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The Use of a Transition Matrix in Compiling

1. Introduction,

The construction of efficient parsing algorithms for programming

languages has been the subject of many papers in the last few years.

Techniques for efficient parsing and algorithms which generate the

parser from a grammar or phrase structure system have been derived.

Some of the well-known methods are the precedence techniques of Floyd [4]

and Wirth and Weber [lo], and the production language of Feldman [3].

Perhaps the first such discussion was by Samelson and Bauer [g]. There

the concept of the push-down stack was introduced, along with the idea

of a transition matrix. A transition matrix is just a switching table

which lets one determine from the top element of the stack (denoting a

row of the table) and the next symbol of the program to be processed

(represented by a column of the table) exactly what should be done.

Either a reduction is made in the stack, or the incoming symbol is

pushed onto the stack.

Considering its efficiency, the transition matrix technique does

not seem to have achieved much attention, probably because it was not

sufficiently well-defined. The purpose of this paper is to define the

concept more formally, to illustrate that the technique is very efficient,

and to describe an algorithm which generates a transition matrix from a

suitable grammar. We will also describe other uses of transition

matrices besides the usual ones of syntax checking and compiling.

We will require that the set of productions (U, ::= xi] form

an operator grammar (Floyd [4]), which means that no production has

1



the form U ::= xV1V2y for strings x,y and nonterminal symbols Vl

and V
2 l

This restriction is not necessary in order to use a transi-
- -

tion matrix. One may also describe suitable conditions for the general

phrase structure grammar (Ui ::= xi1 which allow the use of a

transition matrix. The restriction to operator grammars is a rather

natural way to reduce the size of storage necessary to implement the

technique. The syntax of the usual ALGOL-like languages can easily

be represented by such a grammar.

We emphasize that the use of a transition matrix is just another

technique, though a very efficient one, for parsing sentences of a

suitable (programming) language.

Section 2 introduces the notation and terminology. Sections 3

through 5 are devoted to discussing sufficient conditions for a unique

canonical parse which enable us to use a transition matrix. These

conditions are of course closely related to those derived by Floyd [4],

Wirth and Weber [lo], and Eickel et al [2]. Sections 6 and 7 explain

the technique and go through an example in detail. In Sections 8 and 9

k.- practical examples and applications are discussed. Appendix A gives

Floyd's ALGOL-like grammar ([4]) and the associated matrix and subroutines.

All examples were produced by an algorithm, written in Extended ALGOL [ll],

on the B5500 at Stanford.

L

The author is indebted to Jerome Feldman and Niklaus Wirth for

their critical comments on this manuscript. This work was partially

supported by the U.S. Atomic Energy Commission.
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2. Notation, terminology, basic definitions.

Let 11 be a given set: the vocabulary.

called symbols and are denoted here by capital

Elements of If are

Latin letters, S , T ,

b etc. Finite sequences of symbols - including the empty sequence (4

- are called strings and are denoted by small Latin letters u , v , y ,

z , etc. The set of all strings over If is denoted by Y* .

If z=xy is a string,

A production or syntactic

consisting of a symbol U and

X is a head and y a tail of z .

rule cp : U ::= x , is an ordered pair

a nonempty string x . U is called the

left part and x the right part of cp o We assume that U /= x .

Let & be a finite set of productions ~~,~..,rp~ . y directly

-produces z (y 3 z) and conversely z directly reduces into y ,

if and only if there exist strings u,v such that y = UUV , z = uxv ,

and the production U ::= x is an element of &+ 4

y produces z (Y 3 4 and conversely z reduces into y ,

if and only if there exist strings ⌧09 e * l .Y⌧n such that y = x0 ,

X = z andn

i
X
i-l -‘X i ( i =l 9 o e '> n; nzl)

i

L.

i
L

Z is also said to be a derivation of y .

Let .& be a set of productions CQ...,(P~ . If 2/ , the vocabulary,

contains exactly one symbol A which occurs in no right part of a

production, and a non empty set B of symbols which appear only in the

right part of productions, then b is a phrase structure grammar.

The symbols of R are called terminal or basic symbols and are denoted

3
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by capital letters T , Tl , T2 . The letters U , V always denote

symbols in V-B and are called nonterminal symbols.
*

X0 is called a sentential form of k if either A =x or

A+x. The set of sentences x - i.e., the set of sentential forms

consisting only of terminal symbols - constitutes the phrase structure

language Lb , that is:

(2.1)

Without restricting the set of phrase structure languages we

shall assume that

(2.2)

(2.3)

L& := {xlA + x A x E “*I

is unique; and

L

t-

t

UbJ for any UEY-B ;

if '1 +', 9 then the sequence

u1 : := u2 ,
u2 ::= u3 t l met un ::= Uk

(2.4) every symbol may be used in deriving some sentence: for

each symbol X E If there exists strings x , z , t such

that A +xXz . and either X E: /? or X +t where td3*.

A parse of the stringz. into the symbol U is a sequence

of productions c+~~,...,T~ such that 'pj = (Uj ::= xj) directly

reduces 'j-1 = U.X.V. into = u u v
JJ 3 'j

j j j (j = l,...,n) and zn = U .

The canonical parse is the parse which proceeds strictly from left to

right in a sentence, and reduces a leftmost part of a sentence as far

as possible before proceeding further to the right. That is,

4



the parse q~~,~~,..+pn of z. into U is canonical if and

only if for j = l,...,n xk is not contained in u
3

for

all k> j e

Every parse has a unique canonical form (simply rearrange the

productions to form a canonical parse), but in an ambiguous grammar

there exists more than one canonical parse for some sentence. An

unambiffuous  grammar is a phrase structure grammar such that for every

string x E L& there exists exactly-one canonical parse of x into

the symbol A .

