntactic language.



For this purpose an.exteﬁded version of Backus Normal Form
has been chosen (see Appendix E).

‘Composing the meta-~syntactic language is a set of meta-
symbols {<, >, =, |, ", (, ), — %, 'u', ;, "BEGIN', 'END'}.
The structure of a language may then be described by a se-
quence of syntax rules separated by semicolons and enclosed
between .'BEGIN' and 'END'. Each rule has the form.<syntactic
variable>::=<expression>. 'Syntactic variables' (often referred
to as non-basic or non-terminal types in the literature) are
denoted by enclosing thé name of the variable in meta-brackets
'<>'", 'Syntactic constants' (basic or terminal types) are de-

"1, An 'expression'

noted by enclosing them in meta-quotes
is composed of a series of 'alternatives' separated by 'l',
which is read as 'or'. An 'alternative', which defines a basic
phrase or structure in the language, is composed of zero or many
constructions which are called 'elements'. ‘The juxtaposition of
the glements defines the actuai ordering of their phyéical appear-
énce iﬂ the language. An element is composed df a 'syntactic
variable' or a 'constant'.

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 'BEGIN' 'END' brackets;

second, definitions are separated from each other by semicolons;



and third, syntactic constants are placed in quotes. Now,

the extensions are considered.

(1) Left-Recursive Definitions

In the ALGCL report, many structurgs are defined
partially in the terms of themselves e.g.

<unsigned integer>::=<digit>|<unsigned integer><digit>.
An unsigned integer is defined to be a digit or whatever was
previously defined as an unsigned integer followed by a digit.

Left-recursive definitions (the name of the variable being

defined appears as the first element in one or more of the al-
ternatives) of this type are not allowed in this meta-syntactic
language. 1Instead, there is a meta-symbol '*' which may precede
an element and is read as 'a sequence of zero or more' e.g.

<unsigned integer>::=<digit>*<digit>_
is read 'an unsigned integer is defined to be a digit followed

by a sequence of zero or more digits'.

(2) Structural Element

Whenever, within a definition, sevefal alternatives
start with the same element(s), replace all the alternatives
by a single alternative, whose first component is the common

“element (s) and whose last component is the non-common elements

11
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separated by '|' and enclosed in meta-brackets 'O', e.g.
<a>::=<b><c><d><e>|<b><c>|<b><e><f> | <g>

would be transformed into
<a>:i=<b><c>(<d><e>|<F>|) | <g>.

The expression enclosed in '()' is called a structural
element. -(Note that since the éompiler will consider alte;—
“ natives in the order in which they appear, the null alter-
native is placed last in the structural element.)

As an example of handling both a left-recursive definition
and a structural element,

<a>::=<b><c>|<a><d><e>|<a><f>|<g><h>

would be transformed into

<a>1i=(<b><c>|<g><h>)* (<d><e>|<£>).

(3) Any Symbol Other Than

|

The meta-symbol '—' preceding an element denotes 'any

symbol other than', e.g.
—"'3" is read 'any stbol other than the constant 3'.
—("ab" |"ac") is read as 'any symbol other than an
'a' followed by a 'b' or an 'a' féllﬁwed by a 'c'. Thﬁé the

acceptability of 'a' depends on its context.

(4) Any Symbol

The meta-symbol ' 'U' ' denotes 'any symbol'.
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We can now describe the syntax of our meta-syntactic

language, using the meta-syntactic language.

'BEGIN' <grammar> ;
<grammar>::=""'BEGIN''<subject>";"<definition>*(";"<definition>)""END"'";
<definition>::=<variable>"::="<expression>;

<variable>: :="<|l*r~‘l>||">ll ;

<expression ::=<alternative>*("!"<altérnative>);

<alternative>::=%<element >;

<element>::=<variable>|<constant>]"*"<elément>l”(”<expression>”)"
URE SRR I "r—“<element>; :

<C0nstant>"=""“'U"’"‘-’—"”" LARARE]

'END'

Note that the title or subject of the grammar is listed
following the first "'BEGIN'". This is done for ease of code
generation as will be seen later. This "subject" must be the
syntactic variable name of the root definition; that is the
definition whose variable name does not appear in the expressions
of any definitions.

This syntactic description does not include such semantic

considerations as the restriction on left recursion as discussed

on page 11,
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2.2.2 THE PARSING MACHINE

The ALGOL implementatioﬁ simulates a special purpose
stored program digitel computer, the compiler machine, a pro; ’
gram for‘whichAdefines the_syntakvand the semanfiés of sdme-
source language.l That part of the compiler machine dealing
~only with syntax analysis will be referred to as the pérsing
machine. It determines thé éyntactic strucfure; that com~
prise a source text (i.e. parsing) and determines whether this
text is grammatically correct. This sedtioﬁ will describe the

_parsing machine and the set of instructions associated with it.

Control Unit

3 '“—;‘"‘—INPTI |BcR -
input stream ¥ |~y PCR 1 flag
]
source text > :
o |
istack Link I | Program
I
Ly I
. > x
' w U o
o o 0O ¥
L
W oX oo
Y
[SIES S|
w a3
¥ >0
T 00

'Stack (push-down) Mémory Sequential
: . Memory

FIG. 1 - THE PARSING MACHINE
The parsing machine is a sequential computer similar to

a Turing machine. It consists of the following elements:



)
(2)

(3)

(4)
(5)

(6)

(7)

An input stream of symbols forming the source text.
A set of operations which perform the functions necessary
to parsing, and a set of instructions which invoke these

operations.

A Boolean register "flag'" whose values true or false in-
dicate the success or failure of different stages in the
parsing process.

A register "inpt" (input pointer) which points to the
symbol currently being scanned in the input stream.

A register '"per" (parser control register) which points
to the next instruction in the program to be executed.
An instruction memory to contain the "program" of in-
structions to be executed in parsing the input source
text.

Two stack memories to contain "“istack" and "link'. These
are push-down lists that save values of "inpt" and "pcr"

respectively at various stages in the parsing process.

Initially "flag" is set to true, "inpt" points to the

first symbol in the source text, and "pcr" points to the first
ym s P b

instruction in the program. "istack" and "1ink" commence as

empty stacks.

15
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The machine has the common fetcﬁ—increment*execute control
cycle. The instruction specified by "per" is fetched, "pecr" is
incremented to point to the successive instruction, and then the
‘instruction is executed. This cycle continues until terminated
by a STOP instruction. The instructions 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 defining the parsing algorithm for the source
language. The instructions are of single-address type, having
the form (label, operation code, operand). The label names the
location of an instruction. An operation code identifies the
'operation to be performed. And an operand is the label, symbol
of the defined language or null character which the operation
requires.

The parsing instruction set follows:

CALL Saves current value of "inpt" in "istack'.

Saves, if the operand is null, then null else '

'pcs:" , the
location of the next instruction in the program se-
quence, in "link".

Sets "flag" true.

If the operand is not null, transfers control to

address specified by the operand.



MATCH

NEXT

TRUE

FALSE

FLAG

NOT

RETURN

Matches the source symbol at the current point of
scan with the symbol in the_operandQ"If they are
the same, "flag" is set true and "inpt" is incre-
mented. Otherwise, "flag" is set églgg.

Sets "flag'" true and increments "inpt" to ghe next
source symbol.

If "flag" is true the program control is transferred

~to the address specified by the operand. Otherwise,

"flag" is set true and "inpt" is restored from the
value in the top of "istack'.

If "flag" is false then program control is transferred
to the address specified by the operand. -

If "flag" is true then program control is transferred
to the address specified by the operand. Otherwise,
"flag" is set true.

The setting of "flag'" is reversed.

"inpt" is restored to the value in the top of "istack".

If "flag" is now true, "inpt" is incremented to the

next source symbol.

The top value in each stack is deleted.

If "flag" is false then "inpt" 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 each stack is deleted.

17



STOP _ Stops the machine.
If "flag" is false, displays the message "faulty

syntax".

The pgrpose of these nine inétructionévwill bé eiplained
in the next section.l Briefly, however, CALL and RETURN are
subroutine call and link‘instructions which use tﬁeastack to
administer the return addresses. TRUE, FALSE and FLAG are
conditional branching instructions, a branch occurring by re-
placing "per'" by the label in-the operand field of the jump
instruction. MATCH, NEXT and NOT are input control instructions.

STOP is an output instruction.

2.2.3 PROGRAMMING THE PARSING MACHINE

This section explains how, given the grammar (written in
the meta-syntactic language) defining the structure of a lan-
guage, the program for the parsing machine may be written.

The general method will be first shown, followed by two examples.

2.2.3.1 THE GENERAL APPROACH

In order to write the program that will parse a given

source text, we first examine the language's grammatical defin-

18
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ition. Each syntactic definition in the meta-language is
represented by a subroutine in the computer program. The
head of the subroutine is labelled by the syntactic variable
name and the instructions comprising the subroutine correspond
to the expression part of the definition. These instructions
are portioﬂed into sequences corresponding to each alternative.
The function of each such sequence is to set the flag corres-~
ponding to the acceptability of that alternative. Alternative
struzture sequences are separated by a TRUE instruction
which causes a conditicnal jump to the end of the subroutine,.
Thus as soon as an acceptable alternative is found, the others
are ignbred. Leaving a subroutine causes a return to the calling
instruction that invoked the subroutine.

That is, since a <grammar> is a sequence of <definition~s,
and <definition>::=<variable>'"::="<expression> where <expression>
::=<alternative>#*<alternative>, the parsing machine program

corresponding to each <definition> has the form:

syntactic variable name <alternative>
sevesceseeres TRUE link
. <alternative>
teeeseessss. TRUE link
é <alternative
Iink RETURN

PROGRAM CORRESPONDING TO A DEFINITION
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For each alternative, <alternative>::=#%<elements>, the
?rogram examines each element in turn and sets the flag EEEE‘
or false depending on that element's acceptability. Between
consecutive'glemeqts is a FALSE instruction causing a conditional
jump to the éndvof the'alternative. Thus the elements éfe ex~—
amined one by one, and any unacceptable one causes the flag to

be set false and the rest are skipped.

<element>

FALSE next alt.
<element> -

FALSE next alt.
<element>

next alt.

PROGRAM CORRESPONDING TO AN ALTERNATIVE

Most elements require some sort of matching test and are
called <active> but others do not. The latter are called
<passive> and are always acceptable. They include "#<element>"
and "'U'", and are not followed by a TRUE instfuction.

The instruction sequences‘for each type of element are

listed below.

<ELEMENT> CORRESPONDING PROGRAM NOTE
1. <variable> - CALL variable name the operand is

the name of the
head of -the rele-
vant subroutine



<ELEMENT> CORRESPONDING PROGRAM NOTE
2. <constant> v MATCH constant the operand is
"~ the constant

under test

3, #%<element> L:<element>
FLAG L

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

5. 'w NEXT

6, r<element> CALL
<element>
NOT

Finally, the program is terminated by placing a STOP

instruction at the end of the principle subroutine,

2.2.3.2 EXAMPLES OF PARSING MACHINE PROGRAMS

EXAMPLE 1

Consider the following grammar that defines the structure

of a sentence:

'BEGIN' <sentence> ;
<sentence>: :=<subject><predicate>;
‘<subject>::=<noun phrase>;

<pnoun phrase>;:=<article><noun>;
<predicate>::=<verb><object>;
<object>::=<noun phrase>;
<article>::="THE"|"A";

<noun>: :="BOY" | "TREE";
<verb>::="SEES"

'END'

21



The program that will parse a sentence defined by this

grammar would be:

STMT # LABEL OPERATION OPERAND
1 main routine CALL sentence
2 STOP
3 sentence ’ CALL subject
4 ' FALSE Ll
5 CALL predicate
6 1l RETURN
7 subject . CALL noun phrase
8 RETURN
9 noun phrase CALL article
10 . FALSE L2
11 CALL noun
12 L2 RETURN
13 predicate - ' CALL verb
14 FALSE L3
15 ) CALL object
16 L3 RETURN
17 object CALL - noun phrase
18 RETURN
- 19 article . MATCH T
20 * FALSE L4
21 » MATCH H
22 . : : FALSE L4
23 MATCH E
24 L4 TRUE L5
25 MATCH A
26 L5 RETURN
27 noun , . MATCH B
28 . FALSE L6
29 . MATCH 0
30 FALSE L6
31 MATCH Y

32 L6 TRUE _ L7

22
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STMT # LABEL OPERATION  OPERAND
33 MATCH T
34 FALSE L7
35 , MATCH R
36 FALSE L7
37 MATCH E
38 4 FALSE L7
39 MATCH . E
40 L7 RETURN

41 verb - . MATCH S
42 FALSE L8
43 MATCH E
A FALSE L8
45 ‘ MATCH E
46 FALSE L8
47 MATCH S
48 L8 o RETURN

If required to analyze the structure of source text
"The boy sees a tree", the_parser machine would begin at the
first instruction in the main routine and perform a hierarch-
" dical series of subroutine cglls and returns. All possibilitieé
would be examined until either the senténce could not be
matched with the ultimate constants, or it‘was completely
acceptable.b-The latter results in a well—défined sentence,
the former in "faulty syntax'.

