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ABSTRACT

The work presented in tﬁis'thesis arose out of
an investigation concerning the compilation of ‘a new
programming language, namely Algol—-éB° A radically new
syntax representation used in the definition of this
language makes the syntax analysis of this language a
major “problem. One promising method of handling this
problem is the transformation of most of the Algol-68
syntax to a context-~free grammar which 1is readily

handled by well-known and existing methods. A brief
description of this grammar transformation is given in

chapter 5 of this thesis,

A further result of the preliminary
investigation was that it was found to be extremely
useful and possibly necessary to have available a
general parsing algorithm for context~free grammars.
This algorithm /was aeveloped by the writer and forms
the major subject of this thgsis. The theory of this
algorithm is presented in chapters ? through 4, A

listing for a P1l/1 program, " fully working but still

under development, plus a few examples are appended.
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6Eapter 1

TINTRODUCTION

Many parsing algorithms for context-free
grammars require the grammar to be restricted to some
proper subset of context-free grammars. Indeed,
general parsing algorithms for context—free grammars
are rather scarce. This 1is not by accident since a
general parsing algorithm tends to be of a rather
inefficient mnature. By placing a few restrictions on
the type of context-free grammar that a parsing
algorithm will work for, it is often possible to derive
greatly increased efficiency in the parsing algorithm

-

for such grammars.

One example which demonstrates this clearly
consists of the Wirth-Weber precedence grammars (1).

Efficient parsing algorithms for these grammars exist



and a recent paper by A, Learner and A, L. Lim
demonstrates an algorithm that will transform any
context-free grammar into an equivalent Wirth-Weber

precedence grammar (2).

A similar state of affairs exists for other
classes of contextffree grammars which are subject to
some restriction. Yt 1s often possible to find a
grammar satisfying a given set of restrictions but

which is at the same time equivalent to a given

context~free grammar.

The obvious question that one must ask now is
whether 1t is worthwhile to design a general oparsing
algorithm for context~-free grammars, even though such
parsing algorithms may prove too inefficient to be
feasible as a parsing algorithm for a production

compiler, or interpreter,

-

The answer is an emphatic "yes" for the
following reason:
The language designery 1s not as concerned




initially with the type of grammar he must
provide as with the type of problem the grammar
must solve., The design of the grammar is thus
his major proﬁlem and will require the bulk of
his effort. He should‘thus_be expected to have
at his disposal the largest possible set of
grammars. Turthermore, he should expect té do
a minimal amount of rewriting of a grammar he
has designed in order to test the grammar under
some system. A general parsing algorithm for
context-free grammars fulfills these
requirements very nicely as the language
designer is provided with a tool that will
parse any context-free grammar. Once a grammar
for a partiéular application has been designed,
the ‘language designer . may then of course
consider the problem of transforming his
grammar into ome which will conform to the
restricgions imposed by a particular parsing

algorithm which he wishes to wuse in a

production compiler or interpreter.

The reason just cited, and the fact that no



general top-down, left-right parsing algorithms for
context-free grammars were known to the writer, were
considered sufficient justification for the development

of such an algorithm.
The remainder of this chapter will be dedicated

to providing the basic framework of definitions within

which the thesis will be presented.

1.1 BASIC DEFINITIONS

A convention adopted throughout the thesis 1is
that single, underlined, capital letters represent sets
whereas single capital letters, indexed or unindexed,
represent single elements of a set. Thus, “R"

represents a set and both "B" aad "Bi" represent single

ANV R

elements of some set. Additionally the notation
is meant to represent the set of all strings that can
_be formed with elements of the set A,

The syntax of a context-free phrase structure

grammar 1is expressed with the aid of a finite alphabet

A. in this thesis A= SUD where

.




D = {' ; ' is the set of

"other syntactic marks”.

Define S* as the seat of (nonenptyv) strings over S. The
elements of S%# are termed ‘“protonoticns." Define a
context-frze phrase structure grammar (c.f.p.s.g.) as a

4-tuple
(¥, R, symbol, Z) where

Ycs* is a finite set, known as the set of

o
-—

"notions",

*

ZeV¥ is a particular notien known as the
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1) A: , called the empty rule, or



& ¥y, i=1,2, ..., . mn and A€N where N =
V- T, T is the subset af V consisting of thoée
elements of ¥ which end with the particular
protonotion "symbol". Elements of T are called

(terminal) symbols. Elements of N are called

non~terminals.

Additionally, any set of rules of R with identical left
hand sides, say "A: B., A:C.y ..., A:Z." are rewritten
as "A: By C; ...3 Z.". Furthermore, there must not be

any rules A: B.& R such that Ae T,

A few further definitions are required, Let
members of the set {h,v,w,x,y,z& be elements of V¥, We

say that "w directly produces v (written ‘'w=Sv') by

1

application of the rule U:u." if there are (possibly

1.1 L1 |

empty) strings X and v such that "w=xUy" and

"v=xuy",

. al .
We say that "w produces v" (written w==>v) if



1. 9= v or
% X
2. w=u and u==v, where ugv_.,
The "language generated by a grammar G" (written

L(G)) is defined as

L(G)= {zlzéz ard ze_‘f_’} vhere,. as Before, VA
is the head of tte grammar G and "I" is the set

of "syabols" of the granmar G,
To explain these definitions a little more
clearly, a short exazmple is now in order. Consider the
context-free, phrase structure grannar defined by the

4-tuple (V, R, syzbol, I) where

V= {}dentifier, letter, digit, asvmbol, bsynmbol,

onesymbol} s

R is the set of rules

c
1

Ity

identifier: letter; identifier, letter;

ideatifier, digit,



letter: asymbol; bsymbol.
digicts onesymboloz

"symbol"™ is the protonotion “"symbol", and Z is the

notion "identifier'™,

Then the protonotions such as "identifier",
"letter", and "asymbol" are also notions by virtue of
the fact that they are in V.

The set of rules R consists of three rules. To

aid in the reading of these ruvles, the other syntactic

marks {:, e e ;3 may be read as follows:

"is defined to be'" for ":",

" " 1", n

or” for ";", and

"followed by" for ",".
The other syntactic mark "." 4is not read but serves

merely to indicate the end of a rule.

S



Thus, the rules in R may now be read as
“(an) jdentifier is defined to be (a) letter or
(an) identifier followed by (a) letter or (an)

identifier followed by (a) digit."

."(a) letter is defined to be (an) asymbol or

(a) bsymbol."
"(a) digit 1s defined to be (a) onesymbol,"

Quantities in brackets ( ) have been added to dimprove

readability.

It should now be noted that the members of T are
not further defined by R, The.implication is that the
definition of symbols 1is to be provided by the
implementor of a language defined by the afore
mentioned syn;éx, The implementor 1is thus free to
choose his own representation for a symbol, be it an
English alphabetic character, a Greek one, or possibly

several different characters for the same symbol.




The symbols may thus be regarded as undefined
notions and it may be considered that an implementor of

a language will provide his own deéfinitions such as for

example:
asymbol : a.
asymbol : A.,

or else will provide a routine that will be wused 1in

recognizing symbols.

Members of T may thus be regarded just as any
other notions and their use effectively removes from

the syntax definitions any terminal symbols,

1.2 THE TREE STRUGCTURE FORM OF SYNTAX DEFINITIONS

-

Occasionally, a particular example will be more
easily understood if the syntax definitions are
represented in the form of a tree structure. The

convention that will be adopted here 1is that the

10




lefthand side of a rule will be a node of the tree and
there will be one branch emanating downward from this
node for each alternative of the rule. Thus, the rule
A s By C. would hévéwéhe félioWigg appearance in a tree

structure:

A

=] C
If an alternative consists of more than one
notion, then these are represented on the tree as nodes

separated by a comma, Thus, A : B, C; D. would have the

appearance

B,C D

In the latter case, there will be a set of
branches emanating from each such mnode of an

alternative with multiple nodes. Thus, the set of rules

11



would appear as A
B ’aéﬁc D
e \\
¢,F & i 1 K

It may now happen that a node such as C in the
rule B : C, F; G. has been previously defined in the
tree, In that case, it will mnot be necessary to
generate a new subtree for this mnode C. Instead, a
dotted line to the previously definede will indicate
.where the definition for node C may be found in the

>

tree.
If the syntax tree for a context-free, phrasé

structure grammar is drawn up, there will be two types

of nodes in the tree:

12



a) those which have ©braanches eranating downward

froa the rode

b) aad those which do not have branches emanating

dowaward from them,

The nodes that do not have downward emanating
branches zmav be calleé end nodes. There exist tio

types of end nodes:

a) those that refer back into the tree because a

previous cdefinition for the node exists

b) those nodes which are syzbols and for which no

definition exists.,

To conclude the discussion on the definition
tree for context-free grammars, one i-portant point

nt is the distinction that

(B

nust be strassed, This po

es. A "notioa" is a

(0]
(AN

exists Setween neticns gad =&
memder of U which mav however occur as more than one

"aode"™ of the definition tree for a context-free

granmar., These "nodes™ are quite distinct froa each

13




other.

In further discussions, the concept of "node"
will be extended to cover the "node of a syntax rule®.

Thus, in the syntax rule

the "notions™ A, B, C, and D are "nodes" within that
syntax rule. Note further that the first node "B" of
the syntax rule 1s quite distinct from the second node
"B" of that syntax rule, It is evident that, if a
definition tree is drawn up for a syntax rule, each
node of the syntax rule will be fepresented as a node

on the definition tree and to each node of the

definition there corresponds a node of the syntax rule,

The basic definitions within which the thesis
Will-be presented have now been covered. The following
chaptér will be devoted to presenting a parsing
algorithm due to Floyd which will form the major part

of the general algorithm presented in this thesis,

14,



CHAPTER 2

FLOYD'S ALGORITHY

The parsing algorithm presented in this chapter
is a modified version of an algorithm due to Floyd (3).
It 1is a top~down, left~right parsing algorithm which

includes backtracking,

In this chapter, a short section on terminology
will be followed by a description of the two major data
areas wused by the parsing algorithm; the syﬁtax table
and the analysis record, Following this, the operation
of the parsing algorithm will be discussed along with

an example that demonstrates 1ts operation.

.

7

"2.1 THE SYNTAX TABLE

In this section, the structure of the syntax
table will be explained, However, some of the

terminology used must first be defined.

14 bb



2.1.1 TERMINOLOGY

Suppose the following .is a rule of a

context-free grammar,
A:B3C,D,

Then B 1s called a "son'" of A, A is called a "father"
of B, and D 1s called the '"next component" or simply
"component'" of C. Infrequently, C may be referred to
as the "previous component™ of D, Note that A is also
the father of C and D and that C and D are sons of A.

C is further called the "brother' of B,

2,1.2 THE TABLE

The approach wused here 1s for the syntax
definitions to be stored din a 1list structure form
instead of a étring'of syntax definitions as used by
Floyd (3). The advantage of using a 1list structure
derives from the fact that faét parsing algorithms may
be constructed for grammars specified in this forn,

especially if the parsing algorithm is written in a low

15




.

level language such as Assembler, At the same time,
the parsing algorithm remains simple for grammars

specified in list structure form{(see also 8).

The list structure form of the syntax
definitions as used here consists of one four element
"1ine in a syntax table for each definition. This line

has the following configuration:

brother |component [son code

The fields for the bro#her, component, and the
son contain pointers to the respective rule within the
syntax table for these quantities, For example, in the
rule A: B3y C, D., there will be a line in the syntax
table for the notion A, The "son" field for the notion
A will contain/ a pointer which points to the line in

the syntax table in which the definition for B 1is

given,

However, there is a brother to the notion B and

16



this brother consists of the notion C followed Dby the
notion D. To néte this fact, there will be a pointer in
the "brother®™ field of B that points to the line in the
syntax table in which the notion C is defined. The

"ecomponent' field of the mnotion C will contain a

pointer to the line in which the notion D is defined.

Absence of a brother or a component is noted by

a zero in the corresponding field.

_ As yet, mno reason has been given for the
existence of the code field and this situation will now
be rectified, It was mentioned previously that no
terminals exist within the syntax definitions but there
are "symbols"™ for which no further definitions exist,
The parser must be able to recognize the occurrence of
symbols and this is done by meané.of placing a terminal
symbol code in the code field of a notion which is a

ke

symbol.
Recognition of terminals will be done by a

recognizer routine which is activated whenever a code

field contains a terminal symbol code. The subordinate

17



field of the line in the syntax table for a symbol will
contain a pointer which points into a terminal symbol
list and which will be used by the recognizer in trying

to recognize a symbol.

Employing the scheme of a terminal symbol list
for the recognition of terminals, it is relatively easy
to construct a recognizer which not only recognizes
single characters but also syntactic wunits which
consist of the concatenation of two or more characters
or which have several different character

representations,

The parser must now test the code of every
notion considered during a parse toc determine whether
or not the mnotion is a symbol, Great gains in
generality can now be realized by making the code field
a pointer which will point to a routine; the recognizer

in the case of s&mbols.
As with many other topics, theory and practice

do not always go hand in hand in the parsing of

grammars. The difficulty in parsing of grammars of

18




course is that it is possible to construct context-free
grammars in theory but that in ﬁractice the programming
languages are general}y based .on syntax definitions
which are not entirely contexi—freeq It 1s thus
necessary to be able to carry out special actions for
some notions other than symbols. This is facilitated
in the approach used above at no extra cost to the
parsing algorithm By simply placing pointers to a
special handling routine into the code field of
notions requiring such special handling. The need for
recognizing symbols of course is the reason why other
speciagl handling routines can be incorporated at no

extra cost to the parsing algorithm.

As an example, the following grammar previously
used in Chapter 1 will be encoded into a syntax table,

Let R be the set of rules

{?dentifier: lettery identifier, lettersy
identifier, digit.
letter: asymbol; bsymbol.

digit: onesymbol.}

19



Then, the following table is the syntax table for this

gr ammar

SYNTAX TABLE

# ° Notiomn Broth Comp Son Code
1. ddentifier. 0 0 2. 0
2, letters 3 0 7 0
3, identifier, 5 4 2 0
4, letter; 5 0 7 0
5, ‘identifier, O 6 2 0
6. digit. 0 0 9 0
7. asymbol; 8 0 1 t
8., Dbsymbol, 0 0 2 t
é. onesymbols 0 0 3 t
Thus, . 1line 1 states that the son for

"i;dentifier" is to be found in line 2; i.e. the syntax
definition for "identifier" begins in line 2, Line 2
states that the "identifier" of line 1 may be possibly
a letter which 1is defined in line 7 (pointed at by
"son") or alternatively may be defined in 1line 3

(pointed at by "brother").

20



It may thervefore be saild that an altermnative
definition for "identifier" is to be found in line 3.
This - alternative definition consists of the two

components "“identifier, letter",

The "4" in the '"component" field of 1line 3
points out the fact that the fourth line, a definition
for letter, is the "ﬁext component'" of line 3. Thus,
lines 3 and 4 are just one of the definitions of the

"identifier"™ of line 1,

0f interest now is the "son" field of 1line 3,
Since line 3 must define an "identifier'", the fact that
"identifier" has Dbeen previously defined in line 1 is
noted., In line 1, one finds that "identifier" is

11

defined starting at line 2 (see the "son'" field of line

"SOI‘I"

1) and thus, this 2 is merely copied in to the
field of line 3. Line 3 therefore states that "a
definition for identifier may be found starting at line

2",

Only the 'symbols" of lines 7,8, and 9 remain

unexplained. The "t" in the code field of these 1lines

21



is a code which indicates that these are terminals and
require a recognizer. If any of these lines is made a
goal of the parsing algorithm, the recognizer will use
the "son" of these lines as an dindication of what
"symbol"™ "‘must be recognized. For example, in this
case, the 1, 2, or 3 might indicate the first, second,
or- third symbol in some terminal symbol list which is

used by the recognizer.

2.2 THE ANALYSIS RECORD

The.analysis record 1s an area in which details
of a vparticular parse are recorded. This analysis
record will normally be stored and passed to a semantic
routine at a later stage for the purpose of code
generation, Before going into details about the
structure of t@e analysis record, it is again helpful

to first define a few terms.

22



2.,2,1 TERMINOLOGY

Each line in the analysis record will be of form

pointer superior subordinate |predecessor

and will have a line number denoting its position

within the analysis record.