A left-to-right scan of the source text would be made.
By use of the stacks "istack ‘and "liqk", subroutiﬁes called -
could remember the current‘point of scans in the parse at all
times and correct linkage could be‘effected. For a detailed
explanation of~the execution of the parser machine in parsing

the above source text, see Appendix G.



EXAMPLE 2

Let us consider the syntax of the meta-syntactic language

itself. The corresponding parsing program to analyze its syn- .

tax would be:

STMT # LABEL

N =

grammar

15 A2

19 A3

26 Al

27 definition

36 B1

OPERATION

CALL
STOP

MATCH
FALSE
MATCH
FALSE
MATCH
FALSE
MATCH
FALSE
MATCH
FALSE
CALL

FALSE
CALL

MATCH

FALSE -

CALL
RETURN
FLAG
MATCH
FALSE
MATCH
FALSE
MATCH
RETURN

CALL

FALSE
MATCH
FALSE

MATCH

FALSE
MATCH
FALSE
CALL
RETURN

OPERAND

grammar

'B'
Al
IEI_
Al
'G'
Al
'I’
Al
IN!
Al
definition
Al

A3
definition

A2
lEI
Al
'NY
Al
ID!

variable
Bl

B1
Bl

Bl
expression

24



STMT #

37
38
39
40
41
42
43
44

45
46
47
48
49
50
51
52
53

54
55
56

57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76

LABEL
Vériable

Cc2

Cl

expression

D3

b2
D2
D1
D1

alternative

e lement

F2

F3

OPERATION

MATCH .
FALSE
CALL
MATCH
NOT
FLAG
MATCH
RETURN

CALL
FALSE
CALL
MATCH
FALSE
CALL
RETURN
FLAG
RETURN

CALL
"FLAG
RETURN

CALL
TRUE
CALL
TRUE
MATCH
FALSE
CALL
TRUE
MATCH
FALSE
CALL
FALSE
MATCH
TRUE
MATCH
TRUE
MATCH
FALSE
CALL
RETURN

25

OPERAND

Ccl

alternative
D1

D2
alternative

D3

element
alternative:

variable
Fl '
constant
Fl

*

F2
element
Fl

(..

F3
expression
F3

)

F1

1U|

Fl

Fl
elememt



26

STMT # LABEL OPERATION OPERAND

76 - constant MATCH "
77 . FALSE ¢l
78 NEXT

79 G2 CALL

80 MATCH "
81 ' - NOT

82 , FLAG G2
83 MATCH "
84 Gl RETURN

With respect to this section, the following facts
should be noted:
D Symbols Within Quotes
Placing a symbolés) within quotes 1s equivalent
to underlining it (them) in Reeve's compiler. For example,
'BEGIN' = 'B' 'E' 'G'A 'I' 'N' = BEGIN
2) Integer Form of Symbolic Parsing Programs
The above two examples of symﬁolic parsing pro-
grams are written in a mnemonic notation for labels, operation
codes, and operands. This was done for ease of understanding.
For direct inpu£ to the combiler machine,.however, a "symbolic"
(éssémbly language) form of parsing program is written com-—
pletely'in integer notation. ‘The compiler will assemble this
. assembly program, resolviﬁg all symbolic labels into absolute
‘addresses, to generate the "machine" form of the parsing pro-

gram which will then drive the parsing machine.




This will be fully explained, in terms of the total
compiling machine later in this chapter, and what follows is
a brief summéry. Labels are negative integers. Operation
codes are the positive integers 1 — 19 (see Appendix A). Op-
erands may be either positivé or negative integers or 0, de-
pending upon whether they represent characters in the language

(see Appendix C), labels, or the null character.

3) Blanks in the Source Text

The above two examples of parsing programs appear
not to consider blank characters in the source text. This
is correct because the parsing machine ignores all blanks and

skips along until finding a non-blank symbol.

4) Number of Labels
There may be up to three labels per program state-

ment.

5) Main Routine
The ordering of definition subroutines is not sig-
nificant. However, the main routine must appear first.

CALL ) SUBJECT
. STOP
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6) Mechanical Generation of a Parser Program

The direct relationship binding a meta-syntactic
definition to the required parser program.is what enables the
compiler to read in a grammar'definitioh and mechanically gen-
erate the required program thaﬁ_will parse the defined source
language., This is the bootstrap technique that waé referred

-

to in Section 1.5

2.3 SEMANTICS

Thus far the thesis has dealt with source language
parsing. Now itbis necessary to consider the semantics
associated with the source text. Therefore, tﬁis section
will describe the method for generating the elements of the
target. language. The compiler machine consists of two dis-
tinct successive processors, the first of which being the
parsing machine and the second being an editor machine (see
Figure 2 on page 29). The parsing machine analyzes the struc—
ture of the incoming source text, as previously detailed, and
concurrently generates a semantically oriented output stream
(the interface) which 'is then rearranged and modified by the
editor machine, resulting in the appropriate target code.

This section will be devoted to a detailed description of

the two levels of semantic outflow, parser output and editor
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output, and of the meta-semantic language necessary for their
specification. The meta-syntactic language described in
Section 2.2.1 will be extended into a complete meta-language
capable of describing both syntax and semantics, enabling
the student to fully describe a computer language ana to
mechanically generate the appropriate program to perform the

entire compiling function,

2.,3.1 PARSING MACHINE OUTPUT

The parsing machine provides. semantic output generation

in a fashion consistent with and embedded in the parsing logic.

The machine as previously described must be expanded for this
~facility. The elements to be added are:
1) an output stream (the "interface') consisting of a
iinear sequence of output elements. See Figure 3.
2) a register "outpt" (output pointer) which points to
the location in "interface"  where the next output
symbol’will be placed.
3) a stack memory "ostack” to save valuesbof "outpt" at
various stages in the parsinglprocess.
4) a set of operations which perform the functions
necessary for output, and set of instructions

which invoke these operations.
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The parser output stream, "interface'", is a string of
symbols each of which may be a character symbol, an edit
code, or format control symbol. An output imstruction for
the parsing machine loads the position indicated by the
current value of "outpt' and advances "outpt" to the
successor poeition. Certain instructions cause "outpt'" to
be restored to an earlier value (saved in "ostack') and
have the effect of erasing all intermediate items from the
interface. Initially the interface is empty and "outpt"

indicates the leading position.

The basic output instructicns of the parsing machine

are:

(1) PRINT character
Outputs the symbol in the operand part of
the instruction.

,(2) CorPY
Outputs the symbol just read in from the source
text, i.e.: the one immediately preceding that
specified by "inpt" as the next to be read.

(3) NULL

Outputs a special null symbol. This occupies
a space in the interface and causes "outpt'" to
be advanced, unlike a null input, but will not

~be written out by the editor later.
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"(4) EDIT edit code
Outputs the edit code in the operand part of
the instruction.

(5) SPACE positive integer
Cutputs a special format control symbol for
spacing,

(6) TAB positive integer
Outputs a special format control symbol for
tab positioning and carriage return.

We differentiate between character, edit and format
‘codes on the parsing machine output stream. Character codes
represent the symbols tc be eventually listed on an output
device. Edit codes are editor instructions invoking modifi-
cations and rearrangements of the character codes before they
are listed. And format codes control layout at final listing
time; PRINT, COFY, gnd NULL produce character codes, EDIT
generates edit codés, and SPACE and TAB yield the format codes.

The pushdown stack "ostaék" is augmented at each level in
the parsing process by a locatiop which records the value of
"outpt". This is handled by the expansion of the instructions:

CALL subroutine naﬁe or null.(A)

records the value of "outpt" in "ostack".

RETURN If "flag" is false then restore to "outpt" the

value from the top of "ostack'" and delete it

from "ostack".
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NOT Restore to "outpt" the value from the top of
the -"ostack'" and delete it from the "ostack".

TRUE - | If "flag" is false restore to "outpt" the
valﬁe from the top of "ostack".

These last operations serve to erase any outpu£ that may

have taken place in the course of an unsuccessful recognition

attempt in the parsing procedure.

2.3.2 EDITING AND THE EDITOR MACHINE

The method of combining and rearranging the character
" (and format) symbols on the parser output stream, "interface',
must now be considered. It is accomplished b; passing "inter-
féce“ thrbugh a second computer called the editor machine whicﬁ
is formed by: (see Figure 4)
(1) " Input stream,."interfaceF, consisting of a sequential
list of character symbols, format symbols, and edit
- codes,
(2) Output stream, the tafget codé, consisting of a
sequence of rearraﬁged character and format codes.
(3) A stack memory containing a pushdown list structure,
Mestore", whoég eleﬁehté are lists of one or more

character and format codes.




(4)
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An operating cycle consisting of:
a) - "Pull" the next element from the list "interface"
b) If the element is a character or format symbol,
"push" it into the stack "estore".
If the element-is an edit code, execute the
specified operation upon.the elements of "estore".
A set of operations that are invoked when the corre-

sponding edit code is detected in -the input stream.

Thus the input stream, "interface', acts as combined

data and program for the editor machine. The character and

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

The edit codes are:

1) X
2) c
-3) W

Exchange the toﬁ two lists of "estore.

Concatehate the top two lists of '"estore" by
attaching the head of the top list to the téil of the
next.

Output (write) the elements in the editor stack in

- sequence list by list from the bottom up and from

head to tail within each list, ignoring the null
symbol whenever it appears, and obeying all format
éontrol symbols. Then return control to the parsing
machine at the instruction following the EDIT W

which initially invoked the editor.
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The editor machine is initiated by the execution of an

EDIT W dinstruction by the parsing machine. This causes the

parser to output the edit code W as thé last element of "inter-

face" and to pass control to the editor machine. The editor
scans "interface" one element at a time from its heéd to the
final W, pushing down all character and format symbols into

the editor stack and executing edit codes. When editing is

finished control is returnad to the parsing machine.
For edificatidn purposes, let

1 "interface'" consist of tog X Ca C X W wﬁere capital
letters represent edit codes and lower case specify the
character symbols toga.

2) "estore'", commencing as empty, be represented by a series
of elemental lists sebarated by commas, the elements
being ordered such that the Eottom level is on the left.
The activation of the‘editor machine upon the parser-

editor interface would change toga into goat as follows:

interface estore target code
togXCaCXW
ogXCaCXW t
gXCaCXW " t,0
XCaCXW t,o,g
CacCXW t,g,0
aCXW t,go
CXW t,go,a
XW t,goa
W goa,t.

goat
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2.3.3 META-SEMANTIC LANGUAGE

In order to describe the structure of the source text
by a set of syntactic rules, the meta-syntactic language was
designed. ©Now, in order to describe the semantics associated
with the structural elements of the’source text,.we require a
meta-semantic lénguage.

The first level of the semantic process is the output
from the parsing machine. The meta symbols {(/,/), 'C', 'X','s','B',
'"W', '0', 'K'} which compose the meta-semantic language there-
fore correspond to the output instructions in the parsing machine

program. The correspondence is as follows:

meta-semantic language +———— parsing machine program
(1) (/ abc....z/) ‘ PRINT a
where a,b,....,z are character PRINT b
symbols EDIT ¢
PRINT c
EDIT ¢
PRINT z
EDIT C
(2) ‘'sa’ SPACE o
where @ is a positive integer :
(3) 'Bo' ‘ TAB «
where o is a positive integer
(%) 'k ' COPY
(5) ‘o' . : NULL

(6) 'w' _ EDIT W
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(7) ‘¢! ‘ EDIT C

(8 'x' | ‘ EDIT X
In case (1) the print definition (/ abc...z/) where

abc....z represents a string of character symbols, produces

a PRINT a instruction followed by a séries of PRINT and EDIT

C instructions. This ensures the character string will, in

the editor @hase, have its elements concatenated and will

thus be treated by later editing operations as an entire

unit (instead of having only its last character operated on).
The semantic rules must correspond and be embedded with

the syntactic structures of a source language. Therefore,

the meta-semantic and meta-syntactic languages are integrated

to form a "meta-language", that is, a language that will com-

pletely describe (theAsyntax and semantics of) anothér'language.
To clarify the semantic concepts described in Section 2.3,

there follow two examples, the first illustratiﬁg the-power

of parsing machine output, and the second illustrating the

editing facilities.

EXAMPLE 1:
Suppose we wish to translate the sentence "The boy sees
a tree" into its equivalent German counterpart '"Der knabe seht

einen baum." The meta-language definition would be:



"BEGIN' <sentence>;
<sentence>::=<subject><predicate>(/./);
<subject>::=<noun phrase>;
<predicate>::=<verb><object>;

<verb>::= "'sees" 'S1l' (/ seht /) 'C';
<object>::=<noun phrase>;
.<noun phrase>::=<article><noun>;

<article>::= "The" (J der /)|"a™ 'S1' (/ einen/) '¢' ;
<noun>;:= "boy" 'S1‘' (7 knabe" /) 'C'l"tree" 's1' (/ baum /) ‘¢!
"END' ‘ '

The parsing machine program would be similar to that

~ described in Example 1 of Section 2'2'3f2 on page 21 with

the following modifications to add semantic rules to foutines:
STMT # LABEL OPERATION OPERAND

3 sentence CALL - subject
FALSE L1
CALL predicate
FALSE L1l
- PRINT .
L1 RETURN

19 article MATCH
FALSE
MATCH
FALSE
MATCH
FALSE
PRINT
PRINT
EDIT
PRINT
EDIT
L4 TRUE
MATCH
FALSE
SPACE
PRINT
PRINT

~

£~

wn

HMHE>HOWOWUF‘WL“EHH



STMT #
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LABEL

L5

noun

L6

L7

OPERATION

EDIT
PRINT
EDIT
PRINT
EDIT
PRINT

. EDIT
EDIT
RETURN

MATCH
FALSE
MATCH
FALSE
MATCH
FALSE
SPACE
PRINT
PRINT
EDIT
PRINT
EDIT
PRINT
EDIT
PRINT
EDIT
EDIT
- TRUE
MATCH
FALSE
MATCH
FALSE
MATCH
FALSE
MATCH
FALSE
 SPACE
PRINT
PRINT
EDIT
PRINT
EDIT
PRINT
EDIT
EDIT
RETURN

OPERAND

OOz aoEa=zn

() SN @ )N

p>c‘)21?=:r—*g*\r<:r-*or'w

AR OoOOEHOEO
~ ~NTN ~

~J

OO0ORO0C O WHEEHEe
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STMT # LABEL OPERATION

41 verb . MATCH
: ' . .FALSE
MATCH
‘FALSE
MATCH
FALSE
MATCH
FALSE
PRINT
PRINT
EDIT
PRINT
EDIT
PRINT
. EDIT
. 1.8 RETURN

4b

OPERAND

L8

L8

1.8

OHOEOMU)L(;UJ

With regard to Figure 2 on page 29, this source text

and parsing machine program would cause the following output:

source text

the boy sees a tree

Parsing
Machine

interface

1 1 1

deCrCs.knCaCbCeCCs. seChCtCCs e1CnCeCnCCs, baCuCmCC

where §, represents a format

~control symbol of '"one
space" Editor
Machine

target language

der knabe seht einen baum
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It should be noted that this example uses little editing
facilities. The numerous concatenation commands UG to the
editor arebnot really necessary here, but are included for
generality. ‘The main purpose was to stress the output capa-

bilities of the parser machine.

- EXAMPLE 2: -
To illustrate the.coméiler machine with én'emphasis
on editor_machine_actibns, let us consider a problem associated
with the compilation of arithmetic expressions = translation
into Polish postfix notation. '

The meta-language definition is:

'BEGIN' <arithmetic expression>
<arithmetic expression>::=<term>*(<add op>'K'<term>'XCC') W"

<add op>:i= n+n|u n’

<term>::=<factor>%*(<mult, op> K! <factor> Xcc);

<mult. op>:i= o n[n/n :
<factor>::=<variable> I"("<arithmetic expression>")"
<variable>::=<letter>'K' * (<letter>'KC' [<d10lt> KC');
<letter>::= AlB|C|D|E|F|c|H|I]|I;

<digit>::= 1|2[3]4]|5]6]7]|8]9

"END'

If the above definition is used to generate a parsing

program which in turn reads in the source expression "AI+Al/(B1+B2%

A1l)-JAB", then the translation process would proceed:
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source text

AL + Al / (Bl + B2 * Al) - JAB

Parsing
Machine

Interface

AL+ Al /BL+B2%ALXCCXCCXCC-JABXCCW

Editor
Machine

Target code ‘ .

Al Al BY B2 Al * + / + JAB -

2.3.4 MARKING AND TESTING

There exists a further facility which.éan be helpful
in economizing the description of a source language:‘ It is
called "marking and testing" and it consists of flagging the oc-
currence of a syntactic fype and later allowing conditional
semantic output in the successively higher level of the metg—

language definition, depending upon if the given syntactic

type occurred.
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2.3.4.1 TILLUSTRATION

This can be shown most easily by illustration: Comnsider
_the syntax
'BEGIN' <group> ;
<group>::=<item><item>;

<item>::="a' l Nyt [ nan

'END' : .

and suppose ﬁhat the required output when pérsing a group
is "d" if the first item of the group is "b", otherwise
nothing. The normal apprqach is unattractive, namely,
<group>::=<iteml><item2>;

<iteml>::="a"|"b" (/ d /)[ncn;
<item2>: ::"a” "bll I “C”

Our preferred solution is:

<group>::=<item>'T1' ( (/ d /) )<item>;
<item>::="ag" ! npttoy! ] net

Whenever "b" occurs as an item in a group, bit one in

"mark" is turned on (as signified by 'M1').

a register called
Then in the next level <group>,bit one is tested (as specified
by 'Tl') immediately after recognizing the first item. If
this bit is on then whatever semantics félléw; enclosed within
parentheses "()", are executed. If not, these semantics are

skipped. 1In this example, the instruction to print "d" is

enclosed within parentheses.




Now consider:
<a>::=<b><b><c>'T8' ('XCX ') ;
<b>: :=”p" 'S ]"q"'K' ;
<c>::=<b>[”r”'KM8'
This says that an <a> will consist of a sequence of

three symbols each of which may be "p'" or "gq'". 1In addition

mn_.n

the last symbol might be an "r". The symbols are copied
out as they appear, unless the last symbol is "r" in which
case the three symbols are reversed, - Bit eight of "mark"
is set and tested in this illustration.

If, however, this definition was modified as follows:

<c>::=<b>|<reverse>;
<reverse>::=""r'"'Km3'’

the testing of bit eight in <a> would not work for <a> is
‘two syntactic levels above <reverse>. There exists a unique
"mark" for each syntactic type and it can be altered only by
the syntagtic type which it explicitly calls.

Finally, a more subtle example, but commonly used, is:
‘<a>::=<b>*(<b>'Ml})'Tl'( (/ multiple occurénces [) ).

If <a> cénsists of a sequence of two or more <b>s, then
the message "multiple occurances" is output. Since the second
<b> in the definition is enclosed within parentheses (is part
of a "structural element'") and is programmed within CALL A and
RETURN-instructions, it is in fact a next level and may,

therefore, set the marker associated with <a>.
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2.3,4.2 IMPLEMENTATION

Marking and testing require the following facilities

in the parsing machine: (see Figure 5 on page 29)

(1) a register ”marg” that contains a sequence éf 31 bits.

(2) a régister "hold" to hold temporarily the operand
value of a TEST instruction.

(3) a stack memory to contain "mstack'. This is a pushdown
list that saves values of "mark'" at various stages
(levels) in the parsing process.

(4) a set of operations which perform the functions necessary
"to mark and test, and a set of instructions‘which invoke

these operations.

The basic three instructions for this feature are:
(1) MARK o
where ¢ is a positive integer [1,31]. Sets
bit o to 1 in the record at the head of "mstack'.
(2) SELECT a
where ¢, is a positive integer [1,31]. Copies
o into a temporary location called "hold".
(3) TEST label

Tests if the bit position of "mark" specified
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by "hold" containe 0 or 1. If O control is
transferred to label, where label specifies
the iﬁstruction following the conditional seman-
tic output succeeding the TEST instruction.
In addition, the following parsing machine instructions
are extended:
(1) CALL routine name or null
Push "mark" onto the top of "mstack" and set
"mark" to zeros.
(2) TRUE label
If "flag" is false reset "mark" to zeros.
(3) RETURN
NOT
'jRemove the record from the heéd of "mstack"
and copy it into "mark".
Thus each activatioq%of a program routine (representing
a syntactic type definition) has a set of 31 marker bits
associated with it in "mark”, and they are initially zeroed.
When this routine calls another, "mark" is saved on the top
of "mstack" and may there be altered by MARK instructions
within the called routine. When control returns to the calling
routine, '"mark" is restor®d from the top of "mstdack" and may

then be checked by SELECT and TEST instructions to conditionally
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allow semantic output. At the end of each alternative "mark"

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

izing it for the next alternative.

The meta-language definition of marking and testing

corresponds directly with the machine program:

metalanguage machine program form

(1) ™Mo!
where o is an integer [1,31]
(2) 'Ta' (<passive>)
where o is an integer [1,31] -
and <passive> is any meta-
-language code not invoking.

the testing of source symbols.

To complete our illustration, the
compiler machihe,program for the first

section would be:

CALL group
STOP

group CALL , item
FALSE Al
SELECT 1
TEST A2
PRINT d

A2 CALL item

Al RETURN

MARK o

- SELECT o
TEST L
<passive>

L: .

assembly form of the

example in this




item MATCH - a
TRUE Bl
MATCH b
FALSE B2
MARK 1
B2 TRUE Bl
MATCH C
BL RETURN

2.3.5 GENERATING AN ASSEMBLY PROGRAM FOR THE PARSING MACHINE

It will often be desirable to generate as target code a
program for the parsing machiﬁe itself. This program may
take one of two representations, an assembly language form
allowing symbolic labels, or a machine language forﬁ which
has addresses in absolute value and can be executed by the
parsing machine; Since the compiler machine explicitly
frovides the additional facility of an assembler, the best
approach is to generate the symbolic assembly language pro-
gram and let the assembler resolve the symbolic labels and
. translate into maéhine languaée form. The parsing machine
4pfogram is the only program that the student must provide
to the compiler ﬁachine. The parsing machine, in executing

"interface" which consists

this program, will construct the
of the combined data and program for the editor machine.

Therefore, the parsing machine program may, for application

purposes, be thought of as the 'program' of the compiler

48 A
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machine. This section will describe the techniques re-
'qﬁired to generate an assembly program that will run the parsing
machine.
Figure 5 shows the compiler machine extended to in-
clude an assembler and indicates the ordered manner in
which éhe rmachine operates. Initially the compiler machine
‘reads an assembly program. (symbolic parsing maghine program)
into the assembler, assembles it into the machine form, and
places it into the sequential memory offthe parsing machine.
Control is then transferred to the parsing machine. It,
under control_of the machine program, reads in the sourée
- - . .
text, parses it, and generates an interface to the editor
- machine. The editor machine interprets the symbols and edit
codes cof the interface to produce the target code. This
target code, however, may actually be an assembly program
for the parsing machine in which cése it can optionaily be
fed back into the assembler to begin the cycle anew. Other-

wise the cycle terminates upon production of target code.

1)
assembly pr hi '
mbly program ASSRC machine program
S | BLER |
(2) . ]
source text Parsing [ Editor _target code

| Machine g

l““_“—_~i::}_____bMachine

FIG., 5 COMPILER MACHINE
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2.3.5.1 SYMBOLIC PARSING MACHINE PROGRAM

Until now all examples of programs for the parsing ’ -
machine have been written using mnemonics for labels,
operation codes and operands. This was done for ease of
understanding, but these programs are not in a form that
the compiler machine's assembler can directly assemble
into the required machine language form. The assembly
form of the program which is acceptable is a stream of
integers as follows:

'"BEGIN' <assembly program>;

<assembly program>::=%<routines>"999";
<routine>::=#*<instructions>"0"; :
<instruction>::=%<label><op.code><operand>;
<label>::=<internal label>|<external label>;
<internal label>::=<integer X,~899<X<-1>;
<external label>::=<integer X, X<-1000>;
<op.code>::=<integer X, 1<X<998>;
<operand>::=<1abel>|<character symbol>|<positive integer>i<null symbol>;
<character symbol>::=<integer X, 35<X<198>;

<positive integer>::=<integer X, X>0>

<null symbol>::="Q" ’

'END'

The integers to be used for operation codes are given
in Appendix A. Character symbol representation is described
in Appendix C.