At any stage during the parse, the parsing
algorithm will Dbe considering a goal and there will be
one line in the analysis record corresponding to this
goal., "Pointer" in the above analysis record serves as
a link to the syntax definitions which ties the line in
the analysis record to the specific goal in the syntax
tables, This goal under consideration will in general
have a father, qﬂson, and a previous component and
_there will generally be lines in the analysis record
for each of these quantities. In the above diagram,
superior, sub&rdinate, and predecessor are links which

holdvthe line.nﬁmber within the analysis record of an

23



output line for the father, son, and the previous
component - reépectively, - Absence of one of these
quantities is denoted Dby a =zero in the respective
field; The terms "pointer", "superior", "subordinate",
and "predecessor™ have now been defined and the
operations carried out with the analysis record are

discussed next.

2.2,2 THE ANALYSTIS RECORD ORGANIZATION

Since a goal may have more than one subordinate,
the subordinate in the analysis record will contain a
pointer to the last subordinate considered.. Consider
for example the rule A: B, C, During the parse, a line
will exist in tﬁe analysis record for the goal A. When
the goal B is considered as a subgoal, the subordinate
field of the line for A will contéin a pointer to the

line for goal B as shown below:

pointer superior subordinate predecessor

SN

/]
8y
o-J
o ~J

24




Once B has Dbeen recognized, C must be made the next
subordinate of A. This is done by generating a line in
the analysis record for C with the following

rearrangemnent of pointers:

1) the subordinate of A dis placed in the

predecessor field of C

2) a pointer pointing to the new line for C is

placed in the subordinate field of A,

/
%
/

Thus, 1t 1is possible to reconstitute an analysis
by locating the last subordinate of a goal as indicated
Ly the subordinate pointer for that goal and then

chaining back through the predecccsers to locate all

25



subordinates of the goal,

Thé following analysis record constitutes the
analysis of the identifier "abl", The grammar used 1is
the sazme grammar defining “identifier" that was used
previously. The syntax table for this grammar was

previously given on page 20,

ANALYSIS RECORD

# type point sup sub pred
1 identifier 1 0 8 0
2 ddentifier 5 1 6 0
3 identifier 3 2 4 0
4 letter 4 3 5 0
5 asymbol 7 4 0 0
6 letter 4 2 7 3
7 bsymbol 8 6 .0 0
8 digit e 1 9 2
9 onesymbol 9 8 0 0

The reader may have noticed in the discussion of
the syntax table and the analysis record that the
1t 111

quantities "father" and son of the syntax table

appear to be identical to the quantities "superior" and

26



"subordinate" of the analysis record. This 1s not
quite correct. The quantities "“father" and ‘"son" are
links which connect the syntax definitions within the
s&ntax table. Quéﬁti%ies "supéfiof", “subordinate",
and ‘'predecessor" on the other hand are links within
the analysis record which connect the wvarious
components of an analysis, To emphasize this
distinction between these two sets of pointers and to
avoid possible confusion between them, they have
purposely been given different names. Thus, whenever
reference 1is made to the "father", "son", "previous
component", or "next component', it dis immediately
obvious that a line of the syntax tables is intended.
Reference to "superior", "subordinate", or
"predecessor" on the other hand immediately makes it

known that a line of the analysis record is being

referred to.

The connection between these two tables is of
course via the '"pointer" of the analysis record. It
indicates the line of the syntax table to which the

line of the analysis record corresponds.

27




2.3 THE PARSING ALGORITHM

To explain the logic of the parsing algorithm,'a
metaphor due to TFloyd 1is reproduced here59¢0nly the
statement of syntactle rules has been changed to

conform to the convention adopted in this thesis,

"Suppose a man is assigned the goal of analyzing
a sentence In a phrase structure language of known
grammar, He has the power to hire subordinates, assign
them tasks, and fire them if they fail: they in turn
have the same power. The convention will be adhered to
that each man will be told only once "try to find a G"
where G is a notion of the language, and may thereafter
be repeatedly told 'try again' 1if the particular
instance of a2 G which he finds proves unsatisfactory to
his superiors. Depending on the form of the definition
of G, each subordinate (e.g., 8) should adopt an

appropriate strategy:

1. If G is a terminal character, and 1if it is the

next character of the sentence, 'S mnust cover

28



the character, and report success Lo his
superior. If it 1s not-the next character of
the sentence, S must report failure. After
success, if told by his éuperior to try again,
S must report failure  and uncover the

character.

If G:Gl,, S must appoint a subordinate S1 with
the command, 'try to find a Gl', S repeats
S1's report to his supperior, firing S1 on a
report of failure. If told to try again, S
must tell S1 to try again, again transmitting
the report to his superior and firing Sl on

failure.

If G:G1, G2, soes Gn., S must appoint
successively one subordinate Si for each Gi,
with the command, ‘'try to find a Gi.' TIf si
succeed§9 i is dincreased by one, a new
subordinate hired and the ©process repeated
until i is greater than =n, when § reports
success. If Si fails Si is fired, 1. 1is

decreased by one and if i is greater than zero,

29




the new Si (predecessor of he who failed) told
to try again. If i = 0, S reports failure,
having exhausted all.ways of finding a G, If
after success, S is told to try again, he sets
i = n, tells Si to tfy again, and proceeds as

before on Si's report.

If G:G1l:G2; 0o e Gn,, S mus t appoint
successively one subordinate Si for each Gi,
with the ¢ommand, ' try to find a Gi,' If S
fails he is fired, i is increased by one, a nev
subordinate hired, and the process repeated
until i 1s greater than n, when § reports
failure, If Si succeeds, S reports success.
1f after success § is told to try again, he
tells. Si (who succeeded) to try again, and
proceeds as before on §i's report.

All m;re compliéated definitions <can be
regarded as buillt up from the first four

types."

It is evident that the backtracking feature of

30




the algorithm 1s the "try again' facility., Since the
g gai

operation of this feature may be difficult to grasp, it

is | édvantageous . to visualize this operation
diagramatically. Suppose a goal A which has a
successor G has the followiﬁg definition tree

associated with it:

A,G

I Definitions for

G, B, and D not

l shown

Fmef =
e S
B 7({ arbitrary and
unspecified
alternatives
| s
139E
asymbol

Then, supposing that success had been reported for A
via the notions lying along the path from A to asymbol,
it may be that/a G cén not be found, In that case, A
is told to try again and the parser will proceed
downward along the previously recognized branches of
the tree with try again commands. This downward

procession along the branches of the tree is of course

31




possible by chaining through the subordinates stored in

the analysis record.

As soon as this process leads to the lastmost
recognized terminal, i.e,, asymbol in this case, the
string pointer is Treset so as to uncover asymbol and
faiiure is reported to asymbol's superior (notion E in
this case). At this point, the parsing algorithm exits
frﬁm the try again mode and continues parsing“normally
(in other words, the next alternative to asymbol is

tried in an attempt to satisfy goal E etc.).

Thus, wusing the try again feature, the enti?e
subtree defining A 1s scanned before failure is
reported for A, (This contrasté to normal parsing
algorithms which, after having met with success for the
goal A, will try the next alternative of "A, G." if G
should happen to fail, Thus, normal parsing algorithms
may leave part of the definition tree for A

unexamined,)

The complete parsing algorithm is presented on

the mnext page as a flowchart. A short description of

32a




FLOYD'S ALGORITHM
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the~sterminology used in the flowchart follows:

" represents the ith 1ine in  the analysis

1. "ar
record, It 1is implicitly subscripted by Y if no

subscript is given,

ot

2. "point3s", "supi", "subs", and "pred1

i represent

respectively the pointer, superior,
subordinate, and predecessor fields of the ith
line of the analysis record. These quantities

- are always implicitly subscripted by A if no

subscript is given.
3. "3 indicates the current line in the analysis
record on which the parsing algorithm 1is

operating.

4, YA indiﬁates the first empty line in the

analysis record.

5. "j" dindicates the location of the next, as yet

unrecognized character in the input string.
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6. "broth®, "comp", and "“son'" are respectively the

brother, next component, and son of the
syntactic goal:currently under consideration.
Note that the syntactic goal currently under
consideration is recorded in pointzh . Thus,

"son" may be obtained by

“broth", "comp'", and
using the 1ink stored in pointl to index the
syntax table. It should also be noted that
access to the code field of the syntax table is
possible in the same manner, This code field
must of course be accesslible in order that a

decision as to whether or net the goal 1s a

terminal can be made.

7. "save" is a temporary save area.
The meaning of the flowchart statement "subsﬁgqmed

will thus be:

.

1. Determine the contents of sup%‘and use this as

an index "k" to sub.

2. Carry out the operation subK@%—- pred, 3 i.e.

move the contents of predA to subk .
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The meaning of the flowchart should now be

self-explanatory.

To conclude this chapter, a complete example
demonstrating how a typical ‘grammar is handled and
parsed will be presented, Let ¢ = (V, R, symbol, Z) be

a cof.p.s.g. where
v = {expression, identifier, asymbol, bsymbol,
plussymbol}'s
Z= expression,
R is the following set of rules:

{éxpression: identifier, plus symbol, bsymbol.

identifier: asymboly identifier, asymbol;

identifier, plussymbol.}

/

Assuming the asymbol is represented by "a", the bsymbol

by "b'", and the plussymbol by "+", then clearly

L(G ) = {as-*-qb \ azl, sefa,+) »}
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However, for q=1, the first g-1 plussymbols are part

of the didentifier whereas the last plussymbol is an

operator.

Clearly, there is some local ambiguity here even
though the grammar on the whole is unambiguous.

Consider the problem of the top-down parsing algorithm

which has as its subgoal the ‘"identifier" of
"expression®, It must decide how many of the’
plussynbols after the initial "as'" are part of the

identifier., (Note that it is not correct in this case
to scarch for the longest identifier,) The
backtracking feature of Floyd's algorithm allows this
local ambigulty to be resolved because, 1f an
identifier has been recognized incorrectly, 1i.e. the
identifier 1s _not of the right length, then the
algorithm will "try again" at a later stage to find
another identifier until all possibilities have been

exhausted,

The following analysis of the expression "a++b"

36



is provided as an illustration,

SYNTAY TABLRE

#t Type- Broth Comp Son Code
1 . expression, 0 0 2 0
2 identifier, 0 3 5 0
3. plussymbol, 0 4 3 t
4 bsymbol., 0 vO 2 t
5  asymbol; 6 0 1 t
6 identifier, 8 7 5 0
7 plussymbol, 8 0 ' 3 t
8  identifier, 0o 9 5 0

9 asymbol 0 0. 1 t

It is assumed that for terminals (lines 3,4,5,7,9), the
"son" field contains a pointer into some terminal

symbol 1list, Thus, the first element of this list

-

"

"a", the second element "b", and the

would contain

third a "+%,
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ANALYSIS RECCORD

COMMENT

TIME

LINE # POINT SUP -SUB PRED

1 1 0 0 0
2 2 1 0 0
i 2
3 5 2 0 0
2 3
4 3 10 2
1 i
5 4 1 0 b
1 5
i L
i 2
6
L 5 3 0 0
3 L

>

initialization
entry (find “expression")

sub «—"Y"

“entry (find "identifier®)

subw— 3~

entry (find "a“
success (“asymbol® found)
saves<s—

success (“identifier® found)
save<—~ 3

sube— V"
entry (find "+%)

success (“+" found)
save =4

sub =~ Y

entry (find "b")
fajilure ("b* not found)
SUbsup‘g"' pred

try again (find another "+%)

failure (uncover "+%)
Subsup@' pred

try again (find another
"jdentifier”)

A= sub

try again (find another "a"

failure (uncover “a™)
point =— broth

entry (find "identifier®)
sub < Y~

entry (find “a*

success (“a" found)
save<-



ANALYSIS RECORD CONT®D

39

LINE # POINT SUP SUBR PRED 3 COMMENT
success (“identifier" found)
: save @~ f :
5 Q
2 5 sub-=—"Y"
entry (find “+* for “identifier"?
3
success (“+" found)
save <— O
success (identifier" found)
SavVe «w— 3
6 0
i 6 sub<e~ V"
=
H entry (find “+")
i 4
success ("4 found)
save @ 4
i
7 0
1 7 sub<e— YV
8
entry (find *"b")
5

success ("b" found)
save <«— 0
sentence



The final analysis record now has the following appearance:

LINE # POINT SUP SUB PRED
1 I 0 v 0
2 II 1 5 0
3 . VI 3 L 0 -
L v 3 0 Y
5 VII 2 0 3
6 111 1 0 2
7 IV | 1 0 6

_ Here, the Roman numerals are pointers into the syntax
table whereas the Arabic numerals are links within the
analysis record. If these links are placed on a tree similar

to the definition tree, then one would obtain the following:
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Replacing the Arabic numerals by the notions for which the
Roman numerals of the corresponding line of the analysis record

stand will then give a description of the analyzed sentence,

s

This new tree would appear as follows:

expression

jdentifier , plus symbol , bsymbol

jdentifier , plus symbol

asymbol

Lob



Chapter 3

RECURSIOCX

The principal difficulty -with the parsing
algorithm up to this point is its inability to handle a
certain set of production rules which are known as

recursive production rules.

ITn this chapter, recursion and some associated
terms will be defined. This will bé followed by a
discussion of the difficulties these rules present to a
top—doﬁn, left to right parsing algorithm., "Following
this, an algorithm that will enable the parsing

algorithm to handle these rules will be presented.

3.1 BASIC DEFINITIONS

-

First, recall the difference between a mnotion
and a node for the grammar G = (i, R, symbol, Z). A

notion is a member of V whereas a node is a node of the
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definition tree for G, Thus, A is a notion if it is in

the set V. If the production rules "“B:A,C." and
"D:A,E." are din R, then A is a node within each
produétion rule, Furthermore, the node A of the

production rule "B:A;C." is quite distinct from the

node A of the production rule "D:A,E.".

This distinction between notions and nodes

‘should be kept in mind in the following discussions.

For the remaindér of this chapter, a convention
will again be adhered to. Capital letters, either
subscripted or unsubscripted, will again represent
notions. Underlined capital letters will represent
sets. Additionally, any lower case letter, either
subscripted or unsubscripted, from the set {u, VvV, Wy X,
Y, z} will represent some member of V*, They in fact
represent notions separated by commas. Thus, "u" may

for example represent the sequence "first mnotion,

second notion, third notion".
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Definition 3.1

A notion A in V is said to be a ‘''recursive

N , .
notion" if the relation A==»A , w. holds.

Definition 3.2

‘The ordered set of notions {AO’ Ay Ags voe An}
where n 20, is said to be a ‘'ecycle" if there exist
rules in R which are of the form

A s Ak, W, o

o 1
L Az, Voo
AZ . A3, "139
A AN Woe

It shoulé be noted that a certain ordering of
notions exists in a cycle. Thus, in the above
definition, {Ao, Ay hyy oo AJ is a cycle but{Ar,, A,

see 3 An} is not necessarily a cycle.
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Note further that a cycle may possibly contain
only one notion A as 1s the case when one of the
production rules in R is of the form "A:A,w.". This
type of prpduction rule dis usually called a left

recursive production rule,
Lemma 3.1

1f {A,s A, «.. , A, 1s a cycle, thenfAg, Aj,,

i

A e Aiﬁ}’ is a cycle.

n? o’

Proof: By definition, there exist rules in R of the

form

ALt Agags Vigg o
Aag P Blezs Viea
A Ay, Wo .
Ao : Ai s W oo .

L




Hence, {Al’ A ses 5 A Ay wee 5 A %is a

Lt

cyele by definition.

« 0o e g

The cycles §A A e s s Ag}and A A£+’,

‘, Z, L’
AV\’ AO s eees A£-:§are said to be "equivalent', Thus,
two cycles are '"equivalent" 1f one can be obtained from

the other by a cyclic permutation of its elements,

NDefinition 3.4

If "B:A,w." is in R then A is called an "entry
. , . . ; # .
notion" if A is in a cycle and the relation A==>B,w, Is

false for all such B,

NDefinition 3.5

Tf "B:A,w." is in R, then this particular node

A is called a "recursive node™ if A is an entry notion

% . . :
and A==sB,w. is false. We say that the recursive node A

T

"invokes" the cycle in which A is an entry




notion.

Definftion 3.6

If "A, A sWg o is in R then this particular

occurrence of A is called a "cycle node" if A is an

2%
‘entry notion and Agzﬁ?An, w. is true. We say that the

cycle node A "reinvokes"™ the cycle to which A is an

entry notion if the following conditions are met:

During the parse by the top-down, left-right
parsing algorithm, the parse has proceeded

along the lines

* 3%
Z=bu;, Ay, Uy, ==p V, ., Als Wy Vg

ol A
=3V oAy, Vo sy Voo

% %
where U, ==V, and u£==>v2.

The proddction rule that was applied in the

direct production of v, , A w

3 o’ w, v, from

o?* 2

Vg A W, Vg is obviously "A, : Ag, Voo and A,

n?
will therefore reinvoke the cycle to which A,

is an entry notion.
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It should be noted that 1t is quite possible to
apply a production rule which contains a cycle node on
the RHS without that ‘cycle node reinvoking a cycle,

Fxample 3.1 illustrates this poinﬁ.

- Theorem 3.1

If an input string u satisfies the nth partition
of a recursive node A, then the ith partition of A will

be satisfied in u for all 0L i< n.,

Proof: By n successive applications of sequences
of production rules to A, we have Aé%A,wi.§$A,
3¢ ¥ ¥
wz,\al.-.::}...;.—,.é,.A, LAYEFA R | seeesWyi oo ::?wh&i s Wi
%.
seeesWq o =D U by statement of the theorem,
* > * *
But, A-...'—::'->A,Wz. =DA,W o sW o e == 0.0 =PA, Wiy s
¥
,...ﬂvz. TPV 4 s Vs e e 9 Wq o is therefore also
satisfied in u and this is clearly in the nth-1

partition of A. This .proves the theorem by

induction,
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Exampie 3.1

Suppose a parse had proceeded along the lines
- e
Z':—_—'>Bi, Ai, B:Z:' g Bi’ An, W Bz'e
=>B,, Ay, Wy, W, B, . where i 2 1. Suppose
further that the grammar contains a cycle of the form{}o

s A ,'... s An} and that Aois an entry notion to the

i
cycle. Then in the above parse, the 1last production
rule applied was again At Ay, Wg. However, this Ag
does 'not reinvoke the cycle for which Ay, 1is an entry
notion since the parse has not proceeded along the

required lines; ie. the cycle has not been previously

invoked via the entry notion Age

To state matters din simpler language, a cycle
node A, only reinvokes the cycle fo which A, is an
entry notion if the parser has previously entered the
cycle by making A, its goal. ‘In trying to satisfy this
goal Ao; it may then apply a sequence of productions
"which will 1lead the parser to consider A, as a goal
without any "symbols" being recognized in the meantime.

A W,. is then applied, the parser

n*

If the rule A 0’

will again consider A ,as 1ts goal and it is at this
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stage that the cycle is said to be reinvoked.

It is now easy to see that should the ©parser
proceede along these lines, it will make A, a subgoal
which will make A  a subgoal which will ... ad
infinitum. Thus, the parser will be caught in a loop

from which 1t can not extricate itself unless specific

provisions are made to stop this looping.
This infinite looping is precisely the problem
that recursive production rules present to top-~down

left=right parsing algorithms.

Definition 3.7

If A, is a recursive node in the rule B : w,, A,

. and Aogiéu, where "u" is a string of symbols,
th

] w 2»
n..un

then we say that "u"' is in the n partition of this

particular recursive node A, if

¥
=> A
AO >

%
o° Vi == Ay, Vs Vi

H ¥
~—_“_.“~‘.>Ao, V3, Vz, v1. w"'

Viar v

£§$AO, et ® cee 3 Vi = u, is true, and
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n-{ ? e 0 o Vlo :.> AO» vh,\,i.g VVL’ e 8 6 9 v19

In simpler terms, "u" is in the ﬁﬁ‘partition of
the recursive mnode A, if, in determining an input
‘string to satisfy Ay, A, had to be made the subgoal of
the parsing algorithm exactly n times before any

recognition of characters in the input string took

place.,

Nete that "u" may be in partition zero of A,
This occurs when R for example contains the production

rules
Az
Ao: A Dy E.

and, in recognizing an A, , the rule "A, tE."  was

o

applied.

Following will be some examples that will

consolidate the definitions presented so far.
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Example 3,2

Let R be the set

"prog: id." , "id: id, letter; letter.," ,

"letter: asymbol."
Then,
the set {id} is a cycle,
the notion "id" is a recursive notion.
the notion "id" is an entry notion,

in "prog: 1d.", "id" is a recursive node which

invokes the cycle {id} .

in "id: did, letter; letter.ﬁ, the node "id" on
_the RHS is a cycle node which may reinvoke the
cycle {id} depending on the .history of a
particular parse. In the above example, this
cyecle node will always reinvoke the cycle {id}

irregardless of the history of the parse,
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Exampie 3.3

Let R be the set

Then,

"prog:id.” , "id: ida1," , "idl: id, letter;

letter." , "letter: asymbol."

the set {id, 1d1} is a cyele.

'

the set {1d1, 1a{ is a cycle which is

equivalent to the cycle {id, id£§ .
the notion "id" is a recursive notion.
the notion "idl" is a recursive notion.

the notion "id" is an entry notion but "{d1" is

not.
in "prog: id.'", "id" is a recursive node which

invokes the cycle {id, idl} . Note that in

mids idl.", "idl" is not a recursive node.,

52




in "idl: id, letter; letter.", the node "id" is
a cycle node which may reinvoke the cycle {id,
idl} depending .on the.history of a particular
parse. In this example, this cycle mnode will
always reinvoke the éycle {id, idf}

irregardless of the history of the parse,

Example 3.4

let R be the set of rules

Then,

{prog: a0,

a0: al; wsymbol, bl,
al: a2, xsymbol.

a2: a0, ysymbol,

bl: a2, zsymbol.}

e

there are 3 cycles all equivalent to {aO, al,

aZ} .

the notions "a0", "al', and "a2" are recursive

notions.
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the notions "a0" and "a2" are entry notions but

"al' is hot:

in "prog: al0.", a0 is a recursive mnode which

invokes the cycle {aO, al, a2} .

in "bl: a2, zsymbol.", a2 is a recursive node

which invokes the cycle {aZ, a0, al} . S

in "a2: a0, ysymbol,", a0 is a cycle node which

may reinvoke the cycle {aO, al, a2} depending

on the history of a particular parse.

in a2: ao, ysymbol,", a2 is a cycle node which
may reinvoke the cycle {a2, a0, aﬂ' depending

on the history of a particular parse.

Suppose a particular-parse has proceeded along

the line P

prog:ﬁ;aO; = al, == a2, xsymbol.

In this'case, the last direct production was

1]

effected wusing the rule "al:a2,xsymbol." where
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"a2" 1s a cycle node, However, in this case,
;he cycle node a2 does not reinvoke the cycle
{52, a0, ai} because‘ it was not invoked
previously by application of the rule
"bl:a2,zsymbol." We also say that the cycle

node a2 is "not active",

Suppose the parse had proceeded

Prog::&ao,znywsymbol, bl,
=wsymbol, a2, zsymbol,
=>wsymbol, a0, ysymbol, zsymbol,
“=>wsymbol, al, ysymbol, zsymbol,

=>wsymbol, a2, xsymbol, ysymbol, zsymbol,

Then in  "wsymbol, bl==pwsymbol, a2, zsymbol, ",
the production rule "blia2, zsymbol,", would
have been applied and we would say that the
recursive node "a2" would have invoked Ehe
cycle {a?, a0, al} - We also say in this case

that the cycle node a2 is "active?,
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In
wsymbol, al, ysymbol,zsymboi,

=y»wsymbol, a2, xsymbol, ysymbol, zsymbol,

the production rule "al:a2,xsymbol." would have

been applied and we would then say that the

cyecle node "a2" reinvoked the cycle {32, a0, ai},

Example 3.5

Let R be the set of rules
{a: b, semicolon symbol.
b: bi’ asymbol; ¢ , asymbol; asymbol.,

blz b, bsymbol.

c: b, csymbol.

Then,
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there are two cycles which are not equivalent,

These are {b, bi% and {b, ék .

the notions "b", "by", and "c" are recursive

notions.
the notion "b" is an entry notion,

in"asb,semicolonsymbol,.", "b" is a recursive
node which invokes one of the cycles{b, bggor
{b, c} « In fact, b may invoke both cycles at

‘the same time as will be shown below,

in "bj :b,bsymbol." "b" is a cycle node which

may reinvoke the cycle

{b, b;Eoy the cycle{b, c§

in "esb,csymbol.", "b"™ is a cycle node which

‘may reinvoke the cycle{b, é} or the cycle{b,

by}

0f particular importance in this <case 1s the

57



fact that only one entry notion exists for both
cycles and that both cycles are entered through
thig entry.notion. In fact, in "a:b,semicolon
symbol. ', the recursive node b may be
considered as invoking both'cycles {b, bi} and

{b, c} at the same time,

A further question now arises in what is meant

when we séy that a terminal string "u " is in the nth
partition of the recursive node b, In fact the
definition for ﬁnth partition" reveals that, if the
parser traverses the cycle{b, bi} "i" times and the

cycle {p, c} "3% times in the recognition of b, then

"4" is in the nth partition of the recursive node b

where n=i+j.

The reason for this is of course that, in having

the recursive node b as its goal, the parser may make

the sequence of notions “bl , b" and c , b" its

subgoals in any random fashion.

It now becomes useful to classify cycles
according to - 3 different types. These are the
following:
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Type 1l:

If{Ac, Ags eoos Aﬂgis a cycle, then A, is the
only entry notion to it. Also, {A09 Avs oees Ahg
.is the only cycle with entry notion A 4.

Type 2:

1f {Ao s Al""” Ahlis a cycle, then there are
at least two entry notions Ag, Ai. Also{éo, A,
» ey Ahgis the only cycle with entry notions
As, Aj.

Type 3:

if {Ao, Ay ooes Aggis a cycle then A is the
only entry notion to the cycle, However, ﬁhere
are other distinct cycles with A, also being

. their only entry notion.

All other more complicated cycles not of these

types may be constructed from these first 3 types.

~
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This cbmpletes the def?nitions required for the
discussion of recursion. The problem that recursive
produgtion rules present to a top-down left to right
parsing algorithm have been touched upon previously and

will now be stated explicitly.

1f Aois an entry notion in the grammar G = (V,R,
symbol, 2) then a conventional top—down left to right
parsing algorithm may be caught in a never ending loop
if it should have Ajas its goal. This problem will
occur if the subgoals of the parsing algorithm are
successively the recursive notions of a cycle in which
Ayis an entry notion. Thus, if{AC, Ags oees A“}is such
a cycle, the parsing algorithm may have successive
subgoals of A,, AZ, eses A, and application of the rule
Ans Ag, Yo will then cause the parsing algorithm to

again select A_as a goal. - Thus, the parser will be
G g

"trapped" in this cycle of subgoals.

3.2 AN ALGORITHM FOR HANDLING RECURSION

. A method for stopping this looping will now be
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presented. Recall the format of phe syntax list which
contains the syntax definitions for the grammar. Each
node of the R,H.S. of a production rule was entered as
a line im this syntax list and each such node had a

code field available to it.

We will now adopt the convention of placing a
special recursive code" into the <code field of a
recursive node of the grammar, and a "eycle code' into
the code field of a cycle node of the grammar. As was

mentioned previously, these code fields may be pointers

which point te routines that carry out special actions

for the distinct codes,

Suppose we have the grammar of example 1 where R is the

following set of productions:
{prog: id,

id: 1d, letter; letter.

letter: asymbolg
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This grammar obviously contains only the type 1 cycle

{ii} . The syntax table for this grammar would now

appear as follows:

SYNTAX TABLE

broth comp | son code
1. prog 0 -0 2 0
2, 1d. 0 0 3 r
3. id, 5 4 3 c
4, letter; 5 0 6 0
5. letter. b 0 6 0
6. asymbol, 0 0 1 t

ot L1 P |

The codes "r" and "c¢" stand for "recursive' and "cycle"
/respectively. It should be noted that the entry notion
"id" is definedkin line 3. Furtherﬁore, the sons of
both the 1lines for the recursive node and the cycle
node indicate line 3. This state of affairs 1is true
for an§ general cycle; the son of the line for the
Arecursivé node will always be the same as the son of

the 1line for the cycle node, The 1line that is

indicated by these sons will always be the line where
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the entry notion to the cycle is defined.

This extremely wuseful property will now De
exploited. During a parse, 1if a recursive node is made
a goal of the parsing algorithm, a seven element data
area is created, This area will be tagged with the son
of the recursive node, in this example this son would
be 3. The cycle node can then refer to this stack also
through its son, namely 3. This effectively allows
some means of counting how many times a cycle has been
traversgd° It is only necessary to communicate with
the stack element created for the recursive node
whenever the corresponding cycle node is made a goal.
It is also possible at this stage to carry out certain
special actions, such as for instance disallowing

reinvocation of the cycle to prevent infinite looping.

3.2,1 Recursion Héndling Data Areas

There are two data areas required for the

recursion handling.
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1.

A list consisting of seven elements per line.

Each line has the following format:

rsup rsub |Jrpred part |succ level |rj

"rsup®,"rsub", and "rpred" are pointers
internal to this recursion 1list. They are
similar to, the superior, subordinate, and

predecessor of the analysis record in that they
are responsible for maintaining the structure

of the list.

"rj" is an area which contains a stored value

of the input string pointer "j",

ya

. "part" is a location which stores a partition

value, and

"suce" and "level" are two switches which hold

the wvalue "true® or "false'.
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9.. A list known as the "recursion pointer 1list",

of two pointers of the following format:

stp rlp

11]

stp" is a syntax table pointer, It
_corresponds exactly to a line of the syntax
table where an entry notion is defined.

"r1p" is a pointer dinto the recursion list
which indicates the last line in the recursion
1ist with which the particular entry notion

indicated by "stp" was associated.

‘Recall that, in the syntax table, the son of a
recursive node and the son of the corresponding cycle
node were identical to the 1line number where the
definition for an entry notion began. “It is exactly

"

this number which is recorded in stp"

above. The
corresponding "rlp" points to the seven element entry

in the recursion 1list which was created when that
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particular entry node was made a goal of the parser,

Since any particular cycle may be 1nvoked many
times during a particular parse, it may be necessary to

have more than one line entered in the recursion list,

1 1

Thus,‘since rlp" will always point only at the 1last
such line, the fields "rsup", "rsub", and "rpred" are
used to chain all the lines for a particular recursive
node together in much the same way in which the lines
of the analysis record are chained together by the

"superior", '"subordinate", and "predecessor" fields of

the analysis record.

It is necessary at this stage to explain the use
of “part", "succ", and "level" of the recursion 1list,
Recall the definition of the "nth partition of a
recursive node A", By this is meant the number of
times a cycle, to which A is an entry notion, is
reinvoked during a parse. Being.aﬁ important quantity,
this number is kept in the "part" or "partition" field

of the recursion list,
The ‘“partition" field is initially set to zero,

the "success" field to "false'", and the "level" field

to true, The meaning of the contents of these fields
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is as follows:

"partition" initially indicates the partition
of the vrecursive node that is to be examined.

Thus, 1f the field contains the value "n"

when
the corresponding recursive node is made a goal
(either diréctly or with a try again command),
then this indicates that a report of success is
to be accepted only from the nth partition of
the recursive node., The partition field also
doubles up a8 a counter when the cycle 1is
traversed, Every time the cycle is reinvoked
the partition Xfield is decremented by one.
Therefore, if this field reaches zero, 1t
indicates that the mnth partition of the
recursive node is being scanned. On the other
hand, if success or failure 1s reported for a
cycle node, the partition field is dincremented

by one in order to retain the integrity of this

field.
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2. "success" is initially set to "false". If
success is reported for the recursive node from
the nth partition, "success" is set to "true"

indicating 'that success may possibly be found

for the recursive node in the nth + 1 position.

3. "jevel"™ is initially set to '"false"™ 1if the
partition field is greater than zero. The
level field is set to "true" when success 1is
reported for a cycle mnode whose partition
contains zero., It thus serves as an indicator
when success is reported for a recursive node

whether or not the report of success comes from

the nth partition,

This gives a broad description of the use of the
data areas of the recursion list, A better
understanding of -these areas and their function can be
obtained from the following discussions on the
modificétion of Floyd's algorithm that will provide

this algorithm with recursion handling capabilities.
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To this end, Floyd's algorithm must be modified
in four locations: after ‘entry", after 'success",
after '"failure", and after "try again' where the
quantities 'indicatéd represent labels of the flowchart
given on page 32L.b, It is assumed that these
modifications will be in the form of insertions of code
or fiowchart sections immediately after the respecﬁive
labels, with the exception of the section of the
flowchart dealing with success. The reason 1is that
success is not reported "for" a mnode but "to" a
"supérior" node., Any next components of the recognized
node must thus be recognized before success can be
reported "for" the '"superior" node, A modified
floﬁchart is given on page 79b . Discussion of each

modification will be subdivided under two subheadings:

a) action taken when the goal 1s a recursive node

_

b) action taken when the goal is a cycle node.
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3.2.2 Modifications to "entry"

a)

b)

The goal is a recursive node.