For purposes of illustration, consider the last example

in 2.3.4

'BEGIN' <group>; <group5::=<item>'Tl' (¢ an) <item>;
<item>::="g"| "Rt "Wt [”C” YEND'
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e

The assembly program that will compile a <group> is:

Mnemonic Form as before Correct Symbolic Form
CALL group 1 -1000
STOP 19 0
: 0 .
group CALL item -1000 1 -1001
. FALSE Al 4 -1
SELECT 1 8 1
TEST A2 9 -2
PRINT d 16 53
A2 CALL item -2 1 -1001
Al RETURN : -1 2 0
0
item  MATCH a ~1001 11 50
TRUE Bl 3 -1
MATCH b 3 11 51
FALSE B2 4 -2
MARK 1 7 1
B2 TRUE Bl -2 3 =1
MATCH c 11 52
Bl RETURN o =1 2 0
0
999

Thus a negative integer represents a label or symbolic
address. Labels identifying routines are called external
labels and are integers less than or equal to -1000. Labels
within routines are internal labels and have values in the
range [ -999, -1] . Mnemonic operation codes are replaced by
positive integers 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. When
the assembly program is assembled into an executable machiné

program; the symbolic labels are resolved and replaced by



positive absolute addresses, so that a zero denotes a null
address in a CALL, RETURN, NOT, or COPY instruction or the

end of a routine.

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 the integer stream com-
prising a parsing machine assembly language. Also, in a
more general sense, this facility is required by the parsing
machine in order to generate the integer stream comprising
the interface:

'BEGIN' <interface>;
<interface>::=*(<symbol>]<edit code>);
<symbol>::=<character symbol>[<format control symbol>

|<spécial positive integer>[<null symbol>;
<character symbol>::=<integer X,35<X<198>;
<format control symbol>::=<integer X,X> 600000000>;
<null symbol>::=500000000;
<edit code>::=<integer X, X<-1>;
o <special positive integer>::=<integer X, X>0>

'END'

The mnemonic edit codes are replaced (see Appendix A)

by negative integers. The symbols are all positive integers.

Generating integers is a different process from producing

character digits, and enters the meta-language in two ways.
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(1) Via the Parsing Machine —- the PRiNT instruction

The meta-language PRINT symbol may be used to

output integers by placing the integer in paren-

theses "()". Thus (/ (1) /) is compiled as PRINT

l; whereas (/ 1 /) is compiled as PRINT 41 since

41 is the intermnal character code for.the digit

1. The PRINT meta-symbology may now be defined

as |

"(/"*(”("<pos.integer>”)”|<character symbol>)"/)"

With this facility operation codes and most op-

erands may be generated.

(2) Via the Editor Machine

Two new meta-language edit codes 'V' and 'N'

compile into EDIT V and EDIT N respectively. Their

effects when interpreted by the editor are as
follows:

'V' assuming that the top list of the editor stack
"estore" contains a string of digi?s, replace
it by the cofresponding integer.

'N' assuming that the top list of "estore" contains
a single integer value, negate it.

The use of the 'V' code is seen when specifying an in-

teger in the meta-language.



<integer>::=<digit>'K'*(<digit>'KC')'V;;
As successive aigits are read, they are copied and concatin-
ated into a string, and finally the whole string is replaced
by the value of the integer.

'N' is required to generate negative dntegers in the
target code. The parsing machine cannot directly generate
output integers that ére 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 integers for operation codes and for
all operands, including negative ones but excluding labels,
may: be handled by the techniques described in 2.3.2., TLabels
require spécial methods for each label must be unique and
thus necessitates additional parser and editor instructions.
Also, since labels.have two integer ranges aécbrding to
whether they are internal to routines or global, two separate
methods afe used: |
(1) External Label Gene;ation

External labels correspond to the names of syntactic

variables in the meta-language and they name the location



of the heads of routines in the parsing machine program.

This correspondence is set up via a furthervedit'code,

'L', in the meta—langﬁage which compiles as EDIT L.
Before explaining the»action caused by L entering

the editor machine, it is necessary to extend the editor

machine. Independent of the editor stack "estore' is
another stack, '"name', which is a list of sub-ligts

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

which is the external label (integer < -1000), followed

by a second element wh;ch is a sub—sub;list containing
the symbols making up the variable name. Finally the

" editor contains a register "index" which is inigialiééd

to -1000.

The action of the edit code L is as follows:

L Assuming that the top list of the editor stack "estore"
is a string of symbols making up a variable name,
scan'the list "néme” for this name. If found, re-
place the entry in the stack by the corresponding
exterpal label valpe. If not found, enter the name
from "estore" in the list "name" with the currént
value of "index" as the external label value, and

replace the "estore" entry as before - also decre-

ment the value of "index" by unity.
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(2)

The use of the L edit code is éeén in the full
specification of a variable in the meta—languagg as
shown in Appendix B.

<variable>::="<"'UK'# (—">"'KC ) "SMILY,
Internal Label Generation

For_geheration of internal references the parser
machine is extended to include an additional five in-

.

structions and associated hardware, a register "tag"
to hold positive integers, and a push down list "label"
whose elements are values of "tag'". The extra instructions
are as follows:

SETLAB Set "tag" = 1 and clear "label" list.

INCLAB Push current value of "tag" onto top

of "label" list, and increment
"tag" by unity.

LABEL Output top entry in the "label" list,
followed by the N edit code.
DECLAB If "flag" is false, copy the top

entry of the "label" list into
' "tag". Delete the top entry,
RESETLAB Clear "label" 1list.
For convenience, these five instructions are actually
written with one operation code "reference" and operand

of 1, 2, 3, 4, 5 respectively. Correspondingly, the

meta-language specifies them as 'R1', 'R2', 'R3', 'R4',

and 'R5'. The full specification of the meta-language

is in Appendix B.
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SETLAB (reference 1) and DEGLAB (reference 2)
should be specified af the beginning and end of a
parent routine that calls other routines which will
generate labels. INCLAB and DECLAB  should be speci~
fied at the beginning and end of a routine whose in-
struction sequence contains LABEL instructions corre-—
sponding‘to one particular label.. A label is output
whenever LABEL is obeyed.

Note that the labels are output by the parsing
machine as positive in%egers followed by an N edit
code. This is because the label would be interpreted
by the editor as an edit code if it was negative in the
interface. The N gets around this difficulty.

The five instructions are sufficient to handle all
internal labelling and are well illustrated in Appendix
B which defines the complete meta-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
described in section 2.3, 1In this section the cycling process
will be restated and its function explained with respect to

intended compiler machine usage.



2.4.1 -CYCLING AND RECYCLING

The compiler machine "cycle' consists of an "assembly
phase" followed by a "compile phase". 1In the assembly
phase, a parsing machine assembler program, describing the
syntax and semantics of some source language, is read into
_the assembler. The assembler resolves all symbolic refer-—
ences, generates the machine form of the program and places
it into the sequential memory of the parsing machine (see
figure 6). Then, in the compile phase, source text is compiled
into target code. That is, the parsging machine under control
~of its newly acquired machine program inputs some source
. language text (described originally by the assembler program),
parses it and generates the appropriate interface to the editor
machine. The editor machine then interprets the interface and
produces the final target code.
The target code may be any kind of output the student
desires including an assembler program for the parsing machine
in which case it may be routed as inpﬁt to the assembler to

initiate the start of a new cycle. This is referred to as 're-

cycling" and may theoretically occur to an arbitrary finite depth.
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2.4.2 HOW CYCLING IS APPLIED

Normal usage of the compiler machine consists of

feeding it three consecutive inputs:

l) Assembly program defining the meta-language. This
is a standard program that need not be written by
the student.

2) Meta-language definition of a source language.

3) A text written in the described source language
and finally reéeiving the desired object code.

(1) and (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 the parsing machine with a progfam,
an assembly program is read in, assembled into
machine language form and placed in the pars-
ing machine's sequential memory. This assem~—
bly program defines the syntax and semantics
of the meta-language itself.

b)  Compile Phase. The student's source
language definition, written in meta-language

form, is read in as source text by the parsing
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machine under control of its machine program.
The target code finally produced is an assembly
program for the parsing machine that corres-

ponds to the student's source language definition.

2) Cycle 2.

a)

b)

Assembly Phase. A recycle now commences.

The assembly language program, corresponding to
the student's source language definition and

just produced as target code, as now assembled

and placed into the parsing machine's sequential
memory, over-writing the previous contents.
Compile- Phase, The parsing machine, under
control of its new program, reads in the student's
source language text. This is now compiled into
the target code desired by the student (or a

warning of "faulty syntax'" is output).

See Figure 7.

Once the student has made his final source

language definition, either in the standard meta-—

language or his own, he is able‘to output the
target cbde assembly program for the parsing
machine that corrés@onds to his source definition.
Then each time he wishes to compile a program, he

need only make one cycle, reading in this assembly

program before his source deck.



In addition, if the student, say, described his own meta-
language in terms of the standard one, then described a source
language written in this new meta-language, and finally read
in the source language, there would be three full cycles (a
first cycle followed by two recycles). Recycling thus provides

a flexable system.
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CYCLE 1

assembler program

machine program
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FIG. 7 NORMAL CYCLING FOR STUDENT USAGE
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CHAPTER IITI

AN TMPLEMENTATION. IN ALGOL

The compiler machine was implemented as a virtual or pseudo
machine, rather than»as a hardware enﬁity; That is, it is a
simulated machine programmed on a computer.

This chapter will describe the software approach that was

followed.

3.1 PROGRAMMING LANGUAGE CONSIDERATIONS

3.1.1 CHOICE OF ALGOL 60

In order to achieve the goal of relative machine independ-
ence, the syntax-directed compiler was written in the univer-—
sally accepted algebraic language ALGOL 60 [3].

3

3.1.2 ALGOL 60 INPUT-OUTPUT ROUTINES

The inhereﬁt problem associated with this choice of languages

is that ALGOL 60 was ofiginally defined without I/0 routines,.leav~

ing this domain to be developed locally by each user Installation

and creating source language I/0 incompatility between computér centers,
A set of standard primitives were recently accepted [5], and

based on these, Stanford University suggested a group of standard
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I/0 transfer pfocedures [ll}. Ignored, however, have been the
I/0 control procedures (next record, tabulation control, carri-
age control, etc.)

To resolve this dilemma, a général set of nine I/0 control
procedures were designed, Stanford's I/0 transfer procedures
were implemented, and this total package was documented and added
to the compiler machine as a global block. (See Appendix D)

Thus, the program may be implemented using any ALGOL trans-
lator having Stanford I/0 procedures [ll], or, more generally,
having the primitives defined in [5]. The body of each
I/0 control procedure, howgver, will need to be locally defined

for all but IBM 360 translators.

© 3.2 . . STORAGE MANAGEMENT

Memory space for all the data structures used by the compi-
ler machine is handled by list processing methods. This approach
was necessitated by a heed fqr dynamic reallocation of storage,
and makes available the usage of list structures as well as lin-

ear strings.

3.2.1 LISTS AND THEIR REPRESENTATION

A list is a connected sequence of elements, each element
consisting of two computer words, a "head'" and a "tail". These
elements are connected through the "head" parts, each of which

contains the address of the succeeding element. Since each



element points to its successor, successive list elements
need not be, and in general are not, consecutive double words
in memory. In fact, one of the attractive features of lists
is their ability to utilize arbitrary, disjointed sections of
mMemory.

The second word of each element, the "tail", may contain
data (a symbol or numerical value) or may point to another

list. A list v would have the following structure:

v i 1 2 3

, L i)
list head
SIMPLE LIST STRUCTURE

where Xl""'°’Xn in the tail of all elements other than the
first represent data,

Each list is provided with a "list head", a known loca-
tion in memory, through which the programmer can locate the
list. This list head points to the first and last element in
the list. In addition, the last element is flagged by a
pointer of 0. A null list is represented by a list head con-

taining two 0 pointer values.

v P 0 0 list head

the null list
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Since the tail portion of each list element may point
to another list (called a "sub-list"), and so forth to an
arbitrary finite depth, very complex configurations called

"list structures' may be formed. For example:

lf
list head | R '
! c .
X
. — X, o [Xa {
l list head ‘ '
{ 2 f v {
d— Xl+ 0 X5
i &
17 1 v | .
X X
T 6 0 7
| : ’
< " 1 | vd
I~ . <
0 b 0 8
{ 3
— <
AN EXAMPLE OF A LIST STRUCTURE
As can be seen, a list structure contains information
in two ways, the first being the actual datum x seeeesX s and
; . 12"

the second being the structural location of the datum.