The action 1is simply to generate a new line in
the recursion list and associate it with this
recursive node. The data elements of the line

are initialized as previously indicated,

The goal is a cycle node,

i) The "partition" corresponding to the cycle

node is decremented by one.

ii) The '"partition" field is checked. If it is
less than zero, then the cycle should not have
been reiq&oked and failure is reported, If the
"partition" field is greater tham or equal to

zero, then execution continues normally.
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3.2.3 Modifications to “"success"

a)

The goal for which success was reported is a

recursive node.

1) The "level" field of the recursion list line
associated with the recursive node is checked,
Tf it is "true", then success has been reported

for the nth partition and the report of success

is accepted. In this case, the "success' field

of the recursion 1list line is set to “iryue',

The recursion list line corresponding to the

recursive node is disassociated from the
recursive node via the “ysup', rsub", and
"rpred" fields of the recursion list line.

Details of this operation are presented later.
i1) If -the Mlevel field is "false", then the
nth partition of the recursive mnode had mnot
been reached. The report of success will not
be accepted and a try again" command is

igssued., It is this device that ensures that
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b)

the only reports of success that will be
accepted for a recursive node will be reports

of success in the nth partition.

The goal for which success was reported 1is a

- ¢cycle node.

i) The ‘“partition" field corresponding to the
cycle node is checked. If it is zero, then the
report of success is in the nth partition of
the corresponding recursive node. To
communicate this fact to the recursive node to
which success will (potentially) be reported at
a later stage, the '"level" field of the
recursion list.line is set to Mtrue". The
“partition" field is incremented by one and the
parser continues normally.

ii) If the ‘"partition" field is not zero, the
"jevel"” field i1s checked. If the "level" field
is "true", then the report of success is

accepted and the partition field is incremented
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3'2‘4

by one before continuing normally. If the
"level™ field is false, then obviously the nth
partition of the recursive node has mnot been

Eed

reached. The report of success is thus

rejected and a "try again'" command is issued.

HModifications to "failure"

a)

The goal for which failure is reported 1is a

recursive node.

A report of failure at this stage indicates
that the entire nth partition of the recursive
node has been scanned without success. However,
it is possible that success had previously been
reported ~in the nth partition of the recursive
node and that the current report of failure is
the result of a "try again" command to the
recursive node, In that case, there 1s a
possibility of satisfying the recursive node in

the =nth + 1 partition, Thus, one of the
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following two groups of actions are carried

out:

i) If the '"success" field is "true', the
“"partition” field is incremented by one, the
“ouccess" field and the "level'" field are set
to "false", and the pérser continues normally
as if the recursive node had been made a goal
for the first time. Theée actions effectively
initiate the parser for am attempt to satisfy

the recursive node in its nth + 1 partition.

ii).If the "success" field is '"false', then
this indicates that the entire nth partition of
the recursive node had been scanned without a
report of success. There is therefore no
possibility that success for the recursive node
will be found in the nth + 1 or a higher
partition. The report of faillure for the
recursive node will thus be accepted.
Additionally, the corresponding recursion list
1ine is no longer required for the recursive

~

node and it is thus returned to a “"free
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recursion line list",

b)

The goal for which failure is reported 1s a

cycle node.

The report of failure 1s accepted and the

partition field is incremented by one,

3.2.5 Modifications to "trv again"

a)

The goal which dis told to try again is a

recursive node,

The recursion list line which was previously

associated - with the - recursive  node is
reestablished. For this purpose, the "rsup",
"rsub", and "rpred" fields of the recursion

list 1line are provided. Again, the details of
their use will be explained at a later stage
(see 4.2), Another try again command is then

issued,
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b) -

The goal which is told to try again is a cycle

node,

The only actions here are that the partition
field 1is decremented by one and that the
"level"™ field 4is set to "false", The reason
for setting the "level" field "false" at this

stage is as follows:

When a recursive node is told to "try again",
the "level" field is still ‘Ytrue" from the
previous report of success for the recursive
node. If the "partition" field happens to be
zero, then the "level" field should contain
"true™., If the field happens to be greater
than =zero, however, the level field should be

set to "false",  This will automatically be

done by the '"try again' command to the first

cycle node which is told to "try again".

A second instance where the "level' field must
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be reset to "false" on a 'try again" command to
a cycle node occurs when the nth partition of a
recursive node has Dbeen reached with some
partial success being reported in this
partition. The "level™ field will thus be set
to "true". However, it may well happen that
. this partial report of success is later foﬂnd
to be unsuitable because some component could
not be recognized. "Try again” commands will
thus be issued. These commands should then
reset the "level'" field to "false" when a cycle
node is told to "try again'. Otherwvise, there

is a distinct possibility that a report of

success in the nth - 1 partition would be
accepted since the "{evel™ field incorrectly
remained "true". This could quite possibly

cause the parser to go into an infinite loop
because a "try again" command for the nth
partitio; will returﬂ a report of success for
the nth - 1 partition which will subsequently
be found unsuitable and result in a "try again"
command for the nth partition ... etc... ad

~

infinitum,
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It . is ‘well to summarize the effects of these

modifications in order to bring their purpose back into

focus. They basically carry out three distinct
actions.
1. A report of success for a recursive node at any

one time is accepted only for the nth partition

of that recursive node.

2. The entire nth partition of a recursive node is

tried before the nth 4+ 1 partition is tried.

3. The nth + 1 partition of a recursive node 1is
tried only 41if success had been previously
reported in the nth partition and a subsequent
try again command to ﬁhevfecursive node failed
to produce success in the remainder bf the nth

partition of the recursive node.
It dis obvious that the method of handling

recursion presented so far will easily handle all type

1 cycles of a grammar as long as these type 1l cycles
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are not interconnected in some way.

There are however some difficulties involved
with type 2 cycles and cycles that interconnect in some

way. These will be discussed in the following chapter.
To complete this chapter, a flowchart of Flbyd's

algorithm with the modifications mentioned in this

chapter follows.
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Chapter 4

A GENERAL RECURSION HAMDLING ALGORITHM

We have seen in the previous chapter how simple
type 1 cycles ﬁay be handled. In this chapter, the
handling of type 2 and type 3 cycles will be discussed.
This will be followed by a description of some routines
that are necessary to do proper housekeeping of the
recursion 1list lines. Foliowing this, a new flowchart
including these modifications will Dbe presented and
this 'will then in effect Dbe the complete, general

parsing algorithm for context-free grammarS.

4,1 HANDLING TYPE 2 AND TYPE 3 CYCLES

-

The qlgorithm presented in Chapter 3 for
handling type 1 cycles is also sufficient for type 3

cycles and needs no modification to handle these
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cycles, Type 3 cycles'will therefore not be further

discussed.

Type 2 cycles however do require a slight
modification of the recursion handling élgorithm.
Recall that type 2 cycles have mdre than one entry
notion and therefore have more than one cycle notion of
which only one is active for any invocation of the
cycle. For example, suppose{Ao, Ai’ e ooy Ai’ oo e Ah} is
a cycle with entry notions A, and Aj . Thus, there

exist production rules

WO.

o0’ where Ay is a cycle node and

Ae .2 Ai’ Ve where Ai is a cycle node.

Suppose further that the cycle was initially invoked

via entry mnotion A Thus, Aj is not an active cycle

o
node, i.e., it does not reinvoke a cycle since no such

cycle was initially invoked via entry notion A3,

However, 1in attempting to satisfy the recursive

node A , the production rule Ai‘i: Ai’ Vi, may well be
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applied at some stage and the paréer is now faced with
the problem of recognizing that Ag is not an active
cyclé node. Tf this is mnot recognized, then it is
possible that some data areas of the recursion list
line associated with somne pfevious invocation of the
cycle via the entry mnotion A{ will ©be incorrectly

altered,

'Fortunately, it is a felatively simple matter to
determine whether a given cycle node is active or not,
’When a cycle node Aj is made a goal, it is first of all
determined if there 1is some recursion 1list 1line
"associated with the entry notion Ai' If not, then we
can immediately say that the cycle node Ai is not
active. If there is a recursion 1list line for the
entry notion Aj, the stored input string pointer value
"ry", stored when a recursive node AjJ was previously
made a goal, is compared with the current value of the
input string pointer "j". If these two are equal, then
obviously the parser has .proceeded along a parse
Aifiﬁ‘ Ai , w. and thus the cycle node is active since
the cyéle is reinvoked., If the two pointer values are
not the same, then the parser has obviously proceeded
along a parse Ai;ib’wi s Ai’ WZ' and the Aj of the

r.h.s. obviously does mot reinvoke the cycle, i.e. it
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is not active,

It 1is now necessary to chord whether or not a
given cycle mnode 1is active. This will be done by
extending the analysis record to include a f£ifth entry
for each line, called the "active" field. This will be
set ‘tq "erue" if an active cycle node is made a goal
and to "false" if an inactive cycle mnode is made a
goai. All goals other than cycle nodes ignore the
Mactive" field. To demonstrate the mneed for this

+

field, consider the following situation:

A cycle node 1s made a goal and subsequently
success is reported for it. If the cycle nodé
was originally active when made a goal, then
its "partition" field must be incremented. If
it was not active origiﬁally, then no special
action must be carriedv out and it must be
handled just as an ordinary node. Therefore it
must be known whether or not the cycle node is
éctive. This can no longer be determined by
comparing an "rj" value with a current input

string pointer value because the dinput string

pointer will have a different value than it had
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whgn'the cycle nodé was originally made a goal.
The fact that success has been reported for the
cycle node indicates that some recognition took
place in the input string and the input string

pointer will thus have been advanced.

The above example demonstrates the necessity for

storing an activity indicator for a cycle node when 1t

is first made a goal.

‘There are therefore a few minor changes to the

flowchart of page 79bin order to allow the algorithm to

handle type 2. grammars. These are

In the entry portion of the flowchart, a test
to determine whether or not a cycle node is
active must be inserted immediately after the
decision that the goal is a cycle node. If the
cycle node is active, then the "active' field
of the analysis record must be set to "true"s

if the. cycle was not active, this field must be

set to "false".
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2. The decisions of whether or not a goal is or
was a cycle node should be changed to read
Mactive cycle?“f insfeadA.éf Yeyecle?" in the
"success', "failure", and "try again'" portion

of the flowchart.

4.2 ADMINISTRATION OF THE RECURSION LIST

The remaining portion of the recursion handling
algorithm which has as yet not been explained 1is the
administration of the recursion 1list lines. A short
description of the organization of the recursion list

and the recursion pointer list is required.

As was mentioned previously, the recursion
pointer list is a list of all recursive notions of a
grammar. For each recursive notion, there is a pointer
field “rlp" which points to the recursion list line

currently associated with the recursive mnotion,
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Initially, there will be one recursion list 1line
associated with eaéh recursive notion and "rlp" will
contain a link to this line, The "rsup'" field of all
these lines is initially set to =zero to denote that
this particular 1line is merely a dummy entry required

for administration purposes.,

The unused lines of the recursion list are
chained together wvia the ‘"rsub" field and a global
variable contains a pointer to the first of these
chained 1lines, Obtaining wunused lines and returning
used lines from and to this "empty list" is therefore
easily carried out,

The "rlp" field of the "recursion pointer list"
will always contain a pointer to the recursion list
line associated’ with a currently active cycle, Since
there may be other entries in the recursion list for a
particular recuf;ive notion, these entries are chained

.together via the "rsup", "rsub", and "rpred" field of

the recursion list lines,

Administration of the recursion 1ldist and
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recursion pointer list may now be divided dinto four

logical groupings:

Pushdown,

This operation 1s carried out whenever a new
recursive node is made a goal of the parser,
"Pushdown" consists of obtaining a new
recursion list line from the "empty list",
proper initialization of this 1line, and the

carrying out of administrative functions.

Popup.

This operation 1s carried out when failure is
reportga for a recursive node throughout an
entire partition. The recursion list 1line is
returned to the "empty list" and administrative

functions are carried out.’
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3. Setdown.

This operation is caxrried out when a recursive
node is told to "try again". Setdown will find
the recursion list line p:eviously associated
with this recursive node and place a pointer to
this 1line in the - proper "rlp" field of the

tecursion pointer list.

4, Setup.

This operation is carried out when success 1s
reported for a recursive node. It causes the’
recursion list line to be saved so that it may
be found again by a subsequent 'setdown"

operation,
The detailed operation of these routines is

given 1in the flowchart that follows. The terminology

is as follows:
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1. "rip" stands for the <contents of the "rlp"
field of the entry of the recursion pointer
list associated with the recursive notion

currently under consideration by the parser.

2. "rle" contains a pointer indicating the next

.empty line of the recursion list.

3. Quantities ‘"rsup", Mrsub", Yrpred", I'"part",

A\ 11

"suce", "level", and "rj" of the recursion list

T

are always dimplicitly subscripted Dby 'rlp

unless explicitly subscripted otherwise,

4, "j" is the input string pointer,

The simiiérity betweeﬁ the administration of the
recursion list and the administration of the analysis
record 1is quite evident. It is useful now to go through
an example demonstrating how these operations work in

the recursion list. .
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Conéider a grammar with a cycle whose entry
notion, is A. Suppose further that ‘the following rule
exists in the grammar:

A,w,. where W %w A, Wye

2 2 3° H

Then, when Z is made a goal of the parser and after w,
has been recognized, the recursive node A of this rule
will be made a goal. When this happens, a "pushdown"
is executed and the recursion 1list line for TAY  1s
recorded as a subordinate in the "rsub" field of the
previéus recursion list line for "A™., After an "A" has
been recognized, a "setup" operation is executed which

will cause "rlp" to be reset to this previous recursion

list line.

During the subsequent recognition of w, , the
"

node "A" in "wg, A, wy.' will again reinvoke a cycle
and a new "pushdown" operation will occur, The "rsubd"
field of the ;nitial recursion list line will be set to
point to this new recursion list ‘1ine. - The '"rpred"

field of this new recursion list l1ine will thus be set
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to point to the previous recursion 1list line which was

created by the recursive node A in "wg,A,w,".

If subsequent 'try again' commands are given,
then the recursion list lines will be reestablished in
exactly the opposite order in which they were created;
an order which exactly parallels the order in which the
goals of the parser are reestablished., It is obvious
that the four routines "pushdown', "popup", "setdown",
and "setup" are exactly what is needed to ensure that

the correct recursion list line is always available,
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Chapter 5

PARSING OF ALGOL-68

In this chapter the’two-level syntax notation
used iﬁ Algol-68 (4) will be explained. This will Dbe
foliowed by a description of how two-level syntax may
be partially transformed into one-level syntax and what
the limitations of £his process are., Occasionally,
production rules of Algol-68 will be referred to by
their number in the report(4). The notation used will

be (ffrule number). Thus, (#8.2.2.a) refers to rule

number "8.2.2.a" of the Algol-68 report (4).

5.1 BASIC DEFINITIONS

Recall from chapter 1 how the syntax of a
context-free grammar was expressed. There was a finite

alphabét A= S UD where

= <3a b. C. <.e, 2zt was the set of '"syntactic
k=X s 5 » s ‘ v y
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marks" or "small syntactic marks", and

D= i:, iy e ;3 was the set of "other syntactic
marks",
In the case of two-level syntax, A is extended to

A=s U D VUL, where L= {A, By Cy oees Z} is known as the

-

set of "large syntactic marks',

Now define a “netanotion'™ as a nonempty sequence
of large syntactic marks (recall that a "notion" was a

sequence of small syntactic marks).

Two-level syntax may now be said to consist of

three quite distinct components:

1. an "underlying context-free grammar" and
y

2. a "superimposed context-free grammar" and

3. a “substitution mechanism".
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5.1.1 The underlying context-free grammar

The underlying~ context~free grammar 1s a
c.f.pes.g. in the usual sense as defined previously
with the exception that notioﬁs may consist of
sequences of both "small syntactic marks'" and Mlarge
syntactic marks". In other words, notions may have
embedded within them one or more metanotions. Thus,
“yirtual MODE declarer: virtual MODE declarator; MODE
mode indication." would be a valid production rule of

the underlying context-free grammar,
Two other terms that will be used in connection
with the production rules of the underlying

context-free grammar must be defined,

Definition 5.1

A metanotion is termed a "free metanotion of a

production rule" if it occurs only in the r.,h.s, of the

production rule and not in the l.h.s, of the rule,

Pefinition 5.2

A metanotion is termed a "constrained metanotion
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of a production rule" if it occurs in the l.h.s. of the

production rule.

5.1.2 The superimposed context-free pgrammar

The superimposed context-free grammar is a

cofepes.g. defined as follows:

v

Ve 5 2 Zz) where V., = {x} x 1s a

- 6=(Vus

metanotion},

¢

YT= {y\y is a sequence of small syntactic marks}
P = ‘{rlr=x:z. where x€ ¥y, 2z € (Y_NU_V_T)*} s

and Z is any.xG;EN, 7 will in fact usually be a
different metanotion - every time the
superimposed grammar is used. The function of
this grammar consistg of returning a string of
terminals produced for any particular
metanotion Z wupon request, where Z 1is a
metanotion that is supplied at the time of
request and may be a different metanotion for

~

each request,
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It is further stipulated that any‘subset g_of P where Q

= {x:zi., XiZge 5 e x:zn;§ may be replaced by "xtz 43

1 SRR

This definition of the superimposed context-free
grammar is in fact very similar to the definition of
context-free grammars given in chapter 1. The

followihg differences should be noted:

1. whereas a (terminal) "symbol" of a context-free
grammar is 2 notion ending with the protonotion
"symbol", a (terminal) "symbol" of the
superimposed context-free grammar is a sequence

of small syntactic marks.

2. whereas a "hon-terminal' of a context-free
grammay is a notion consisting of small
syntactic | marks, a 'non-terminal" of the

s .
superimposed context—-free grammar is a

metanotione.

3. sequences of notions in production rules of a

context-free grammayr are separated by commas to
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make possible the identification of the end of
one aotion and the start of the nezt; In the
superirmposed context-£free gramszar, blanks serve
to separate th; terminals and non-terainals.
Blanks embedded within a sequence of sm»all
syntactic marks do not take part in this rule
as they are considered as belonging to the
sequence of smpall svantactic marks., Thus, in
"YICTAL reference to MGDET declarator™ appearing
on the r.,h,s. of some production rule of the
sﬁperimposed context-free grammar, there are
four separate comrpunents:

a) a non-tercinal "YICTLL" followed by

b) a terminal "reference to" followed by

¢) a nonterminal MMCDIY followed by

d) a terminal "declarator”,

. The superimposed context-free grazmar does not

A~

have a single hezd in the sense -of a wnormal

Yote that it is inpcssible to have two terninals

occuring together in a rule of the superimposed

context-free graamar since any sequence of small

syntactic narks is considered 2s a single terminal,

g7



However, non-terminals of the superimposed context~free
grammar may occur together and are separated by a blank

when they do.

5.1.3 The substitution mechanism

We now consider a two-level grammar as a
generator of sentences. This will be done by producing
sentential forms consisting of (terminal) symbols from
the head of the language, This head will be some
hon-;erminal of the underlying context-free grammar.
The productions are themselves taken only from the
underlying context=-free grammar., If, during the
application of a production rule, free metanotions
occur, . then we invoke a mechanism which, using the
superimposed contekt—free grammar, will deliver a
sequence of sﬁall syntactic marks - generated fron the
free metanotion of the underlying context-free grammar,
The production rule of the wunderlying context-free
grammar is then ;fplied in order to produce another
sentential form, Furthermore, if the free metanotion
occurs more than once in the production rule, it must
be substituted for consistently throughout that

N

production rule.
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The‘situation may now arise that the mechanism
described will generate a notion (consisting of course
of small syntactic marks) which does not appear as the
l.h.s. of any production rule -of the underlying
context-free grammar. However, there may be production
rules with a l.h.s. containing constrained metanotions,
such that, when these constrained metanotions are
replaced by small syntactic marks (obtained according
to the production rules of the superimposed
context=free grammar), then the l.h.s. so obtained 1is
jdentical to the mnotion of small syntactic marks

indicated above.

Tor example, suppose the superimposed
context-free grammar contains the rule "MODE: real;
integer." and the underlying context-free grammar

contains the rule "reference to MODE: referemce symbol,
MODE symbol," bQ; does not contain a rule having a
1.,h.s. of '"reference to real.". Assume now that for
some sentential form the notion "reference to real'" was

generated. There is no rule of the underlying

context-free grammar having this notion as a l.h.s, but
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“"reference to real" may be obtained from "reference to
MODE" by substituting "real" for the constrained
metanotion "MODE" where "real" was produced from '"MODE"

using. the superimposed context-free grammar.

In such a case, the 1rule with the 1.h.s.
"reference to MODE"™ may be applied to produce the next
_ sentential form providing the following condition is

met:

all occurrences of constrained metanotions
within the production rule being  applied are
first replaced by the sequences of small

syntactic marks which were generated from the

constrained metanotions, This substitution
must be consistent throughout the entire
production rule, Thus, in the previous

example, the production rule that would be
applied is not '"reference to real: reference
symbol, MODE symbol." but is instead "reference

to real: reference symbol, real symbol,",
This completely defines the operation of

two~-level syntax insofar as generation of sentences 1is

concerned, These operations may of course also form
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the basis of a recognizer bf‘sentences.

Several problémsﬁhave“been.dbnveniently ignored
in this discussion such as for example which production
rule of the wunderlying context~free grammar 1s a
possible candidate forl a production to be applied to
some notion., These problems are however of no further
importénce here, The interested reader 1is referred to
the Master's thesis of B, Wiebe who is studying these

problems of two-level syntax analysis(5).

We may consider two-level syntax as a device
described by a finite number of two-level syntax rules,
This device has the <capability of generating an
infinite number of one-level syntax rules., We may also
say that this two-level syntax device defines an

infinite number of context-free grammars.

For any particular program, only éne of these
infinite number of context-free grammars which describe
.that program need be considered, However, this
context-free grammar must first be generated by the

two-level syntax device. This process may involve the
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generation of a.large number of context-free grammars
before a suitable grammar describing the program is

found.:

Thus, the two=-level syntax may be considered as
being a generator of one-level syntax, context-free
grammars-which describe certain sentences being parsed.
This mechanism makes it relatively easy to enforce
context dependency such as for example restricting the
use of real identifiers to those that have Dbeen
previously declared as real identifiers. This context
dependency may be completely described syntactically
using two-level syntax. The followihg grammar

demonstrates this property.

Example 5.1

a) Superimposed context-free grammar
1, COUNT: x; COUNT x.

2, LETTER: aj; b co

b) Underlying context-~free grammar

1) program: COUNT a, COUNT b, COUNT c.
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II) COUNT x LETTER: x LETTER, COUNT LETTER.
III) x LETTER: LETTER symbol,

. The head of the grammar is the notion "program”,

This twvo-level syntax grammar now defines
. T ] n n 1
sentences which are of the form a b c o For

example, "aabbcc'" is generated as follows:

¥
program=—>»xXa, Xxb, xxc. (since COUNT=>xx by

1.) by application of I).

For each of xxa, xxb, and xxec apply rule 1II)
with COUNT= x and LETTER= respectively a, b,
and ¢. Thus, for xxa, the production rule "II)

XXa: Xa, Xa.'

is applied.
Applicafion of I11) will then yield ‘'xa:
asymbol.", since "LETTER==>a" by 2. .
There is however one serious difficulty with the
two-level generator as it has been described, A large
~amount of time may conceivably. be spent in the

generation of one~level syntax grammars which must then
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be followed by the parsing mechanism for parsing the
input sentenée ‘according to the one-level syntax
grammar generated, Falilure would then cause the
two—lével syntax mechanism to generate new one-~level
grammars which will be wused to parse the input
sentence, It is evident that this whole mechanism will
tend towards a rather timeconsuming parsing process and
it would be preferable if some device for Increasing

the parsing efficiency could be employed.

An alternative approach would be to attempt the
reduction of a two-level grammar to an equivalent
one~level grammar. Such a process and its limitations

are discussed next.

5,2 REDUCTION OF TWO~-LEVEL SYNTAX TO OND~-LEVEL SYNTAX

Let us take for example the Algol-68 production

rule (#2.1.d)"particular program: label sequence
option, strong CLOSED void clause.". The production
‘rule for M“CLOSED" in the superimposed context-free

grammar of Algol-68 states that "CLOSED: closed;
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collateral; conditional.ﬁ(#l.Z.B.d). We now rewrite the
rule for "particular program" as '"particular program:
label sequence option, first new notion." and add to
the underlying context-free grammar for Algol-68 the
new rule "first new notion: strong closed void clause;
strong collateral void clause; stréng conditional wvoid
clause.". The language generated bv this new grammar
is of course exactly the same as the language generated
by the old grammar. Notice however that the metanotion
"CLOSEDY" has been removed from this particular set of
production rules and that what remains are two
one-level syntax rules. TFurthermore, there need not be
any difficulty with semantic actions associated with
the new production rules Vsince all information that
existed in the two-level syntax may still be deduced
from the corresponding one-level syntax.

The mechanism just explained wiil work for all
metanotions which produce a finite number of sequences
of small syntaétic marks. For examnle, metanotions such
as "CLOSED", "ADJUSTED", "THELSE", "NINE" of Algol-58
are such metanotions(#1.2), In fact, a major

proportion of metanotions of Algol-68% are of this kind,
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5.2.1 "finite" and "infinite'" metanotions

The metanotions producing a finite number of
sequences will be referred to -simply as 'finite
metanotions", Metanotions from which an dinfinite
number of sequences of small syntactic marks may Dbe
generated will be termed "infinite metanotions.”
"COUNT" of example 5.1 was such an "infinite

metanotion."

The property that makes metanotions infinite 1s
of coﬁrse the fact that productions of the form "Mi;ibwi
s HZ’ Wz’;i>wi’ Vo Moy Wis Wyes (wvhere M,=>vwy, Mg,
qu) are possible, In other words, some form of
recursion‘ exists (in this case ﬂz:i;wz, Mg, wq.)° For
example, one suéh infinite metanotion in Algol-68 is
"MODE" which amongst "real", "integer", and others also

~

produces "reference to MODE". Thus, "MODE" may produce

N
for example "(reference to) real" where n 20 and may
therefore clearly produce an infinite number of
sequences of small syntactic marks. Some other such

infinite metanotions in Algol-68 are "LONGSETY",
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"NOTION", and other metanotions which are rela
MODE., At this point, it is instructive to con

set of production rules from the Algol-68 report

Example 5.2

a) superimposed context-free grammar
The grammar contains rules which m
possible to derive "real" and also ''re

ted to

sider a

.

ake it

ference

to MODE" from the metanotion "MODE"G&iuiai-@>o

b) underlying context-free grammar.

The grammar contains amongst others tw

similar to

.

1. (#7.1.1,b) virtual MODE declarer:
MODE declarator.
2., (#7.1.1.1) virtual reference to

o rules

virtual

MODE

declarator: reference to.symbol, virtual }MODE

declarer,
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Rule 1°’may be changed to read ‘"virtual MODE
declarer: virtual real declarator; ... other 'virtual
MODE Aeclarators' with some substitution for MODE" ...
virtual reference to MODE declarator.". Here we have
merely substituted for "MODE" some of the things that
"MODE"  produces. In the last alternative above,
"reference to MODE" was substituted for "MODE". Rule
2. now defines a "virtual reference to MODE declarator"”
and application of the production rule during a parse
will then make a "reference to symbol" a goal and will
subsequently require the recognition of a "virtual MODE
declarer." . Note however that the rule l. has been
altered and does indeed already define completely what
a M"virtual MODE declarer"™ is. It is obvious that this
mechanism has again produced omne-level syntax rules

which are equivalent to the previous two-level syntax

rules. (One may for example substitute '"mode" for
"MODE" and theé grammaf would remain the same in this
particular instance.) Surprisingly enough, this

mechanism agaln works for the majority of infinite
metanotions in Algol~-68, 1In fact, a thorough study of

the 288 produdtion rules of Algol-68 revealed only two
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prbduction rules containing dinfinite metanotions for -
which thié process does mnot work (#8,2.1.1.a) and
(#8.2.2.1.a) . It is possible that there may be one or
two more cases where the mechanism will not work and
that these were not found im the preliminary
investigation because of the complexity of the grammar.,
Any such cases will be discovered later when a complete
reduction of the two-level syntax of Algol=-68 to
one-level syntaﬁ will be completed. At any rate, it
may be safely stated that the percentage of rule of
Algol~68 which may be transformed from two-level syntax
to one=level syntax 1s approximately 99%. This
trangformation however does create additional problems

which will be covered shortly (see 5.3).

The dinfinite metanotions for which the above

.

procedure does not work are of the following kind:

s

1. a metanotion "A" is defined as "A: a; DbA.",

and

2, there exists a production rule "cA:xjcbA,"

in the undexlying context-free grammar.
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The problem in this case occurs because we may

" and no finite

have "eA = cbA=scbbA =S ... =pcb A= ..
aumber of one-level syntax rules can describe this
infinite set of notions neb AT, Fortunately, as has
been mentioned, only two of these rules (#8.,2.1.1.a)
and 8.2.2.1.a) have been found din the syntax of

Algol-638. These rules may be circumvented as will be

indicated later.

5.3 THE CONTEXT PROBLEM

One serious problem arises when two-level syntax
rules are changed to omne~level syntax rules,. If a
metanotion occurs more than once in some alternative of
a production ruie, thé two-level syntax demands that it
be substituted for consistently. It is this device

-

which assured that the grammar of Example 5.1 generated

t an bn n n

only sentences - of the form c . During

translation from two=level syntax to one-level syntax,
1

this context dependency is lost.  DExample 5.3

demonstrates how the two=-level grammar of Example 5.1
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is changed to a one=level grammar with this context

problem,

Example 5.3

1. program: COUNT a, COUNT b, COUNT c,
2. COUNT a: xa; COURT x a.
3. COUNT b: xbj; COUNT x b,
4, COUNT c¢: xc; COUNT x c.
5. xa: asymbol,
6. xb: bsymbol.
7. xc: csymbol.
8. COUNT x a: xa, COUNT a,
9. COUNT x b: xb, COUNT b,

10, COUNT x c: xc, COUNT c.

This grammar is a one-level syntax grammar since
no special significance 1s attached to "“COUNT"; in
fact, it may be repléced by "count"., It is obvious
though that this ‘grammar will not only generate "d& bl
¢™ but will generate sentences of the form "aX bY ¢ 2 "
for any x,y,z 2 1. This 1s so because rule 1. as a

1

two-level syntax rule ensured that the number of a's,

b's, and c's generated will always be equal. However,
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this condition is not met Dy the one-level grammar

above.

At first glance it would appear that this is a
serious problem in reducing two-level syntax to
one~level syntax. However, an examination of the 288
productioh rules of Algol=68 reveals that only 19 rules
will give rise to this problem. A closer examination
of these rules shows them to be generally in one of two

broad categories:

1, One category of rules ensures that certain
classes of wused iddentifiers are identical to
those that have previously been declared to be

in that class of identifiers, and

.

2. the second class of rules concerns itself with

changes of type (or mode" as it is called in

Algol-68) in say an assignment statement.
rraditionally, the wuse of identifiers has not

been connected by syntax to their declaration.

Instead, tables are generally built up for didentifiers
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and - there is no reason why the traditional approach in
this case should nét be used for Algol=-68. We may thus
assume.that rules giving context problems i1insofar as
declaration and use of identifiers is concerned, may be
ignored in the reduction of two-level syntax to
one~level syntax and that traditional methods of

handling this problem exist.,

The second instance where this context pé&blem
occurs 1s not so easily disposed of. Other languages
such as Algol-60 have cases where type changes occur
such as for example the assignation of an "integer" to
a "real". However, in these other languages, the basic
types or modes have generally been finite whereas
Algol-68 allows an infinite number of modes, An
infinite wvariety of type <changes must therefore be
allowed for in Algol—68. Thus, the way in which modes
are changed from some a priori mode to a mode required
in some certain‘éontext has been rigidly defined by
. two-level syntax . in Algol-68. These changes of mode
are known as "coercions"™ in Algol-63. Reduction of the
two-level syntax to one-level .syntax causes the

information of what coercions are necessary in any one
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case to be lost.

One possible solution to this problem would be
to completely remove the rules governing coercions from
the syntax of Algol-68 and shift the burden of
determing the type of <coercions vrequired to the
semantic routines., At any rate, ‘the one-level sfntax
derived from the two-level syntax will always be able
to pass on to the semantic routine the a priori mode
- found in some context and the a posteriori mode that is
reduired in that context. The semantic routines will
then have to ensure that the coercions are carried out

properly.