3.2.2 STORAGE ALLOCATION

The storage space required for all lists is taken dy-
namically from a special list called the "list-of-available-

space". Initially, all available memory is assigned to this
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list. Then when various lists are created and built, their
elements are allocated one at a time from this list-of-
available-space. Similarly when a list is no longer needed,
its elements afe returned and are then available for re-
allocation to another list. Thus at any time only the exact
amount of needed storage is being used and lists have the
ability to begin, increase and decrease in size, and be erased
as required at execution time.

This dynamic allocatiop and reallocation of memory to
list structures has been implemented as follows:

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

el b0 & 0L 07 3 [ [

79 0
LIST H{ 2 3 4 5 6 47 ,
STORE
? L A A A A A ‘é? A A A
1 2 3 4 5 . ... storesize
lavs

LIST STORE INITIALIZED TO THE LIST-OF~AVAILABLE-SPACE

Total storagelfor lists, the "list store", consists of
t&o integer arrays declared H, T [l:storesize] where "storesize"
is the length of each array and is read as an input parameter
at the beginning of the progrém. (A storesize of 2000 is

sufficient for most applications.) A list element allocated
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from this store will have an address i, 1<i< storesize and
will consist of the pair H[i], T[i] being respectively the
‘head and the tail of the element.

Sﬁorage allocation is handled in a conventional manner
by means of a list~of—available;space, "lavs'", which has no
list head. Initially, "lavs" points to the first element in
the "list store" (has the value 1) and each element is chained -
inia linear fashion as shown above. Thus at the beginning of
the program, lavs consists\Pf the whole store list. The datum
in lavs are set to 500000001, the null wvalue A, in order to
facilitate monitoring.

b) Allocation of Elements from Lavs

Meéhanisms are needed for obtaining '"new" elements from
and returning unneeded elements to the list-~of-available-space
lavs. An element H[i], T[i] may be taken from lavs by an ALGOL
procedure "take(i)" which assigns the address of the first
element in lavs to the integer i. Lavs is changed to H[lavs],
that is, lavs now peints to the next element in its list. Loca-
tions no longer required must be returned to lavs by a procedure
"put(i)". This pushes the element H[i], T[i] onto the beginning
of lavs by chaining H[i] to lavs, setting T[i] to A and then
letting lavs equal the address i. For example, if after many

operations, the list-of-available-space locked as follows:
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lavs

a call of the procedure take(i) would cause it to appear

. lavs
- 1 { 3 | A
i —p) ALy A A r A 0 [A

and an immediate put(i) would return it to its original state.

Take(i) and Put(i) are the primitives required for

other list processing procedures.

3.2.3 LIST PROCESSING PROCEDURES

In order to build'lists, operate upoh them, and finally
delete them, the following procedures are uscd:
1) open list.(V) ~ takes the first free element from
1avs, makes it a list head and initializes

it to a null list

v —p 010

2) push (X , V) ~ connects the first free element in
1 .
lavs to the head of list V and assigns it the

value X .
‘1

—

V e 0 Xl
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3) append (X , V) ~ connects the first free element in
2

_‘lavs to the end of list V and assigns it the

value X .

) o

| | [ 13

v —P B 1 0 |2
T ?

4) pull (X, V) ~ assigns to X the value of the first
element in list V and returns the element to

the list-of-available-storage.
VD 0 {2 and X: =X
[ o

5) closelist (V) ~ returns the head and elements of

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

sets V to 0.

V=0
6) 'combine'(Vl, V2) ~ concatenates the elements-of list
V2 to the end of list V1, creating a combined
list V1,
7)  exchange (V1, V2) ~ exchanges the lists V1 and V2.
-8) reverse (V) ~ reverses the linear order of the
- elements in list V,
9) behead‘(i,V)-~ returns to the liét—of—available—Space
any élements chained from the head of list V to

the list element with address 1.
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10) betail (i,V) ~ returns to the list-of-available-
space any elements of list V tﬂat trail from
the list element wiﬁh address 1i.

11) equal (V1,V2) ~ compares th lists V1 ana V2 to see

if they contain the same information.

3.3 IMPLEMENTATION OF THE ASSEMBLER

An assembly langﬁage program that is to be aésembled con-
sists of an integer stream of instructiomns, éach having the form
(% <label> <operation code> <operand>). The instructions are
grouped into routines, each routine terminated by "0", and the
whole program is terminated by '"999". The only negative in-
fegers are either labels, or else operands referencing the in-
structions named by the labels. The complete description was
given in 2.3.5. The machine language form resulting from aé~
sembly was specified in 3.2. It is output as a list "target"
and then transferred to the sequential memory of the parsing

" machine to become the machine "program'".
g

3.3.1 THE ASSEMBLY CONFIGURATION

The assembler consists of:

1) an input stream of integers forming the assembly program.
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2) an output list, "target", each element of which con-
tains a machine instruction in packed form (see 3.3.2).

3) memory to contain "intref" and "extref". These are
list structures to aid in resolving symbolic address
references.

4) logical operations that will assemble the input pro-

gram an integer at a time.

Hardware
Logic "target"
A ’ i
ssembly ! machlne’
Program program list
g o
Q- 0]
~ =
o 0
5 )
stack memory
3.3.2 ASSEMBLER DATA STRUCTURES
1) "target" - machine program that is generated
| v v i N &
target 2 L Iz ° o2 In
[ 5
. .th | : .
where I is the i instruction in packed form.
2) "extref" and "intref" - both lists have the following

structure:
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Int

pxt Tef

i’ { 31 2T 3 [ )
! l £ . 5
~3) 1 : 1] o o
| '
% > 7 o S——— —
i z L% l A7 . YA gy
e 1 t 1 v 0 n |
(}7 i e
- T i o b g ! 7 ) 7
) 1 ¢ B« o |t
i )
tL 4 ] x5 S .1 £ TR r
0 [ 1 t 1 - o5

The first element in each sublist contains the label "1%
in its negative integer form. The second element contains "t",
the address in '"target" of the instruction labelled by "1".

1"

The remaining data "f , £ , ...., fn are the addresses in
1

2
"target'" of all instructions whose operands made a symbolic
reference to "1".

"Intref" is the list handling all references within rout-

ines. "Extref" handles all external references between routines.

3.3 ASSEMBLER LOGIC

The integers in the assembler program are read in conse-
cutively as the variable "x" and immediately assembled by invok-

ing the procedure "assemble(x)'". Assemble(x) proceeds as follows:
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f//////\\\\\3¥ X is a symbolic reference
x < Q .

\V4 v
Ref: = if x > -999 then intref

x is a positive operand
else extref

I =1 +x .
T
. !

Scan 'ref" to see if it already
contains a sublist whose label
End of routine "1" equals "x". If not, create

a new sublist with "x" as the
Sweep through "intref" and label "1" and append this sub-
for each sublist place the list to "ref'".

address "t" into the oper-
and position of all "tar- - x is a label naming I
get'" instructions names by e S

/\ .
"f ,...,fn". Clear "intref'". J% \\\ff\:/o e 1

X 1s an operand Place address of
symbolically ref- I in "t" posi-

’///\\\\E\ End of assembly program
, - erencing a label- . .
x = 999 >y . . tion of sublist
- ' ed instruction
\\\\/////;> Sweep through "extref"
f

and for each sublit
place the address "t"
into the operand posi-
tion of all "target"
instructions named by
"f ,...,f ", Clear

"extref". . '
“fn: = ntl; In: =0 <]

Add an element to
"target" to contain
next instruction

Append address

of I_ dinto "f "

position of the
sublist

X is an operation code

V._ - ' .
In: = 100,000 * x _ and zero 1t‘.

~| STOP
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3.4 IMPLEMENTATION OF THE PARSER AND EDITOR MACHINES

Given the complete functional delineation in Chapter II
of the parser and editor machinés, together with, in 3.2, the
proéedures for all list/stack handling, the basic programming
of parser and editor is quite straightforward. (See Appendix
E for the actual coding)

This section will discuss two structures that merit at-—
tention -- the implementation of the parsing machine program,

and a student language efficiency measure.

3.4.1 STORED FORM OF A PARSING MACHINE PROGRAM

An assembly program is assembled and the resulting "tar-
get" code is stored in the sequential memory of the parsing
machine (see Figure 6). Here it is called the stored form of
the parsing machine program, or, simply, the "machine program".
This section will describe its appearance within the ALGOL
implementation program»and give a brief illustration.

The machine program is held‘in the form of a simple list,
each datum element being a complete instruction. The method of
packing an instruction into a single computer word is as follows:

100,000 x <operation code> + <operand>

This saves storage and facilitates monitoring. All symbolic



PARSING MACHINE FOR A <GROUP>

Mnemonig form Assembly form Machine form®*
AT B
"program' — —3 25 72
CALL group 1 -1000 25 13 100030
STOP 19 0 13 30 | 1900000
0
group CALL item 1 -1001 30 31 | 100094
FALSE Al 4 -1 31 33 400052
SELECT 1 8 1 33 47 800001
TEXT A2 g -2 47 26 900093
PRINT d 16 54 26 52. | 1600054
A2 CALL item -1 1 -1001 52 93 100094
Al RETURN -2 20 93 94 200000
0
item MATCH a -1001 11 50 94 95 | 1100050
TRUE Bl 3 -1 95 61 300
MATCH b 11 51 61 68 | 1100051
FALSE B2 & -2 68 100 400112
MARK 1 ' 7 1 ' 100 112 700001
B2  TRUE Bl -2 3 - 112 71 300072
MATCH c 11 52 71 72 | 1100052
Bl  RETURN -1 2 0 72 0 200000
0 '
999

*Note that the head elements "point" to their successor. The
absolute index addresses are, of course, arbitrary and this

is an illustration only.
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labels haye been resolved into absolute address references.
For purposes of illustration, comnsider once again the
parsing machine program for a group where a group was defined:
'begin <group>;
<group>::= <item> T ((/d/)) <item>;

<item> ::= a|b™1'|c
'end'

(See the previous page)

3.4.2 LANGUAGE DEFINITION PERFORMANCE TEST

+

Students experimenting in the definitiqn and manipulation
of formal languages, might wish to compare the efficiencies of
various language definitions used for the compiling of source
texts.

Thus, an optional performance test was added to the compiler.
It is a count of the number of attempts‘that were made by the
parsing machine to recognize both syntactic constants and vari-
‘ables. This was implemented by incrementiné counters each time
a matth instruction was executed or when a call instruction re-

ferenced a syntactic variable subroutine respectively.

3.5 COMPILER MACHINE I/O STREAMS

The input stream (<assembler program>*<source text>) and the
output stream (*<target code>) of the compiler machine are ex—
tended somewhat to allow flexibility and ease of use for the

students. The extensions facilitate:




Control of compiler machine storage requirements.

The student specifies <storesize>, the number of lo-

cations given to "LIST STORE", from which all lists

in the machine are taken.

Control of I/0 devices. Through control parameters,

the student may specify

a) Input/output devices for initial assembler pro-
gram. Thus, this initialization parsing machine
program that defines the meta-language is avail-
able from disk as well as cards. Also, it may

be optionally copied onto any device.

~b) Output device for target codes. The target code

generated at the termination of each cycle may be
optionally output on any device. Thus, it may be
listed on a printer, as in the case of final ob-
ject code, or, as in the case of the assembler
program definition of the student's'meta—language,
it may be stored on disk for future compiler mach-

ine initialization.

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

3.

Formatted printer listings. Whenever the student spec-
ifies output on the printer, the compiler machine for-

mats the listing

a) Assembler programs.are listed in both numeric and

symbolic form, one instruction to a line.



b) Target texts that are not assembler programs

are page aligned.