5.3.,1 Rewriting Algol-68 syntax

It must be obvious at this stage that rewriting
the two-level syntax of Algol-63 will result in a
one-level syntax of Algol—68 containing a sizeable
number of produétion rules.. A partial rewriting of
Algol-68 as a one-level grammar done by the writer has
resulted in 800 one-level syntax rules with the end of
the translation not yet din sight, A reasonable

estimate would place the total number of one-level
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syntax rules for Algol-68 at about 1500, It must also
be appreciated éhat. the one=level grammar generated
will by no means be a final one but may be expected to
undergo considerable change during the writing of an
Algol-68 compiler, Difficulties with context problems
previously discussed should make it clear that changes

to the syntax should be expected.

As anyone that has worked with restricted
grammars (such as for example the Wirth-Weber
precedence grammars previously mentioned) knows,

changes to a grammar will generally cause disturbances
in other parts of the grammar and can often require a
fair amount of work im "fixing up" the grammar to
conform to given restrictions. With a large grammar of
about 1500 production rules, the amount of "grammar

fixup" time and effort may well become prohibitive,

‘5.4 RELEVANCE OF THE GENERAL PARSING ALGORTTHM

The need or wusefulness of 'a general parsing

algorithm that was developed in the previous chapters
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is of course apparent now, The reduction of Algol-68
into one-level syntax will generate well in excess of a
thousand production rules which may be expected to

undergo changes during the initial compiler~writing

attempts.

In order that efforts may be concentrated on the
semantic actions and administration of data areas
during the initial compiler-writing stages, 1t will>be
necessary to keep grammar "fixups'" to a reasonable
minimum. Once the semantic routines and
representations of data areas have been "debugged" and
"frozen" for some compiler, efforts may then be
concentrated on the comparatively simple problem of

designing an efficient parsing method for the compiler.

The general parsing algorithm developed in this
thesis fulfills tﬁese requirements since it will accept
any context-free grammar. It has the added édvantage
that syntax rules do mnot have to be traﬁsformed and

1"

this will make the "debugging" of the semantic routines

somewhat easier.
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Chapter 6

CONCLUSION

In conclusion, the. general parsing algorithm
presented here is mnot very suitable to production
compilers. Due to its generality and backtracking
ability, it entails a certain -amount of inefficilency
which should not be built into a production compiler if
it can be avoided. However, it 1is a very useful
algorithm for the development of a compiler since it
requifes 1ittle effort to be expended on the parsing
aspect of the compller and allows the major effort to
be directed to solving the semantic aspects of the

compiler.

A second topic touched on in chapter 5 was the‘
reduction of 'Eﬁe two~-level syntax of Algol-68 to
one-level syntax. It can be concluded that 1t is
generally not possible to reduce two-level syntax to
one-level synt-ax° However, if one restricts oneself to

‘actual twvo-level grammars used in describing
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programming languages (specifically Algol-68), then the
problem of reducing two-level syntax to one-level
syntax is generally solvable with only a few
difficulties. The conclusion is that the reduction of
the grammar of Algol=-68 to oneflevel syntax 1is a

promising exercise and should be carried out,

However, when this grammar transformation 1is
applied to the syntax of Algol-68, a rather large
‘context-free grammar estimated at about 1500 production
rulés results., Furthermore, this grammar may be
expected to undergo considerable modification during
the compiler-writing process. This necessitates the
exiétence of as general a parsing algorithm as possible
in order that the main efforts of the compiler writing
process may be concentrated on the semantic aspects of
the compiler. Once the semantic problems have been
solved, efforts can be concentrated on providing an
efficient parsing algoritﬁm based on the grammar

finally obtained.

Chapter 5 in fact demonstrates the wutllity of

the general parsing algerithm developed in this thesis
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and  constitutes the major motivation for the

1.

development of this algorithm.

As

P

de from this, no general top-down, left-right
parsing algorithm for context-free grammars was known
to the writer and the development of such an algorithm

is thus a valid academic exercise.

It is appropriate at this point to mnention
briefly some worlk done on parsing of LR(k) grammars., A
knowledge by the reader as to the nature of LR(k)
grammars 1is assumed here. The reader not familiar with
LR{(k) grammars is referred to'(6) for a description of

them,

Two algorithms for parsing LR(k) grammars which
may be considered as being representative of the work

on LR(k) . grammars are discussed here. The first is

-

basically a bottom=-up élgorithm by De Remer (9) and the
second is a top—hown algorithm by Farley (15), Roth are
quite geneyal in their ability to handle LR(k) grammars
which form a large subset of the context-free grammars,

Indeed, the bulk of the grammars describing existing

C
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languages are essentially LR(k), De Remer in fact
reasons in (9) that a language designer will normally
design LR(k) grammars quite naturally and the languages

developed to date appear to support this contention.

Both algorithims, however, are mnot completely
. general because k mﬁst be specified, De Remer in (9)
sets a maximum Qalﬁe on k, (usually k=3) and then
proceeds to accept a grammar., lis algorithm initially
assumes k to be zéro and develops a simple  and
efficient parser for the grammar. If it is found that
the grammar is not LR(0), k is iqcreased and so is the
complexity of the parsecr generated. This process
continues wup to the maximuﬁ value of k. 'If at that
point, the grammayr is still not LR(k), it dis assumed
that the grammar is ambiguous and the algorithm stops
(see for example (7) where it is shown that LR(k)
grammars are unambiguous).

Earley's algorithm carries out a similar process
although in his algorithm k appears to be fixed at its
maxinmum value, It must therefore be ensured that any

given grammar is indeed LR(k) before his algorithm is

120




used,

We " thus see that both these algorithms are not

general for —context~free grammars since they are

.

—
Py

"

restricted to LR(k) grammars where some value for
must Dbe specified. A further comnlication that arises
is that the demands of the algorithms on computer
resources (time and space) “increcase with k and that
these will place some finite upper limit on k.

The algorithm developed in this thesis however
is perfectly general for all context-free grammars and
indeed will accept an LR(k) grammar where k- oo, The

algorithm is furthermore independent of k.

It should of course be noted that the algorithms

e

due to De Remer and Farley are very efficient compared
to the algorithm presented here, especiallv  for LR(k)
grammars with a low wvalue for k. Hoﬁever, their
comparative effi;iency diminishes as k& dincreases. A
finite wupper boﬁnd for k exists in both De Remer's and
Earley's algorithm if these algorithms are to be

implemented on modern computers., This difficulty does

not exist with our algorithm.



SUGGESTIONS FOR FWITHRE WORY

Since this thesis arose out of a short

preliminary investigation of Algol-619 and its

compilation, the scope for future work remains large.

It  is suggested that the general parsing

OO

algorithm developed here be made more efficient by for
example rewriting it in a low level language, Several
features may also be ;dded to the parsing algorithm to
improve 1its efficiency. One such feature would be to
prevent backtracking generally and allow Dbacktracking
only when it is specifically allowved for some notion.
The algorithm is sufficiently.open“ended to allow this
to be done with ease by'inserting special codes into
the code field of the syntax definitions and providing

a minor alteration to take non-backtracking dinto

account,

There shodld alsoc be routines that translate
syntax rules from some form easily readable to the user
to the syntax table which is used internallv. This is

essentially a trivial problem,




Another more involved, but possible, routine
that should be developed 1is one which would use the
syntax table generated in order to identify cycles,
recursive nodes, and cvcle nodes since this process may
take a considerable amount of time manually for

involved grammars. .

The major project that must be performed, and it
is hoped that this will be completed by the summer of
1971, dis the rewriting of Algol-58 as a one-level
syntax'and a thorough examination of the grammar thus

obtained.
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APPENDIX

This appendix conslsts of a 1isting of a PL/l program
for the general parsing algorithm plus a few examples demonstrating
its operation. The program listed here was written in oxder to
test the general parsing algorithm and as such contains many
statements that were used to providé trace output so that the
operation of the program-could be easily monitored., A further
design philosophy was to make it as easy as possible to debug the

progrem through the use of medular design,

The progran listed here is thus not intended to be an =
efficient encoding of the general parsing algorithm but is nerely
a teét program, It has been included iﬁ}this_tbesis along with
a few examples in order to demonsirste ﬁhe operation of the
general parsing algorithm with actual examples, It shculd also
be noﬁed’that some minor differences exist between the progran

and the algorithnm developed in the text of the thesis,
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Example 1

prog : id, semicolon symbol.
id ¢ id, letter; letter.

letter : asymbol: bsymbol.

Definition tree
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Example 2

prog: a0; semicolon symbol,
a0: als wsymbol, bl,

al: a2y xsymbol.

a2:a0, ysymbqlo

bl

an

az, zsymbol,

Definition tree
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Example 3

prog: id, semicolon symbol,
id ¢ idi.
idl ¢ id, letter; letter.

letter: asymbol.

Definition tres

Pred
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Example 4

a ¢ b, semicolon symbol,
b ¢ d, esymboly £, gsymbol.
d : b, hsymbol; b; esymbol, -

f ¢ b, esymbol.

Definition tree
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/ S T~ ~N

b, hs7MAbcl)k{/ @syvmbﬁl o b_)QSymabe\




Example 5

a ¢ b, semicolon symbol,
b : bl; asymbol; e, asymbolégasymbolc
bl s b, bsymbol.

¢ 5 b, csymbol,

Definition tree

Oc

i

o e i b . S(iv\.\iCG(C'tfa S‘jw\\pd

! \
\ I ' N l
\ \

‘b N b S\// wmbal \b ) C/Sy mbal

\ . \
/ bi ) D\S\/mbel ) C’l? a\syw)ml

asywmbol

&



Example 6
a : b, bsymbol.

b s by, ¢c; asynhol.

¢ ¢ b, csymbol, b

Definition tree

P b ) bsy AN OL

-~ s
/! \
\

‘/b)(‘, \

\
\

\

\
\

~b ; C-.S}im\a-:lﬁ b

-



Example 7

a ¢ b, bsymbol,
b s ¢, csymbol; asymbol,
¢ : b, gsymbol: d, dsymbol.

d : ¢, esymbol; fsymbol.

Definition tree

G

l

,;;”L') 3 L)SZ}W}OQ‘

' - P - .
/ - /
L e el asjum\oel
/ ////// ;7\\\\\\\\\\
G S \/('\.lL)()\. \ ' v\ Ol\ v\/u\oal
) 373 \

X/////(

c , e sy wbol 5;‘53'\/@)@'\,



O U W N

10
17

13

ST R L N W

Mg

GE

Pz

EN

pr

EN

2V

DT AN P aia A i b

INe PROGCEDUSE (PARM) COTIONS (MAIN); .
DCL ParM CHLRACYEF (1090) VARYINGS
REGTN;S
NCL (MGTAL, NRSy NRLU, NAR, NTL, NSL, NSTRIMG) BRIN FIXED:
OM EMDEILE (SYSINY REGIN: GC T4 STGOPs EMNDS
T_DATE:
MGOAL=123 NRS=20; NRL=103 MAR=350: NTL=30; NSL=50; MSTRINMG=3000:
GET DAT2;
REGINS

DCL (POINT, SUP, SUB, PRED, BRNTHER, COMP, S3N, CIDE, ARP, ARPE,

BLP, RSP, RSPE, J,y L, PARY, SAVE, FINAL_SIZT) 3IMN FIXED,
(RE(NES, 7))y, FPLIMRL, 2}, AR(NAR, %), SL{NSL, &)) BIN FIXED,

TLINTL) CHAPACTER (3) VARYING,
STRIMG CHARACTER (NST2ING) VARYING,
(COPY_1, JQUTPUT) CHARACTER{1CE),

GOAL{OINGNAL)Y LABEL,

(PUTHOOWN, POPUP, SETDOWN, SETUP, SET_AUX, PUT_FS) ENTRY,
P ENTRY (BIM FIXED) RETURNS (BIT(1)),

SET ENTPY (EIN FIXED, BIN FIXED, BIN FIXED, BIN FIXED),
PUT_AR ENTRY (BIN FIXED),

SEZRCH EMTRY (RIN FIXED) RETURNS (BIN FIXED),

RESET ENTRY FETUPNE (BIMN FIXEDR),

{d, REC, CYC, £CT, SUCC, TER¥, LEVEL) EBIT(1);

PROCEDUSE (I} RETURNS (RIT(1});
DCL I RIN FIXED:S
IF SEARCH (1)=0
THEMN FETUEN ('10R)3
CLSE RETURN {1798}

D P3
PP PROCEDURES

AEGING
DCL {suP, PRED) BIN FIXED;
SAVE=ESP3
SUP= RS(REP,1)5 PRED=RS(RSP,3)3
IF PRED=D THEN RSP=SUP; ELSE RSP=PRED;
ESTUP,2)= PREDS
ES{SAVE, 2)= RSPES
RSPE= SAVE;
FLIRLP,2)= RSP;
IF 8
THEN D33
CaLL PUT_RS3 :
PUY FILE (TrACE) ECIT('POPUPTY (COLUMMN(109), A3

EMND3
END 3
0 POPUPS
SHD WM PROCEDURES
SAVE=rS{RSPE,2)3

FEvE



MATM: PICCENURE (PARP) OPTIONS (MATH); coe ' o e

47 PS{2SPE, 1)= RSP; RS(RSPE, 3) = RS(ESP,2)3 RS{RSPE, £) =13
50 RG(FSPE,L2), "S(RSPE, 4), RS{RSPE, 5) =03 RS(RS2E, 7}=J3 2
52 FSIRSP,2)= ESPE:
53 . RL(RLP,2)= ASPE;
£4 £5P=PSPES
55 ASPE=SAVES
56 IF 73
57 THEN DO
58 CALL PUT_RS:
59 PUT FILE (TRACE) EDIT {('PUSFDOWN'Y (COLUMMILOS), A)3
60 END3
51 END PUSHD NN
&2 PUT_AR: PROGCEDURE (4PPY;
€3 DCL #5P BIN FIXED3
&4 ' PUT FILE (TRACE) ENIT
(ARD, V|0, AR(LPP,L1), "', AR(ARDP,2), '[¥', AR{A4RP,3), ']?,
. ATUARP 4, '1%) (COLUMN(L), 5 {(F{5,0), A(1)));
65 PUT FILE (TRACEY EDIT (] v,y tirytl i, i,
(COLUMMISEL)Y (T (X(S5), 8(1)));
66 END PUT_AR; y
67 PUT_RS: PRANCEDURES
&8 PUT FILE (TFACE) EDIT {vfvyt |ttt i)
: {COLUMNILY, (5) (X(S), £(1)))3
59 PUT FILE (TRACE) EDIT
‘ (RSP, {9, FS(FSP, LY, ${f, R3{R3P+2), "]ty RS{RSP,3), {1,
RE(ESD,4 ), 1) (COLUMNISL), 3 (F{%,:0), A{1))); )
70 : IF n§(R5P, &) =1 : N
7 THEN PUT FILE (TRACE) EDIT (! LYY (&)
72 ELSE PUT FILE (TPACE) EDIT (* FIle)y ()3
73 : TF 25(RSP,&) =1
74 THEN PUT FILE (TRACE) EDIT (° Ty (&)
75 ELSE PUT FILE (TRACE) EDIT (? Flty (A)s .
75 ENMD PUT_2S3
77 FESET: PROCEDURE RETURNS {(RIN FIXED);
73 FETURM (J ~ LENGYH (TLISUM)I));
79 . END PRESET;
80 SEARCH: PROCEDUPE (2) RETURNS (BIN FIXED):
21 ) DCL A BIN FIXELD:
92 PEGTNG
23 DOL (I4J3KeL) BIN FIXED;:
R4 IF NPL=0 THEN EETURN {0);
16 I=13 J=MEL; K=(I1+J)/2; L=RL{K,1);
o0 DO WHILE {L-=4)3 .
91 IF >4 THEN J=K-13 ELSE I=K+l;
g2, K=(1+1)/23
65 TF L=2L(K,1) THEN KRETUSK (0)3 ELSE L=RLI{K,1);
<8 : END
39 FETURNIK);
100 END
101 ’ EMND SEARCH;S
102 : SET: PRNCEDURE (M, X, Y, Z)3

103 DCL {4y Xy Yy ZY BIN FIXEDS



RATNE PEACEDURE (PARM) LPTIANS (MAIN);

A

104 ARLARP, 3) = AFPF;3 .
1¢5 . SR LARPE, 1) =Ws AF(LRPE, 2)=X;
107 AR{ARPE, 3) =Y3 AR(ARPE, 4) =13
109 AR(ARDE, G)=J3
110 ARP=ARPE; FRPE=ARPE+LS
112 CALL SET_sUX3
113 iF 9
114 THEN D23
113 TF SUP-=0 THEM DO
117 CALL PUT_AR(SUP);
118 © PUT FILE (TPACE) EDIT{'SUP UPDATE') (CCLUMMN{109), A)3
119 END; ~
120 CALL PUT_AR{AFP)
121 PUT FILE (TFECE) EDIT (ARP,ARPE)
{SKIP{OY, CRLUMN(37), (2}F(4£,0))3

122 END
123 EMD SET3
124 SET_4#4UX: PETCEDURE;
125 POINT = AR(S7P,1)1 SUP= AR(AR H
127 SUB = AR(ARP,3}3 PRFD = AR{AR H
129 BROTHER = SL(PDINT, 1)}; CGMP=SL (POINT, 2)3
131 50N= SL{POINT, 3)3: CCDE=SL(PCINT, 4}3

/% CODES AP E: TERMINMAL=10 */

/% CYQLE=11 =/

7 ’ FECURSIVE=12 */
133 1F CODE =10 THREM TEPM='1'@; FLSE TERM=10'8;
136 TF CODE =11 THEN CYC='1'E3; ELSE CYC= '0'B;
136 IF CODE=12 THEN SEC=*1'B5 FLSE REC='0'E;
142 IF REC | CYC
143 THEN D73
144 TLP=SEARCH(SCNY; .
145 2EP=RL (RLP,2) 3
146 IF PS(RS5P,1)=0 THEM &CT=10'R; ELSE ACT= *1%8;
149 7 THEN IF RE(RSD,T)m= AR{AGP,5) THEN 40T = 10733
152 5¢ =0 THEN SUCC=F0'R; ELSE SUCC='118;
155 54 THEN LEVFL='0%'835 ELSE LEVEL='1'33
158 : :
159
160
161 SETYDOWN: PRNCEDURE;
162 IF 2 THEN PUT FILE {(TRACE) EDIT

: R R N R I e L AR A AAN AERE RN AR
(CHALUMN{LYs (8) (X{3Y, 2(1)), CCLUBN(EY), (TIIX{Z), AL1)))5
124 IF R THEW PUT FILE (TRACE} EDIT (RS0, ¥ SETDAWN TOt, RS{RSP,2))
K (COLUMH(109), F{4,0)y A, F(440))3

166 ESP=FS{RSP, 2)3
167 RL{RLP, 2) = RSP;
148 EMD SETNHOWNG
169 SETUP: PEACEOURES

170 TF 8 THEN PUT FILE (TRACE) EDIT

PEN

T



172

174
175
176

177

17¢
179
122
134
135
137
188

189

131
122
103

164
165

156
127

100

1°9
200
201

203
204
205
206
207
203
2¢e
210
211
213
214
215

216
217

MATN: PROCEDURE (PARM) DPTICMS (MAIN); . ' ‘ PEGE

IR IO D R L f‘v,alr,nil,an?t1:1|{x,t!|)
COLIMNIELY, (SY{X(E), AK{11), COLUMNISL), (7T){X{5), &{1))})3
1F B THEN PUT FILE {TRACE) EDIT (PSP, ' SET up ¥vg1, KS{PSP,1))
(COLUMN{10S)Y, F(4,CYy Ay F{4,01)3
PCP=RS(RSP,1) 3
FL{RLP,2}Y = RSP;
ENND SETUPS

{
{

INITIALTZATIONS
GET LIST ((I, SULIT,*) DO J=1 TO NSL)};
PUT PAGE;
1F PARM='TRACE' THEN B='1'R; ELSE B='C'B;
TF 8 THEN OPEM FILE (TRACE) PRINT LINESIZE(130) PAGESIZE(&0);
TF 8 THEN PUT FILE (TRACE) PAGE;

IF B
THEN DO3
PUT FILE (TRACEY ECIT (TANALY FPECGRD'y 'RECUFSION STACKS!')
(X{7)y &y COLUNN(74), A);
PUT FILE (TRACE)Y EDIT (* S
L l)

{(COLUMNLTY, A{24), COLUMN(&T), A(36))3
PUT FILE (TF2CE) EDILT

(v NOLIPCINTI sue] sual PRED] ARD  ARPE 15P
Mool SUP]  sual PREDI PART] SUCCILEVEL]Y) {CU LU%N(l)y AV
PUT FILE (TRACE) EDIT (7 v
1+ —_1)
(SKIP({1)y COLUMMNIT)Y, A(24)y COLUMNIET), A1351)3
EnD; 7

UT EDIT ('THE FOLLOWING ARRAY BCUNDS HAVE BEEM SPECIFIED OR ARE USED A
BY DEFAULT:='Y (&})s
PUT DaTA {(NAP, NOMAL, MRL, MRS, NSL, MTL, NSTRING) SKIP;
PUT EDIT (TSYNTAX LIST?, ! NQo BRITRH COMP SO CADE')
(SKIP{3)y A, SKIP,; A)s

PUT EDIT ((I, SL{T,%) DO I=1 T2 NSL)} (SKIP, {(3) F(£,0));3 .
GET LIST (7L, STRING);

PUT EDIT ('TER VIN&L LIST®) (SKIP{Z2), &);5.

PUT EDIT ((I, (1) BC I=1 T4 NTL)) {SKIP, F(a,0), X{L1)y, 833

PUT EDIT ('I'!DUT STRING'y STRING) {SKIP(2), Ay SKIP, Ad3

J=13 N2L=03

DO I=1 TO NSL;
IF SL{T,4)=11

THEN D23

IF HP(SL( s 3))

THEN D73
EL(JsL)=SL{I43)3
RL{Js2)=J3

\(Jy )OQ
J J+13 NRL=NRL¥1;
END3
EMD
END s

N I=1 10 KRLS
NN K=1 79 NREL-T3

IF RL (K1) > &LIK+1,1)



219
220
223
224
22%

225

227
228
229
230

231
232

233
236

237
233
239
241

242
2463

2446

248 -

249
250

251
252

253
256
257

258
2460

MATH: PROCEDURE (PaRM) NPTICNS (MALM) 3

i

TH

EMN
EM

PUT ERIT ('RECURSTIAN LISTY, {(I,(®xL(I,J) DC J=1 ¥3 2) DO I=1 TO

£S

¥

Fri DO L=1 TN 23
)3 RLIK,L)=RL{K+1,L); FL{K+1,L}=ITEMPS

ITEMP=RL(K,L
EMD 3

03

D3

(SKIP{2}, A,{NRL){SKIP, (3) F{(5,0}3};

PE=NRL+1%

DO I=RSPE TO MNRS-13

ela]
G

&2

cn

N
BE

{”\
60

RS{T,2)=1+1;

ErDg
AL(10) = GCAL_1G;
AL{11), GOAL(L2Y, GOAL(O) = GLAL_O3
PE=1; J=13 APP=1;
PY_1= * | ] | | |
| | t {13
EMDPAGE (TRACE)D
GINM;3
IF B THEM DOs
PIT FILE (TRACE)Y EDIT (*__ b
L 1] )

(COLUMNEITY, A(24), COLUBN(ET), 2(3£)133
oYT FILE (TRACE) PAGES

PUT FILE {(TPACE) EDIT (*'__ v,

' )

(COLUMNLTY, £(24), COLUMNIAT), 81{36))3

PUT FILE (TRACE) EDIT

(t  wu, [ P0INTl SUP]  SURL PREDRI',? FT P ARPE Jty
v MO, SUP sual PRED] PART] SUCCILEVEL] ')

!
[COLIMN (1Y, Ay COLUAN(3T7)y A, COLUMN{(GL), A5
PUT FILE (TRA&CE) EBIT (° fy
R l)
(COLUMLATY, A(24), COLUMNIET), 2(36));
END; ELSES : '

EMND S

ALL SET(1,0,0,40)3

TN ENTRYS

ENTRY

IF 8 THEN PUT FILE(TRACE) FDIV

(l|i7€;l’!!ly|l"l"’ ‘1'7'!','['7'1‘7'!'y’]fy'['7’3i*ENTPY@3*
(COLUMN{L )y (S){X{5), A(1))y COLUMNCALY, (7IIX{3),4(1)),
COLUMNALL0R) 4405

“IF REC

THEN 97

iF
1F

CALL PUSHDOWN;
GO T GCAL{CODE) S
EMD;

SCYO THEN GO TO GDALICAODEY S
- ACT THEM GO T2 GLAL(CODEDS

NRL) )

g



282

2¢€3
284
285
286

2R7
288
239
290
291
232

293
294
2¢5
256
207
208

3C0

302
303

306
3C7

CMATNG PROCEDURE (PARM) OPTIONS IMAIN)S

IF PART=0
THE!Y D3
TF BRNTHER=C THEN 63 T0 FAILURE;

AR(APD, 1) =

CALL SET_AUX

IF ©

THEN DO3
CALL PUT_AR(AFP); ,
PUT FILE (TRACE) EDIT ('RRCTHER') (COLUMN(L0S), 4)3

BANTHEERS

-

END S
GO TO ENTRYS
EMD S

ELSE DT 3
RS(RSP,&) =PART~13
IF 8 THEN CALL PUT_RS;
G2 T3 GOAL(CCDE) S
END3

CnaL_10:

L=LENGTH (TL(SCNY)3

Lis

TF SUBSTR(STRING, J, 1)

THEXN DO '
J=J+13
GO TO Ll
EMND3

n
-
-

©IF SUBSTRIISTRIMG, Jy L)
THEN D03
J=J+L3
IF B
THEN D723

TL (SON)

PUT FILE (TFACE) ENRIT (1%, ity "fr, ]ty tiv, Jy '
qll’ |‘|’ ltv, 'l!, 311’ CEOUND Yy, TL(SU‘»\!))
{CCLUMN(L), (S) (X{5)y A(L))y COLUMN(42), F{5,0),
COLUMMIELYy (7Y (X{(5)y A{L)), COLUMN{109},s Ay, A);

END3
FINAL_SIZE=ARP;S
GO T SUCCESSS
END3

ELSE D33
1F 8 THEM PUT FILE
(‘;’1"’7‘!‘7"’
(COLUMNILY, (5)(X
IF B THEN PUT FILE

(COLUMN(1I0S ), Ay
GO T FATLURES
ENDS

CE) . '

Pearlrarbe, vt rfr, i, r 1)

1))y COLUMN(ELY, {T)(X{5),8(1)))3
CE) EDIT {TL(SON), ' NOT FQUND')

GOAL_0: 6NAL_11: GOAL_12¢
CALL SET (SON, ARP, O, SURY;
GO TO ENTRY;

SUCCESS:
IF 2 THEM PUT FILE (TRACE) EQIT

(IA‘I’!‘\l,!ll"‘l’lll, |1Q,I|i’1]’l,l’l,l‘!,!ll,l‘l,!',g’:,:"

b

l‘!

?

PEGE



Mot ht DEOCEDUSE (PAR) CPTIONS (MATM) 3 o a PrGH

(COLUMNCLY, (5)(X(5)7A): COLUMNIELY, (7Y {X(8),4),COLUMNTL0D),4)3

EDE SAVE= LOMPY
Q0 ARP=GR
310 CALL SET_AUX:
311 1F 3
312 THEN D723
313 CPUT EILE {TOACE) ECIT (f]v, v, s]1, s]0, t4v, ppp, v, t}rv,
|||’ q"’ 'l'v |||, a‘c, tgipy
(COALUMMEL)Y,y, (S) {X{5), A(1)), COLUMN(37}, FL{640),
COLUMNIELYy (7)) {X(5), A(1})}, COLUMN{LO9), 2)3
314 EMD 3
315 IF SAVE ==0
316 THEN D73
317 CALL SET (SAVE, ARP, G, SUR);
318 TE 8 THEN PUT FILE {TRACE) EDIT (1SUB_CIMP'Y {LOLUMN (109}, A)3
320 GO T OENTRYS
321 ENDG
322 1F 5UP=0 THEN GO TD SENTENCE;
324 1F REC
325 THFN TF LEVEL
324 THE! DO
327 RS(RSP45) =13
323 ) IF 3 THEN CALL PUT_RS:
330 CALL SETUPS
331 : GO TN SUCCESSs
332 END3
333 ELSE D93
334 ARP=51R 3 A
335 CALL SET_AUX;
334 . iF 8
337 YHEM DT
333 PUT EILE (TREACE) EDIT (r)v, i, v)sy v, 1{v, AP, t]f, ']',
L e e R AT PR RV .
{(COALUMN{TY, (B) (X{5)y A(1)}), COLUMN(3T7), F{£,0),
COLUMNISLY, (7)) (X{S), A(1)), COLUMN(10S), &);
339 ) ErD s
340 - GO T TRY_AGAIMS
341 . END 3
342 ITF ~CYC THEM GG TO SUCCESS;
344 IF =ACT THEN G0 TO SUCCESSS
348 TE oA T=0 THEMN RS(RSP,5)=13
34R RBS{PSP,4) =PART+13
349 TF B THEN CALL PUT_PRS;
351 G0 TO SUCCESS:
3352 : FATLURES
. “IF B THEN
353 PUT FTLE (TRACEIEDIT (Vv 0ttt tfn,t]r, i nfr,vr e, njr, i,
T vnmae FATLYRER¥E ) (COLUMNELY, (B (X (5 ), 2), COLUMNLEL) , (7)IXI5) 540,
COLUMNILO9Y,8) 3
354 IF PEC
355 THEN DO 3
35 IF SUcc
357 THEN D3

3I5R RS{FSP,5)=03



359
350
3£1
343
3464
366
367

3518
369

370
371
372
373
375
376
377

378
379
330
381
382
383
394

388
386

387
3€8

389

330
351
392
333
3%4
355
3756
367

398
3¢S

4C0
402
403
404
408
406
L07
408
409

MATN: PRUCEDURE (PARM) 0PTIONS (MAIN);

REO(RSP,A =03

RS(7SP,4) =

TF 8 THEN CALL

CALL SET (S(M,

IF 8 TREN PUT
- GO TO ENTRY;

END

CALL PJPUP;
END3

IF PRED==0
THEN D03

LR(SUP,3)= PRED]

IF B THEN DGj

CALL PUT_AR(SUP);
PUT FILE (TRACE) EDIT ('SUP UPDATE') (COLUMN{109), A}3

END3

ARPE=ARPE~13
APP=OUED;S
CALL SET_AUX;
IF B

THEN D03

CALL PUT_AR({ARP)
PUT FYLE (TRACE)

PUT_RSS

Cy

suay;

FILE (TRACE) EDIT ('SCON'Y (COLUMN(LI0S)s A)S

(rfe,tlr,tiry,

!ll'(iv’|]|’l}l’1‘l,l‘l,0l!)

(COLUMEILY, (SY(X(5)sh),

(7Y {X{S),A) )5

PUT FILE (TEACE)

END3

6O T TRY_AGAIM;

END3

IF BROTHER~=0
THEM D03

AR{ARP,1)= BRCTHERS

CALL SET_AUX3
IF R
THEN DO

CALL PUT_AR(AFP):
PUT FILE. {(TRACE)

END3

GN TO ENTRY;S
EXNDs

TF SUP=0 THEN GO
AR(5UP,3) =PRED;:
ARP=SUDS
ARPE=ARPE~13
CALL SET_AUX;

If 8

THEM DO

CALL PUT_AR(ARP)S
PUT FILE {TRACE)

EDIT

e,

COLUMNI(27),

EDIT ('PRED') {(COLUMN(13%), 4}

(1BROTFERY)

NONSEMNTENCE S

(2)F(5,0), COLUMN(S1),

{(COLUMNILOS),

ARPEs ' ftatit,



410

411
413
415
416
417
419

420

421

422
423
424
425
426
427

428
429
430

431
432
£33
434
436
437
43R
439
440
441
442
443
445
446
647
L448
449
4590
451

452
453

NATMS PADCEQOUSE (PAREY OPTIONS {MAIN)3

TE

v, e, v, ey, fpe, vRESE
CLCOLUMNLL), (£) (X{5), A1)},
COLUMNEALY, (7) (X(5), a(1)),
ENDs

IF =~CYC THEMN 060 TO FATLURES
IF - =ACT THEN G TO FATLURES
PARY . =PART+11¢

PS(REP,4Y= PARTS

IF B THEN CALL PUY_RS;S

GD TO FATLURE;S

<

AGAIME
iF R THEM
T FILE (TPACE)Y EOQIT (t]f,vfrye]v, 1ty
Vpr, e Ty AGAINFWA ) (COLUMN(L), (3
(7TY{X{S)yA),y COLUMN{109Y, A);

IF TERM

THEN DO

J=RESETS

IF 8

THEN DO

O -

PUT FILE (TRACE) EDIT {*]v, ],
-!u, Cl',,l'ly 1‘1, 1‘1)
{COLUMNILYy (5) (X(5}, A(1)),
COLUMNIGLY, (7Y (X(5), A(L)))3

ENDS :
G0 TD FATLURES
END;
1F REC
THENMN DN;
CALL SETOCWMS
TF B THEM CALL PUT_RS;
END
ELSE DO:
IFE £YC
THEN IF ACT
THEM D3
FS(RSP,6)=03
RS{REP,4) = PARPT =13
TF 8 THEN CALL PUT_RS:
NN
END;

AP =SHR}

CALL SET_AUX:

IF B .