3.5.1 THE INPUT STREAM

Szntax

'begin' <input stream> _
<input stream> ::= <store size>
<assembler control params><assembler program>
*(<source control params><source text>"$");
<store size> ::= <integer>; '

<assembler control params> ::= <device><listing?>;
<device> ::= <integer x, 0 < x < 15>;
<listing?> ::= "'TRUE'" <device>|''FALSE'";
<assembler program> ::= see 2.3.5.1
<source control params> ::= <route><listing?>
<performance testing>;

<route>::= nlnl nznl g,

HE ;
<performance testing> ::= "'TRUE'"|"'FALSE'";
<source text> ::= *'U’
'end'

Semantics

<store size>, the first entity in the input stream, is a
positive integer specifying the number of storage locations a-
vailable to arrays H and T of LIST STORE.
| <assembler control‘parameters>, control the choicé of 1/0
devices used in the assembly phase of the first cycle. The
first-<device> specifies the input device-to be used for the as-
sembly program. The éonvehtion used is d for card réader, 1 for
printer and 2 - 15 for devices that the.student may define via
control cards. <listing?> determines if the student wants this
assembler program listed ('TRUE', 'FALSE') and if so, on what

output <device>.

80
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<aésembler program> is the initialization assembler pro—
gram that defines the meta-language. See 2.3.5.1.
<source control parameters> control recycling and output
listing of target code. <route> is an integer which selects
the course of the compilation as follows:
1. A source language text is to be input and no recycling
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 will occur.
<listing?> specifies if the student wants the target code
output ('TRUE', 'FALSE') and if so, on what device. The pars-—
ing count of terminal and non-terminal structures may be de-
manded by again stating the Boolean value 'TRUE' or 'FALSE'.
<source text> is the text that will be compiled in each
cycle. It can be a meta-grammar, a meta-language, or a source

program. A final terminating $ is required.

3.5.2 THE OUTPUT STREAM

Syntax

"begin' <output stream>;
<output stream> ::= (<assembler program>!)
*(<source control params><source text>"§$"
(<performance test results>[)(<target code>l));
<assembler program> ::= "METAGRAMMAR'<see 2.3.5.1>;
<source control params> ::= <route><listing?><performance testing>;
<route> ::= ”ROUTE:="(”1"[”2"[”3”);
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<listing> ::= "OBJECT CODE LISTING:="("'FALSE'"l”'TRUE' DEVICE

) FOR OBJECT CODE LISTING:=" <device>)
<performance testing> ::= "PERFORMANCE TESTING:=""("'TRUE'"|"'FALSE'");
<source test> ::= *'J';

<performance test results> ::= "NUMBER OF ATTEMPTS TO RECOGNIZE
A NONTERMINAL TYPE:=" <integer> "NUMBER OF ATTEMPTS

v TO RECOGNIZE A TERMINAL TYPE:=" <integer>;
<target code> ::= <assembler program>|*'U’'
'end'

Semantics

The initialization assembler program may optionally be
listed on any device. Then for this and all succeeding cycles,
the <source control parameters> are echoed onto the printer
along with the <source text>. <performance test results> may
optionally be given and also <target code> output.

It should be noted that when <target code> is an assembler
program for the parsing machine (i.e. when <route> ::= 3)

and is output, it is listed in numeric and symbolic form, for

ease. of reading.




CHAPTER 1V

STUDENT USER REFERENCE

This chapter is written as an aid to the student wishing
to use the compiler machine with minimum knowledge of its in-
ternal workings. It is not an independent and totally des-
criptive chapter, but an outline with cross references to re-
quired reading sections in the thesis, and provides an applied
example. See Appendix F for a short glossary of any unfamiliar

terms.

4,1 . INTRODUCTION

The compiler machine provides a facility for practical
experimentation in the definition and manipulation of formal
languages. There is a standard meta-language in which the
student may write a grammar which describes a programming lan-
guage and, optionally, the object code to which it should be
translated. Thén he can submit a program in this lanéuage,
leaﬁing the compiler méchine to scan the-program for faulty
Syﬁtax, and map it into the corresponding target language, if
this was described in the grammar. For more advanced students,

there is the possibility of designing one's own meta-language.
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4.2 DESCRIBING ONE'S PROGRAMMING ‘LANGUAGE

Before submitting a program to the compiler machine, it
is first necessary to define the language in which the program
is written. In this programming language definition there are
two distinct but related areas of description - syntax and
semantics. Syntax is the written appearance of the language,
its allowable phrases, its structure. Semantics refers to the
meaning associated with the syntax, and  this is usually for-
malized as the target code for a computer that permits the pro-
grammer's objectives to be realized.

Therefore, the standard meta-language provided with the
compiler machine to allow the student to describe his program-
ming language may be conceptualized as an amalgam of a meta-

syntactic language and a meta-semantic language.

4.2.1 META-SYNTACTIC LANGUAGE

The meta-syntactic language is that half of the meta-lan-
guage in which fhe student can define the-syntax of his program-
ming language. It is a simple extension of Backus Normal Form,
and is well described in section 2.2.1.

As a further example to section 2.2.1, let us define a

normal arithmetic expression:
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'begin' <arith expr>;

<arith expr> ::= <termds(("+" "-"Y<term>)

<term> ::= <factor>*(("+" "-")<factor>);

<factor> ::= <primary>*("#*"<primary>);

<primary> ::= <variable>]<integer>l”(”<arith expr>")";
<variable> ::= <letter>*(<letter>|<digit>);

<integer> :i:= <digit>%<digit>;

<letter> ::= "A"|"B"|"C"|...........|"2";

<digits si= mOM[MLv|nen | Ll Ll Tngh,

‘end'

4.2.2 META-SEMANTIC LANGUAGE

The meta-semantic language is the'gther half of the meta-
language and is used to describe the semantics associated with
the student's programming language. It describes the target
code the compiler machine must genefate from any given program
ip the student's language, and the printed format of this code.

The meta-semantic language consists of a set of symbols
which dictate semantic output operations at three distinct,
successive levels:

1. Generation of strings of code.

2, Editing (rearranging) operations on ﬁhose strings

yielding final target code.

3. Output initiation and control.

4.2.2.1 GENERATING CODE STRINGS

This is the primary level of the semantics or object code

production process. The meta-semantic symbols used to generate
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code at various positions and levels in the syntactic descrip-

“tion are:
1.  String Output (/<string>/)
where <string> ;:=.*r”/)"

Any string of printable characters may be directl?
output as one code string by bracketing them with
/, Nn.

2, Copy Previous Character 'K!
Any character (terminal character) of the incoming
source text may be echoed as a code string to the
output stream.

3. Null Character 0!

This generates a code string conmsisting of a‘null
unit, that is a code string that will be considered
as such in the editing level, but will never in fact
be printed. This is often required for generality
with respect to the later editing operations.
As a trivial example of 1. and 2., consider the objective
of recognizing an integef, and outputting itbalong with some
kind of signal:

'begin'<integer>

<integer> ::= <digit>'K'*(<digit>'K') (/NOTE*INTEGER/);

<digit> ::= "O"|"1"|"2"] [ron '
git> 11 R

'end'

Each time an integer was.recognized in the source text,

its digits would be copied as a sequence of individual code
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strings to the output stream, followed by the code string
"NOTE*INTEGER"; i.e. d,d,d,....,d,NOTEXINTEGER where d is a

digit, and code strings are separated by ",".

4,2.2.2 EDITING THE CODE STRINGS

The linear sequence of code strings generated by (/.... /),
'K', '0' may now be reordered or "edited" by the symbols 'c'
and 'x'. The conceptual kernel is as follows:

The compiler machiné regards the grammar describing a
source language as a tree structure, using it as a top~to-bottom ,
left-to~right parsing algorithm. Each time it recognizes a
syntactic type, and semantic output is dictated, it appends
‘this current code string to the linear sequence of previously

LIV ¢ 1

generated code strings. Each time the edit codes 'c' or 'x'

are indicated, the compiler makes the respective operation on

‘the last two code strings.,

1.1

1. Combine c

Combine the previous two code strings.

| JE

2. Exchange - X
Exchange the previous two code strings.
These operations are quite attractive, from someﬁhat_the
dominoe principle. The comBine operation can successively ac-

cumulate many code strings into a single string of code, and

the exchange operation could then be effected on the lot.
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Example 1
Consider reversing input text. The grammar would be:
'begin' <text>; ' ,
<text> :i= "O'A('U''x""c")"S$" (/**ATEXT*REVERSED/)
'end " -
Then if the input source text was

LIVE §

the output stream would be generated as follows:

Level 1 ¢, L'xc', I'xec", V'xc', E'xc", ***XTEXT*REVERSED
Level 2  a) -~ Lo, I'xe', V'xc', E'xc', #***TEXT*REVERSED
b) * IL¢, V'xc', E'xc', ***TEXT*REVERSED
c) : VIL$, E'xc', **%TEXT*REVERSED
d) EVIL¢, ***TEXT*REVERSED
Level 3 EVIL ***TEXT*REVERSED

Note that in Level 3, the final oﬁtput phase, the null
symbol ¢ does noﬁ appear.

Example 2

Consider the problem associated with arithmetic expressions
—— translation into Polish post-fix notation. The grammar to

do this is found on page 41 (example 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 'W', 'S', 'B' which
initiate and format the actual output of the edited output

stream.
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1. Write . W'
Initiates the editing and actual output of the string
codes generated up to this point. 'W' must always
- -appear in a grammar Jdnvolving semantic output, at
least once, and at the end.
2.  Space 'S<integer>'
Space <integer> positions on the output record be-
fore writing again.
3. Tabulate ’ : }B<integer>'
Skip <integer> output records before writing again.
The meta-semantic symbols, 'S' and 'B', although control-
‘ling output formatting, are handled until this time by the com-
piler machine as individual code strings and are thus under

1,1 1..1?

‘control of the edit symbols 'x' and 'c'.

4.2.4 MARKING AND TESTING

Marking and testing is an additional feature allowing
conditional semantié'output at the first level, and economy
in description of a source languége. It consists of "marking"
or flagging the occurrence of a syntactic type and the, at
the next higher syntax level, ”testing" for the syntactic type's
occurrence and conditonally genérating a code string.

This can be most easily shown by the illustration of

section 2.3.4.1 on page 43.
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4.3 JOB SET-UP :

Now in order to finally use the compiler machine, the
student must submit a deck of cards consisting of a grammar
‘followed by a source program and each preceeded by control
information.

This layout is described formally and in fﬁll generality
in section 3.5.1. This section, however, will describe the
set-up for a typical student run consisting of a grammar fol-

lowed by a source deck.

<job> ::=
a) <storesize><initiation info>
b) <grammar control parameters><grammar>$
c) <source control parameters><source program>$

a) <storesize> ::= integer specifying the number of double
word memory locations to give to the compiler machine
for list handling. Generally, 3,000 has been found sat-
isfactory; .

<initiation info> ::= <device><listing?>(<initiation data>|)

<device> ::= <integer x I 0<x<15>;

<listing?> ::= '"TRUE' <device>|'FALSE'y

The compiler machine requires initiation data which will
normally be kept on random access for ease of student use.
<device> here refers to the device on which it is found, and
will be given locally by the professor. <listing?> should nor-
mally be 'FALSE' to prevent the output of the initiation data,
which is an assembler program to drive the compiler machine.

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

but is given to the student in card form,vthis should follow
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<device> ::= 0, <listing?> ::= '"FALSE',

b) <grammar control parameters> ::= <route><listing?>
<performance testing>

<route> ::= "2"|u3"
<listing> ::= 'FALSE'
<performance listing> ::= 'FALSE'

Specifying <route> as 2 determines that the gremmar is
to be checked syntactically after which the compiler machine
is to terminate. <route> = 3 specifies that a <source program>
is to follow the <grammar>.
<listing> = 'FALSE' prevents a newly generated internal
program of the compiler ﬁachine from being listed.
<performance testing> = 'FALSE' is normal.
<grammar> ::= student's grammar (in meta-language form)-
defining his programming language. This will always be

listed for the student on the printer.

c) <source language> ::= <route><listing?><performance testing>

<route> ::= 1

<listing?> ::= 'TRUE' <device>|'FALSE'
<device> ::= 1

<performance testing> ::= 'TRUE'|'FALSE'

Specifying <route> = 1 determines that the <source program>
is following and the compiler machine is to terminate after
translation. |

<listing> = 'TRUE' <device> specifies thatbthe semantics
(student's object codé) is to be output after compilation of
the following <source program> and on device <device>. (Note
that <device> ::= 1 is for printer.) If, however, the student
specified no semantic output, only program syntax checking iﬁ

his grammar, <listing?> must be 'FALSE'.
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<performance testing> allows conditional output of the
total number of syntactic vdariables and constants that were
attempted to be recognized in the analyses of the <source pro-

gram>.,
<source program> :i= a program in the programming language
described by the student in his grammar . This will
always be listed for the student on a printer, optionally
followed by the generated object code.