THEH 003

PUT FILE (TRACE) EDIT (1 » '

o I I Y U
(COLUMRLL1Yy (B) (X(5)y &
COLUMN(6L)Y, (7)) {X{(5)y A&f

END3
GO TO TRY_AGAINS

“
Suge)
))
B

SEMTEMNCE:

PUT PAGES

T

COLUMN{%3Y,

» '

7 cypy)
COLUMN{3T), (2)}F({5,01,
COLUMNLLI09), Ads

*

I,Ill,lil’l‘l,tlly|]|’

s COLUMMNI6L],

viv, LRP,

y COLUMN(37), F{#,0),
y COLUMNELOSG), 433

F(6,0),

Lo

1



455
456
457

458
459
460

461
462
453
L5464
465

LES
457
468

469

MIYN: PROCEDUZE (PARM) NBTICNG (MAIND:

PUT ENTT ('SENTENCE wWas FOUNDUI (&) :
00T L23%
MONSENTENCE:
PUT PAGE;S

pUT
GG
L2:

PUT EDIT('THE
PUT EDIT
PUT EDIT(!
PUT EDIT

(D8]

PUT EDIT

GO

STOP:

EDTT

(*H3 SENTENCE WES FOUNDY)(2)3

T3 L23

ARP=1
PUT E

(1

FINAL

AMALYSIS RECORD FOLLOWS')I{SKIP, A2)3

TY{SKIP(2), X{&), A(24))3

{*

NG, fPOINT

SupP|

sus

PREND|*I({SKIP, A

TC FIN
DIT (AR

A
P

AR(ARP L3,
(COLUMNILY,

END3

TG GE

END

[

L

s L
1

!
{
(

I
1
1
:'s,_'

z
s
y
}

=

AR(EREPy 1),

ARLARP 4

(F{5,0),

)y
A

'
'
1

7
[
t)O(SKIP(DY, X{&), A{24))3

vy AR(ARP,2), 'Y,
1)
IR

T_DATAS

MATNS

1) {SKIP{Q),COLUMN(T7), 2}

PLGE

11

oy



THE FOLLOWING
NAR= 50
NTL= 3

SYNTA
N2

OOo~NoOwMWMOoO oI

TERMINAL LICST

w N
s D

SECURSICN LIST
1 3

ARLAY ROUNNS HAVE DEEN SpECfFIED fIF ARE USED RY DEFAULT:

comp
D
]

E

[#2]
(:J

WA O (N W NS

NGAL=
NSTRING=

CODE

12

23

NP L=

&

1¢

20

)



umn

SENTEMNCE Wr S FyuMD
THE FIMAL ANALYSTS SECCFAD FOLLOWS

: ANALY SIS TReE
&

NOo JPCINT I _SuUP]. <UR1 PRERT .

11 11 01 231 0l ons

2 21 11 211 0} \

3] 31 21 1= 01 . C

41 31 3] 17 0l wal , Stwacolon sjwvg@\

=: 3|l _4; 11' ol |

6 3 & 12 ol X

7131 sl 11 o wl | lebier

8l 31 71 el o g

9| 51 g1 101 of} . L

101 &1 ol o] o 9l Teftey asymbol
111 4 71 12) 3 |

121 &1 111 0l 01 . L

131 4] sl 14] 71 LC'\) lether ‘osbmbol
14| 71 131 ol 01 \

151 44 51 el 61 ‘ .

151 71 15 ¢l ol o\ , le ey Agynbel
171 4 4 101 51 \

18] el 171 61 0l IR

191 4l 31 201 4] i, leffer b syweoo
201 71 191 ol 0}

211 4| 21 221 31 . ;

22} &1 211 0} ol '\@{) letter bsgmbol
231 ed____1l ol 21 :

| .
sy imbol A5y nabol

hY



G OAREAY EQUNDS HAVE SCEN SPECTFIED P8 ARE USCD 4Y DOELULT:
1 10

o THE FOLLCWING
: NAR = 50 NGIAL= 12 NE L= NF S=
NTL= 5 HSTRING= 103
b
SYNTAX LTST
N7e REOTH COMP SOM CNDE
1 ¢ a 2 0
2 0 12 3 12
3 4 0 & 0
4 0 5 1 10
5 0 0 10 - 0
6 7 0 a 11
7 0 0 2 10
A 0 o 3 11
G 0 0 3 10
10 0 11 g 12
11 0 0 A 10
12 0 0 5 10
TERMINAL LIST
1w
2 X
3y
47
INPUT STRING
WWXYYYZYZ3

RECURSICN LIST
1 - 3 2
2 2 1




- SENTEMCE W2 & Fomn
THE FINAL ANALYSTS UFCORD FOLLIWS

~

O

1o | POINT T Subl " EhE] PRED ) » —
i 11 ol 2% 5011 H(\JHL}’&S 1Ree
21 21 1} ‘| 01
31 4 | 21 o8| ol .
4 s 21 2¢ ] 31 P(DS
5] 101 sl 23] 0] i
5 g 5 5 0 o .
7'| 4; All 01 o: a0 , Semiolen S‘\valoo\
R; 5: & 22: 71 ‘
G 10 3l 21 91
10 a1 ol 11l of Wegbel | b1
11} 31 101 121 01 l
121 61 111 20 | 0l
13| al 120 14 0l aZ , Zsymbol
141 31 13| 15 ol \
15] 61 14| 161 01l
161 a4 15 171 0l aO) ijngal
171 3] 141 181 al
191 74 17] ol 01 )
191 at 151 01 1a] Wyumbel bl
201 9| 12} Gl 134
211 2 91 ol 101
221 111 a| ol 21 &2:>25§W%0L
23] o 5] ol &1 !
241 11 4 | n 5
25f___121 1 __ol 21 @}o, y§jcu\c>0\
ot
\
o2
1
(?\O 5 ij\m\Bet
cji
1
%Z.

' a{O) Usdm\oo\

al

|
’K§3Uﬂbo\




THE FOLLEWING ARSAY ODUNDS HAVE BEEN SPCELIFIED 0OR ARE USED oY DEFLULT:

NGTAL =
NSTRING=

NAR= 50
NTL= 2

SYNTAX LIST

NO, PRCTH CC42  €on £anC

1 0 9 2 0
2 0 2. 3 12
3 0 0 4 0
4 & 3 3 11
5 & 0 7 0
6 0 o 7 )
7 0 0 1 10
8 c o 2 10

TERMINAL LIST
1 A
2 3

INPUT STRIMG

AR AARS

FECUPSION LTST
1 3 1

12

*

&3

NFL=

10

Nf 8=

2

20

NSL



SENTENCE WAS FOUMD
THE FINAL ANALYSTS FECCRD FOLLIWS —_—
\ AdALysis TReE

2, | POkt _SUPT__SHRl PREDL

1l 11 ol 221 oY Prod

21 2| 14 3| 0 \

3 3 21 0 , .

4} 4; 3} :; 0: : 10&) SQ.W\-LCL')\@L\ S:(vwbo\

5 31 4 | 164 0l !

61 4 51 71 ol A

71 31 . 16| 01 ‘ el 1

8| 4| 71 o} ol \

9| 3] a1 14 0l .

ol 41 3l 11f ol . id | bt

111 31 101 12| 01 i ‘ \

12| &l 111 13! ol . ol

131 7t 120 ol ol Ad L Osyimbe

141 fs: 'all 5‘1 101 \

15] 7 14 0 01 ,

161 s 71 171 gl wt)mm-

171 71 s of ol \ T~

184 51 5 19 s .

191 71 18l 0] ol 1ol Osprbol

201 5§ 31 21 4 \

211 71 201 ol ol y 4

22)____2l 11 ol 2l 3 ity
\ ™~
ad L ASyubel
I : :
io\) MQS'
| ™~
Gty o\sdeoL



THE FOLLOWING ARRAY., ROUNDS HAVE REEN SPECIFIED OK ARE USED PY DEFAULT:
NAR= 0 : MGOAL = 12 NE L= ¢
NT L= 4 NETRING= 93

NEC=

SYNTAX LYST
NJo BRUTH COMO SON CODE

1 9] D 2 0
2 C 3 4 12
3 0 0 1 10
4 5 5 1 0]
5 & 3 2 10
1) 0 7 12 0
7 o] o) 3 10
g 11 2 4 11
Q 11 10 4 10
10 11 Q & 12
11 C 0 2 10
12 o] 13 4 11
13 G ¢ 2 10
TEPMITAL LISY

2 E

3 G

4 H

INPUT STRING
FEFEEEGE;

RECURSICN L1IST
1 &

(7]

I



SENTENCE W8S ENUND
THE FINAL ANALYSTS PECMED FOLLANS R
’ ) ANALY SIS T REE

Q- NCo | BEIRT 1L T0BI__SIF1_pifal .
, 11 11 o1 T1E] ol @

21 21 1 17l ol l
3| 4 | 2| < ol . ,
sl el .3 7l ol b, Stmiolu symbel
51 4| A1 -.‘!l q{
61 111 3 o 0 .
71 5 | o] ol 51 a ?,Sjvwbo\
g | 34 Oz l;-} )
91 101 31 1le 3
101 61 ol 151 ol b, l/\S:jWJoaI) b
1 120 101 1ed ol AN
121 41 111 131 ol .
131 111 12| ol ol o, esymbol T 5 Jeymbol
141 51 11d o 121 | l
151 131 10| ol 111 -
151 71 5 ol 10l esymbol , - b, @Sywbel
171 51 21 ol 3
184 3l 11 o} 21

|
a ) 383 \,whot

i
Q,Sn’vwk@‘l



THE FOLLOWING

NAR= 50
MTL= &
SYNTAX LIST
N7 PPROTH
1 g
2 0
3 C
4 5
5 6
4 2
7 a
8 G
g o]
10 o]
11 0
12 0
TERMINAL LIST
1 A
2 R
3 C
Lo
INPUT STRING
#CABABAS
FECURSICM LIST
. 1 4

AFENY AOUMDS

O
D
=

—

H :
ONDULVOONDITOLWI VY

U
o5
Z

S R e T R RO N U

NETAL=

NSTRI!

S
ho]

[ fw)

oo oOoOoNnNOm

ot

o
oo

e
5=

12

23

N

MAVE BEEM SPECIEIED NF A

NE L

RE USED

Y DEFAYULT:
Lo

NeL=

12



SENTENCE WAS FUUMNMY
THE FINAL ANALYSIS RECCTD FOLLIOWS

Q N, {PCIN

ANALYS S TREE

-4

Supl__cyel_pREN]

1 N
1] 11 ol 16l Y A
2l 20 1l 151 o 1
3] 4 21 1¢1] 0} .
4| 2 31 13 ol b>SQ)wu0:)\e(A s:SwJaoL
S: 4: 4; 12; O: \
4 9 5 11 0 ,
71 5 &1 10 ¢l ’oi) &sgwdoa\
81 111 71 o 0} ‘
el &1 af ol 0}
100 121 71 ol 2] b, -\os'jw»\m\
11} 71 a1 0] 71 l
121 101 5| ol & »
131 51 41 ol 51 b’L) C&s}jwm\
141 101 31 of & 1
154 51 21 [ 3]
161 3 | 11 ol ___ 2] b \)Sb’who\
{
Q? O\SS\N\%O\
)
o, (ls(kj\mbe\
!

stvwko\



THE EALLOWING AR AY BOUNDS HAVE REEN SPECIFIED QF AR
12

MAR= 50 NGIAL=
NTL= 3 NSTRING=
SYNTAX LIST
NOo BROTE COGMP SCN CODE
1 8] ¢] 2 0
2 0 3 & 12
3 8] e 2 10
4 & 3 & 11
5 & 3 7 0
[ V] 0 1 10
7 0 3 4 12
8 c 9 3 10
9 0 8] 4 12

TERMINAL LIST
12

2 8

3C
INPUT STRING
AACAAACAHCAR

RECURSION L IST
’ 1 4 1

14

k3

MPL =

£

LSED PY DOFAULT:

jRe}

20

NEL=

.0



[ I I R VR KRSy )
THE FINAL ANALYSIS FPECORD FOLLIWS —_—
f ' ANawysis 1Reg

Q © NQe |BCINTI_ _SUP]__Cys]_BRED]L
R 14 0! | 01 & -
21 21 1] 8 01} l
3 4| 21 I 01
4] ¢ 3| o 91 b , )ostiwnbe\ .
51 sl 21 el 3 |
&1 71 31 7 01
71 61 . 0l 0l b, ¢,
8l 21 51 0l 51 ~\\\\\\\~\\\\
at el 5l 121 81 / b
10} -ﬂ! QI' 111} o‘i ‘ . b, C - b) s wv‘owl)
11 & 10 o 0 1 \ _
124 51 a 231 101 //f//
131 71 121 161 o1 as*é-\wbeL B,C\S‘é\mloolj b b , & &saw%o\,
14} 4{ 13: 15: o]l i \ ] \
151 & 14 0 0 . .
16 51 131 20 141 asi»)wjoal . tXSawaol ‘ Qsaw)o@\ ‘o’ csawlool_ , S
1?: 7} 1{;; 16} o} . |
18 & 17 0 0 .
171 Bl 1sl ol 171 Qggombol Osgubal
2cl 64 161 211 191 .
211 3! 201 ol 0}
224 31 121 Gl 131
231 ol 12} 24]  22]
24§ 61 231 ol ol
251 34 11 0] 2




GO L e es e LY R U et LY SPREUTRIED OF SRE USEDR &Y DEFAULT:
NAR= S0 NGIAL= 12 NRL= 10 NEE=
NTL= 7 NSTRING= 123

¢

SYNTAX LIST
NGo BPCTH  CMP SCN - CODE

1 Q 0 2 0
2 o E] 4 12
3 0 0 2 10
4 ¢ 5 7 12
5 & o] 3 10
6 0 s} I 10
7 g 2 2 11
3 Q 0 7 10
S C 10 11 0
10 0] 8} 4 10
11 13 12 7 11
12 13 0 S 10
13 0 0 [ 10
TERMINAL LIST
1 A
2 R
3 C
4 D
S E
6 F
76
INPUT STRING
FDEDCGEQCGC"
f RECURSION LIST
: 1 4 1
2 7 2




R R O SR AT RTINS
THE FINAL ANALYSIS RECORD FOLLOWS

NOLIPCINTT __supl __Tupl PREDT
11 11 Ol 241 0} G
21 21 11 231 01
31 & 20 221 o \
% 7] 31 21 oY b bsam\oe(
5 41 41 20| ol >
61 91 51 19] 0} [
71 114 st 10) ol ¢, QS‘@,\A\)@\
a 7| 71 171 ol
s 41 al 141 01 . k\) bol
101 21 al 18] 01 S
111 111 10l 14 al » &3
120 el 111 131 o} |
131 131 121 ol ol o csxijke\
141 101 11} ol 121 : )
1si 121 10l ol 111 .
141 101 2 ot 10 A oia-am\w\
171 5| 21 ol 91 7
19 g 7] 0l o1 | .
151 121 &1 0l 71 J asnw\b@‘\
201 101 51 ol 61 )
211 5 | 41 ol 51 L \
221 ] 31 0l ¢ | Ay mwmbe
231 51 21 ol 31 > 73
24| 3l 1 0l. 2L ‘
{;) Q&:quba\
| _
O() 0‘83&»\)!30\
‘ b
.(L? QSS-M, 0‘.

(\’){ > 0&53%&)0\
|
‘PS:SWAD @ \
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