4.4 A STUDENT EXAMPLE

4A)  Problem:

Let us now consider a typical coméuter science problem -
defining a simple programming language for a target computer
of the Polish notation class (e.g. Burrough's 5500, Ehglish
'Electric KDF¥9) with a stack-like accumulator.

The target code to be generated is an assembly language

as follows:

Syntax
'BEGIN' <assembler language>; Target code for a stack computer;
<assembler language> ::= *(<operand>|<operator>",")"*END";
<operand> ::= <identifier>|<number>;
<operator> ::= <declarative operator>l<imperative operator>;
<declarative operator> ::= "AVAR'|"XLAB";

<imperative operator> ::= "*CLA'|'"%ADD" |"*SUB"|'"*MUL"|"4DIV"
"*EXP" Hi;\IEG” ll;&ABSn H;';STon ”;\LTRA”
» ”*TZE" "-kTPL“ ”":TL\‘II" ”*HL’I_‘”;
<identifier> ::= <letter>*(<letter>|<digit>);

<number> ::= <digit>*<digit>;
<digit> sem ”O”I"l”|"2”l..... n9n;
<letter> ::= "A”l”B”‘“C"I ] . ] 1ies 10

'end'
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Semantics

a) Assembly Time:~ The assembly program will be assembled
conventionally placing each imperative operator and each oper-—

. and of the progrem in successive locatibns{

The following three declarative opérators are executed
by the assembler at assembly time:

*VAR <operand> - allocates a location for the fol-
lowing operand. This instruction
must preceed all imperative operators.

*LAB <operator>- defines the current location (pointed
to by location counter) symbolicaliy
by the following operand.

*END - terminates assembly, Thus it is
always the final operator in the
program.

All operands other than.immediately behiﬁd a *VAR or *LAB,
are .assembled into their corresponding location as an address
for variables, or as the value of that operand (for numbers) .

All imperative operators are assembled into their corres—
ponding locations.

b) Execution Time:- Thus each imperative operator and
operand is contained in separate woras of the cémputer. Con-
trol steps sequentially through the computer, jumping to a new
sequence when cbmmanded by a transfer operator. The appearance

of an operand causes the operand to be placed in the computer's




push-down stack.

The appearance of an operator causes execu-

tion of that operation.

The imperative operators are:

*CLA

*ADD

*SUB

*DIV

*EXP

*NEG

*ABS

*STO

replace the variable address in

the'top entry of stack with that

.variable value.

replace the top two entries

with their sum.

replace the top two entries

with their difference.
replace the top two entries
with their product.

réplace the top two entries
with their quotient.
replace the top two entries

with their exponentiation.

of

of

of

of

of

replace the top entry of stack

its negative.

replace the top entry of stack

its absolute values.

stack

stack

stack

stack

stack

with-

with

store the value of the top entry of

stack in the address specified by

the next-to-top entry. Remove both

entries from stack.
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*TRA -~ transfer control to- the address
specified by the top entry of stack
and remove it.

*TZE ~ transfer control to the address
specified by the top entry of stack
if, and only if, the next-to-top en-

try contains a zero. Remove both

entries,

*TPL - functions as *TZE, but for a positive
value,

*TMI ‘ ~ functions as *TZE, but for a minus
value,

*HLT -~ - stops execution,

B) Solving:

Assuming the student wishes to design a simple program-
ming language for this computer, and submit an example program
in this language, a job deck would be set up as follows:
(Initiation data assumed to be on device 5.)

INITIATION: STORESIZE :=3000; INDEVICE:=5;LISTING:="FALSE";
GRAMMAR : ROUTE :=3 ; INTERNAL CODE LISTING:='FALSE';

PERFORMANCE TESTING:='FALSE';

'begin' <program>; student grammar defining a simple programming
language;

<program> ::=<declaration list>";"'Bl'<statement list>"#"'BL'(/*
END./)'W'; ‘

<declaration list> ::= <declaration>*(";"<declaration>'c');

<declaration> ::="("<variable list>'")" 's8C';

<variable list> ::=<Variable>(/*VAR,/)'xc'*(”,"<variable>(/*VAR,/)'xcc');
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<statement list> ::= <statement>*(";"<statement>'c')(/*HLT,/)'c';
<statement> ::=<label list><basic statement>'cBlc';

<label list> ::="0"%(<label>":"(/4LAB,/) 'xccM1')'T1'(’ Blc )3
<label> ::=<identifier>;

<basic statement> M —<assion stmt>|<go to stmt>[<1f stmt>;
<assign stmt> :: —<var1able>" ”<expre381on>(/ *STO,/) 'ce!

<go to stmt> ::= "GO TO"<label>(/#TRA ,/)'e!

<if stmt> ::= "IF'"<expression>'= "<cond1t10n>”, go to''<label>'xce'

‘<condition> ::= "O"(/*TZE,/) | "+"(/*TPL,/) { MoM(/HTMI, /) ;
<expression> ::=<term>*('"+'"<term>(/%ADD,/)'cc' | " “<term>(/ *SUB,/) 'cc')
]”+"<expre381on>|" "<expre581on>(/°NEG /y'te!
<term> ::=<factor>*(''* "<factor>(/ “MUL,/) 'cc |"/"<factor>(/*DIV,/)'cc');
. <factor> ::i=<primary>%("#% "<pr1mary>(/“EXP /)'tce');

<primary> ::=<variable>(/%*CLA,/)’'c I<numbcr>I”(”<expre581on>")”
l"/"<expre351on>"/”(/<ABS /)'e!
<variable> ::=<identifier>;
. <number> ::=(<integer>(<ffaction> c!
<identifier> ::=<letter>'K'% (<letter>'kc'|<d1g1t> Kc')(/ / c'
<fraction> ::=".”'K'<1nteger> ¢’
<integer> ::=<digit>'K'#(<digit>" Kc')
<d1g1t> . ""O"I "1"' "2”] n3nl r|4nl ”5”} ”6"[ n7n] ”8"[ n9n
<letter> : :__llAnl lan| ncul ”D"[ HEHI ”F”l nGn| HHH‘ nIn| an I ”K"] Hyn
l HMHI ”N”I HOHI HPnl nQnI anl ng l HTHI HUHI uvnl "W”l ' I ”Y”[ SUAL

'end's
SOURCE: ROUTE:=1 ;0BJECT CODE LISTING:='TRUE';ON DEVICE:=1;
PERFORMANCE TESTING:="TRUE';
(A B,C);
= (A + 1)/2;
T = B;

B =B+ (A/B - B)/2;
IF /B - T/ - 0.0001 = +, GO TO S1#

$

N.B. Note that the example source program computes the square

root (E) of a number A by Neﬁton Raphson technique, iterating until

_the-incfemgntal change in the computed square root is less than 0.0001.
¢)  Output:- Output on the printerv(DEVICE=l) would be a

copy of the job deck submitted by the student (control para-

meters, grammar and source program), followed by:
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1. Relative Measure of Performance:-
Number of attempts to recognize a nonterminal type:=353;
Number of attempts to recognize a terminal type:=1412;
2, Then on a new page would appear the semantic output,
that is, the generated assembler program for the
stack computer.
*VAR,A,*VAR,B,%VAR,T
B,A,*CLA,1,*ADD,2,%DIV,*S10,
- *LAB,S1,
T,B, CLA *STO,
B sB,¥CLA,A, ACLA B,*CLA, LDIV B,*CLA,*SUB,2,*DIV,*ADD ,%STO,
7"CLA T, ACLA 7’SUB *ABS,0. OOOl ~SUB ,S1, TPL
*HLT
*END
This target program could now be assembled by the target

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 described how the’student may design a
computer language for the compiler machine and compile a pro-
~gram in fhis language.

The ﬁére advanced student may wish to design first his
own meta-language to allow more sophisticated grammars. This
is very simply'done by describing his new grammar in termé of
the standard one, and storing the output Qn disk as the new
initiation data. However, this demands a firm knowledge of the

compiler machine internals and thus the reading of Chapter II.
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CHAPTER V

CONCLUSIONS

This chapter reviews the compiler machine with respect to

its merits, limitations, and future possibilities.

5.1 EVALUATION QF THE COMPILER MACHINE

1. Implementation:- The compiler machine has been im-—

plemented as a fully worﬁing system.

2. Concept:- Within the global realm of generalized com-
pilers,-thé basic design principle of the compiler machine is
conceptually attractive. For generality, the machine consists
of a sequence of two processors, the output of one being the
input to the second. Its functioning entails a hierarchical
recycling of output back into itself. Thus, the same mach-
ine may be used successively to compile the grammar describing
a source language and then a program in that language, or, a
grammar defining a grammar, the new grammar, and finally the
language text. Conceptually sophisticated, functionally simpie,
yet displaying the generality of a sequential processor.

3. Success as a Compiler:-

a)  Scope of Input - The class of languages that
the machine is capable of compiling is equivalent to the mach-

ine's power of syntactic description and parsing. It was de-
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0

signed to accept the broad base of context free phrase struc-
ture languages, and cannot realize parsing economics gained
from such specialized classes of languages describable by
precedence grammars (13, 15, 19) or LR(k) grammars an.

b) ° Scope of Output - The range of output corres-
ponds to the machine's power of semantic description and is
the major weakness of the compilgr. Although formal semantic
ﬁheory is not currently at a well-developed level, and the
semantics describea on this machine appear reasonable, the
allowable ocutput of the éompiler machine is unsatisfactory
for students of Computer Science. The machine is a reasonable
editor and can output object code for stack computers, but
lacks the ability to generate code for the entire class of non-stack

-Princeton computers, other than itself.
4. Ease of Use:- Fécility to students is provided through:

a) Device Control - Input and output is mostly de-
vice independent, the I/O unit being simply.designated by the’
control parameters. This is particularly helpful in genera-
ting and utilizing initialization data on disk.

b) Minimal Storage Requirements - Depending on
their size of application and possible memory restrictions,
students may designate STORESIZE.

c) Few Parameters - The control parameters required

before each input text are minimal and easily learned.
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d) Free Formét Input - Since the I/0 is handled
by ALGOL routines, the input to the compiler machine is re-
garded as a stream, blanks ignored. The only rule is that
numbers (required for the initial assembly program) need be
separated by a non-numeric character, such as ";".

e) Universality - Implemented in ALGOL, the com-
piler machine is widely écceptab;e, although the nine I/0 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 with in Computer Science.

f) Educational Tool for Students - The purpose
of this thesis was to provide students of Computer Science
with a facility for practical experimentation in the definition
and manipulation of simple formal languages. Languages des-
cribe& by specialized grammars such as precedence and LR(k)
were not considered.

The compiler machine's practical success cofresponds to
its general success as a'compiler. It provides a simple, easy~-
to-use, but flexible system for syntactic description and ef-
ficiency experimentation. With semantics, however? it fayours
specification simplicity at the expénse of output capability,
particularly>the faculty for generation of object code for com-
puters of the Princeton class, i.e. computers whose accumulators
are individually accessed by instructions and not considered as

a stack.



As an added educational benefit, it does provide an ex-
ample for the concepts of meta-grammars, grammars, meta-lan-
guages, source languages, machine languages for stack computers,

and design of a generalized compiler.

5.2 FUTURE EXTENSIONS

Presently, the student has a translator with editing
features, capable of defiﬁing a type of transfer function be-
tween a pair of context free phrase structure languages. The
class of input language could be extended to include context bound
languages. The compiler could be tailored, or more likely, aug-
mented to recognize such important language classes as those de-

"scribed by precedence and LR(k) grammars and consideration should be
given to éxtend the allowable class of output languages.

For precedence and LR(k) languages additional parsing
facilities are necessary for their recognition and inherent
parsing efficiencies. The parsing machine would need align-
ment to utilize.new te.g. precedence) functionms.

For other languages, additional output and editing facil—
ities are necessary. A dictionary entry and look-up facility
would be very useful in general proérammingvlénguage transla-
tion. The "mark'ing control deserves extension to more than

one level. The ability to generate internal symbolic labels
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is necessary in most programming languages. Rescanning of the
input text would facilitate improved semantics. These and
other features can bé implemented through the use of additional
edit codes and further extensions té the editor. 1In fact, it
migh; prove useful to have several editors, since many features

may be dependent on the target language required. An editor

could take the duties of target code assembly into absolute

machine form. These approaches would, specifically, allow the
highly desirable generatign of Princeton ~computer object code.
The inherent cost to a student, however, ié a very individual
complex meta-semantic language;~and for purposes of education

this undesirable consequence should be considered.



103

APPENDIX A

INSTRUCTION SET FOR PARSER MACHINE




APPENDIZX A

INSTRUCTION SET FOR PARSOR MACHINE

OPERATION CODE

Mnenonic

CALL
RETURN
TRUE
FALSE
FLAG

NOT

MARK
SELECT
TEST
REFERENCE

MATCH
NEXT
COPY.
NULL
EDIT

PRINT
SPACE
TAB
STOP

NOTE:

Internal Code

CWBNAL &~ W N

b

11
12
13
14
15

16
17
18
19

MNEMONIC
IDENTIFIER

OPERAND

address or 0

0
address
address
address
0
-integer{1,32]
integer([1,32]
address
1 SETLAB
2 INCLAB
3 LABEL
4 DECLAB
5 ’ RESETLAB
1 WRITE
2 CONCATENATE
3 EXCHANGE
4 NEGATE
5 VALUE

character code -

positive integer

positive integer
0

META~-
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SYMBOL

'Rll
'RZV
'R3|
'R4’
'RS'

'Kl
!O|
lw!
lcl
'X'
YNI
lv!
(/

lsl
'B'

/)
integer
integer

The code printed by the EDIT instruction is the negated
operand part.



APPENDIZX B

GRAMMAR FOR META-LANGUAGE
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APPENDIX C

CHARACTER CODES




CHARACTER

blank

dollar sign

prime

left parenthesis
slash

right parenthesis
numbers

letters

N--UVO W P O eerss N ki O Sy L -

# number sign
, comma

. period

Quoted characters:

INTERNAL
CODING

ignored

-1
36
37
38
39
40
41
42

49
50
51
52
53

75
76
77
79

CHARACTER

1"

* N D

A

/)

minus
plus

underscore

or sign
ampersand
right angle bracket
colon
semi-colon

not sign
question mark
quotation mark
equal sign

at sign
percent sign
asterisk

left angle bracket

INTERNAL
CODING

80

81
82
83
84
85
86
87
88
89
90
91

92

93
94
95
96
97
98

To any characters appearing within a pair of primes ("), add

100 to its normal internal coding, except '$' which is 178,
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LIST OF DEFINITIONS

assembler - a compiler that translates an assembly language into

machine code,

assembly language - a computer language that employs mnemonic opera-
tion codes and symbolic addressing and has a 1 - 1 corre-
spondence with 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 programming languages.
It was used 1in thé official definition of ALGOL 60 and
attracted attention to the possibility of syntax-directed
compilation. /

binary tree - an extension of the idea of an ordered pair, with the
further provision that each of the two elements of the
pair may itself be an ordered pair, and so forth to an

arbitrary finite depth.

bottom-up parsing - examines the ultimate terminal types (syntactic
constants) and matches them against tﬁe definition in ﬁhe
grammar. The resulting syntactic variables are matched
again against the definitions, and so forth until the root
constituent is reached.

compiler -~ a program to translate a source language into a target

language. Also called "translator".
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direct compiler - a compiler using ad hoc or direct techniques for

compilation. The syntax and semantics of the source lan-
guage are buried in the encoding of the compiler. These
translators are generally very efficient but restricted to
one language and not easily modified.

formal grammar - a complete set of grammatical (syntactic) rules for

a language, written in a meta-language such as BNF.

formal language - a language definable by a formal grammar (e.g. ALGOL).

grammar - a complete set of grammatical (syntactic) rules for a language.
language - a finite linear sequénce of admissable strings (i.e. syn-

tax) and the meaning (semantics) attached to them.
list - general term referring to any sequence of elements. In our

context, it refers to a linear sequence of elements,

list processing - refers to a type of computer progfamming directed

toward symbol-manipulation. There are many variants but

most share the following features:

1) daﬁa representation - strings, list structures, or
binary trees. These are used to create‘complex data
structures, the data containing symbolic and/or numeric
information. information is also-carried by the rela-
‘tional structure.

2) storage allocation - A ﬁlist of available space" is
maintained. Locations are assigned to data-structures
dynamically as required, and are chained together by

pointers rather than occupying sequential location,
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A location or list of locations may be returned to the
"list of available space" when no longer needed.
3) push down stores - all use push down stores or stacks.
4)  recursive operations - are often necessary for con-
structing or processing list structures of arbitrary
complexity,

list structure - a list of elements, where these elements may again

be lists, structures, and so forth to an arbitrary finite
depth.

LR(k) grammar - a type of grammar such that the syntax symbols of

the described language can be unambiguously recognized in
context of everything that has already been scanned plus k
symbols to the right, i.e, left-to-right séan using all
text to the left and k terminal symbols to the right.

meta-grammar - term used by Reeves to signify a grammar defining a

meta-language, i.e. in our context, it would be the initial-
ization assembler program.

meta-language — a language with which to define languages; in our

context, it emcompasses both syntax and semantics of a
language.

meta-semantic language - a language with which to define the seman-—

tics (meaning attached to syntactic parts) of a language.

meta-syntactic language - a language with which to define the syntax

(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 parti-
cular syntax (grammatical structure). More specifically,
parsing means to find the hierarchy of syntactic rules
which defines the language text.

phrase-structure grammar - formal grammar for a phrase-structured

language. For our purposes, it is synonomous with formal
grammar .

phrase-structure language - a language consisting of a hierarchical

system of admissable phrases. It is definable by a phrase-
structure grammar.

precedence grammar - a type of grammar such that unique relations or

"precedences" hold between all or certain sets of syntactic

units. This allows parsing efficiencies during translation.

Princeton-type computer - computer whose accumulators are individually
accessed by instructions and not considered'a stack (e.g.
IBM 360, CDC 6600).

semantics -~ the meaning attached to the admissable phrases (strings)
of a language. 1In the sense of a proé%amming language,
this means the execution of the program as hoped for by
the prograﬁmer. From a compiler‘viewpoint,‘it refers to

the object code generated.

sequential computer - a computer which executes each instruction in

the program sequentially. This sequence can be broken and



179

control transferred to a mew instruction sequence only by
a "go to" instruction.

source language - the language which a compiler inputs and translates

to object code,

stack - a sequential set of memory locations that operates in the
fashion of the common cafeteria tray stack. Placing a tray
on top of the stack "pushes down' the previous tray; re—
moving a tray "pops up" the previous tray to the top of the
stack. A stack always works on a "last in - first out"

principle,

stack computer - a computer with "stack" accumulators; that is, ac-—
cumulators which are acceséed by instructions as a "stack"
in a push-pull mannef. |

Instructions are fetched sequentially from memory, in-

dividual instructions generally being either an operator or
an operand. Operands, when fetched, are immediately placed
in the "top" accumulator in the accumulator stack, pushing
previous operand entries down one. Operators, wheﬁ fetched,
are executed on the top one or two accumulators in the ac-—
cumulafor stack (e.g. Burroughs B5000, Engiish KDF9).

string - a linear sequence of storage locations.A'The number of ele-
ments in the string can vary, however, during a computer run.

szntax ~ set of rules defining admissable constructs (strings) in a
language, and how to combine simple constructs into more

complex strings.
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top—down parsing - is an approach to parsing, which establishes goals

and sub-goals and attempts to relate its environment to
these goals by manipulating it in a trial-and-error fashion.
It searches down the grammar tree beginning at the. root
definition, establishing each constituent as a sub-goal,
until matching the ultimate terminal types (syntactic

constants) agaiﬁst the source text.
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APPENDIX G

A DETAILED EXAMPLE OF PARSING
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A DETAILED EXAMPLE OF PARSING

In section 2.2.3.2, an example of the program for the

following grammar was given.

'"BEGIN' <sentence>;
<sentence>::=<gubject><predicate>;
<subject>::=<noun phrase>;

<noun phrase>::=<article><noun>;
<predicate>::=<verb><object>;
<object>::=<poun phrase>;
<article>::= "The"|"A";

<noun>::= "Boy”l”Tree";
<verb>::= "Sees"
"END'

When the parser program was presented with the sample

sentence "The boy sees a tree', a trace on the execution of
b

this program would appear as follows on page 183 where the

trace of each step is printed before execution.

Input stream:

THE BOY SEES A TREE

Location 12 3 4 5 6 7 8

NOTE: Blanks are ignored.

9 10 11 12131415
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"per"  FLAG YLINK" input STACK  "input" SYMBOLIC INSTRUCTION
SETTING STACK "iSTACK"

1 . ‘e . 1 CALL sentence
3 true 2 .1 1 CALL subject
7 true 2,4 1,1 1  cALL noun phrase
9 true 2,4,8 1,1,1 1 CALL article
19 true 2,4,8,10 1,1,1,1 1 MATCH T

20 true 2,4,8,10 1,1,1,1 2 FALSE L4

21 true 2,4,8,10 1,1,1,1 2 MATCH 1+

22 true 2,4,8,10 1,1,1,1 3 FALSE L4

23 true 2,4,8,10 1,1,1,1 3 MATCH E

24 true 2,4,8,10 1,1,1,1 4 TRUE . L5

26 true 2,4,8,10 1,1,1,1 4 RETURN

10 true 2,4,8 1,1,1 4 FALSE L2

11 true 2,4,8 1,1,1 4 CALL noun

27 true 2,4,8,12 1,1,1,4 4 MATCH B

28 true 2,4,8,12 1,1,1,4° 5 FALSE L6

29 true 2,4,8,12 1,1,1,4 5 MATCH 0

30 true 2,4,8,12 1,1,1,4 6 FALSE L6

31 true 2,4,8,12 1,1,1,4 6 MATCH Y

32 true 2,4,8,12 1,1,1,4 7 TRUE L7

40 true 2,4,8,12 1,1,1,4 7 RETURN

12 true 2,4,8 1,1,1 7 RETURN
8 true 2,4 1,1 7 RETURN
4 true 2 1 7 FALSE L1
5 true 2 1 7 CALL predicate
13 true 2,6 1,7 7 CALL verb

41 true 2,6,14 1,7,7 7  MATICH S

42 true 2,6,14 1,7,7 8 - FALSE L8

43 true 2,6,14 1,7,7 8 MATCH E

44 true 2,6,14 1,7,7 9 FALSE L8

45 true 2,6,14 1,7,7 9 MATCH E

46 true 2,6,14 1,7,7 10 FALSE L8

47 true 2,6,14 1,7,7 10 MATCH S

48 true 2,6,4 1,7,7 11 RETURN

14 true 2,6 1,7 11 FALSE L3

15 true 2,6 1,7 11 CALL object
17 true 2,6,16 1,7,11 11 CALL noun phrase
9 true 2,6,16,18 1,7,11,11 11 CALL article
19 true 2,6,16,18,10 1,7,11,11,11 11 MATCH T

20 false 2,6,16,18,10 1,7,11,11,11 11 FALSE L4

24 false 2,6,16,18,10 1,7,11,11,11 11 TRUE L5

25 true 2,6,16,18,10 1,7,11,11,11 i1 MATCH A
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"pcr" "LINK" input STACK ”input” SYMBOLIC INSTRUCTION
SETTING STACK "iSTACK"

26 true 2,6,16,18,10 1,7,11,11,11 12 - RETURN

10 true 2,6,16,18 1,7,11,11 12 FALSE L2
11 true 2,6,16,18 1,7,11,11 12 CALL . noun
27 true 2,6,16,18,12 1,7,11,11,12 12  MATCH B
28  false —2,6,16,18,12 1,7,11,11,12 12  FALSE L6
32 false  2,6,16,18,12 1,7,11,11,12 12  TRUE L7
33 true 2,6,16,18,12 1,7,11,11,12 12  MATCH T
34 true 2,6,16,18,12 1,7,11,11,12 13  FALSE L7
35  true 2,6,16,18,12 1,7,11,11,12 13  MATCH R
36 true 2,6,16,18,12 1,7,11,11,12 14  FALSE L7
37 true 2,6,16,18,12 1,7,11,11,12 14  MATCH E
38 true 2,6,16,18,12 1,7,11,11,12 15  FALSE L7
39 true 2,6,16,18,12 1,7,11,11,12 15  MATCH E
40  true 2,6,16,18,12 1,7,11,11,12 16  RETURN

12 true 2,6,16,18 1,7,11,11 16  RETURN

18  true 2,6,16 1,7,11 16  RETURN

16 true 2,6 1,7 16  RETURN

-6 true 2 1 16 RETURN

2 true . 16 STOP
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