It has been shown that there exists no algorithm which decides

whether an arbitrary grammar is unambiguous. However, a sufficient

condition for a grammar to be unambiguous is subsequently derived,

and a method is explained which determines whether a given grammar

satisfies this condition.

3* Operator and augmented operator grammars and languages.

If no production cpi of the phrase structure grammar J takes

the form U ::= xVlV2y for some (possibly empty) strings x,y and

nonterminal symbols Vl 'and V2 -, then (Floyd [4]) b is called an

operator grammar (CC). The phrase structure language LJ generated by

an OG is then called an operator language.

Floyd proved that in an operator grammar no sentential form contains

two adjacent non-terminal symbols - i.e., if A +x then there exists no

strings x1 and x
2

and no nonterminals V
1

and V
2

such that

x = x1vlv2x2  l

The grammar in Figure 1 is not an operator grammar, since

<IF CLAUSE> and <STATEMENT> are both nonterminal.

5
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<PROW ::= <STATEMENT>

<PROG> ::= <IF CLAUSE> <STATEMENT>

<IF CLAUSE> ::= IF <EXPRESSION> THEN

<STATEMENT> ::= <IF CLAUSE> <STATEMENT> ELSE <STATEMENT>

<STATEMENT> ::= VARIABLE := GXPRESSION>

<EXPRESSION> ::= ODPRESSIO~  OR VARIABLE

<EXPRESSIOD ::= VARIABLE

t
L

Figure-l

L
I
1

I
L

i
L
4

i

t
L

E
i
7
I
L

f
I
i
L

The grammar in Figure 2, which is equivalent to (generates the same

language as) the grammar in Figure 1, an operator grammar.

<PROG> : := <STATEMENT>

<PRoG> ::= IF GXPRESSIOD THEN <STATEMENT>

<STATEMENT> ::= IF <EXPRlZSSIO~ THEN <STATEMENT> ELSE <STATEMENT>

<STATEMENT> ::= VARIABLE := <EXPRESSION>

axPREssIoD ::= <EXPRESSION> OR VARIABLE

<EXPRE3SION> ::= VARIABLE 2

NONTERMINAL SYMBOLS: <PROD , <STATEMENT> , G3XPRESSION>  .

TERMINAL SYMBOLS: IF 9 THEN , ELSE , VARIABLE , := y OR

Figure 2

When parsing a sentence, at each step the leftmost right part x

of a production U ::= x must be detected. Then x is replaced by U

and the process is repeated. In order to reduce the number of symbols

to be checked at each step, we introduce intermediate reductions. For

6
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instance, although the string

IF <EXPRESSION> THEN <STATEMENT> ELSE <STATEMENT>

can be reduced directly to <STATEMENT> by the grammar of Figure 2,

we want to parse it as is shown below:

<STATEMENT>

IF cmcP~ssIoD THEN <STATEMENT> ELSE <STATEMENT>

This can be achieved by constructing an augmented operator grammar (AC%)

-!A corresponding to b e The augmented operator grammar is useful for

describing theoretically the mechanism of the matrix technique to be

introduced later. However, so as not to complicate the process too

much, one can give mnemonic names-to the introduced symbols needed for

3t
the intermediate reductions. For instance, in the above diagram Ul

*
may be named "<II%-" 3

u2 "<IF expr THEN*>" 9 and

U; "<IF expr THEN state ELSE*>" o That is, each new symbol is just a

representation of the head of the right part of some production. b
A

is

constructed from g by repeating the following step 1 until no longer

applicable, then step 2 until no longer applicable, and finally steps 3a

7
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and 3b alternately until no longer applicable. New nonterminal symbols

will be introduced into 'V and V-B (but not R ). Note that all-vm

newly introduced symbols are distinguished from the original nonterminals- -

bz an asterisk rr*" .

step 1: If there is a production U ::=
1 T2yl (y1 may be empty), and

*
if k new symbols Ul,... ,Ut have been created so far, create

a new symbol U*
k+l ,

replace each production U. ::= T y
1 2 i

(each production whose right part begins with T2 ) by the

production Ui ::= Ui+lyi , and insert the production

U;+l ::= T2 into the grammar,

After step 1 all productions have one of the forms

* 3c
Ul ::= U2 , Ul ::= U2Ty, Ul ::= U y , U ::= T e

where y contains no introduced symbol U* .

step 2: If there is a production Ul ::= U2T2yl (note that U2 must

be one of the original nonterminals of the CG), and if k new

symbols have been created so far, create a new symbol U*
k+l '

replace each production. Ui "-- U2T2yi (each production whose

right part begins with U2T2 ) by U. : z=
1 'i+l'i , and insert

the production Uc+l ::= U2T2 .

After step 2 all productions have one of the forms

* *
u1 ::= u2 p u1 ::= u y ' u ::= UT , U* ::= T

where y contains no introduced symbol U* Q

8
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step 3a: If there is a production Ul ::= U*T2y , and if k new symbols

have been created so far, create a new symbol UE+l , replace

*
each production U. ::= U T y1 2 2 i by Ui ::= U;+lyi, and insert

the new production Ul+l ::= UET2 .

step 3b: If there is a production Ul ::= UlU2T2y , and if k new

symbols have been created so far, create a new symbol
*
U
ksl'

*
replace each production U. ::= U U T y1 222i bY 'i "='~+lYi'

*
and insert the new production Uk+l

::= U;U2T2 .

An ACG has, therefore, only productions of one of the following forms:

* *u1 ::= u2 ’ u1 ::= u ’ u1 ::= u u2

v" ::= T , v" ::= U'-J , U; ::= U;T , U; ::= U;UT

Figure 3

Note that we differentiate between the original Unstarred NonTerminal

Symbols (called UNTS) and the newly created Starred NonTerminal  Symbols'

(STS)' which for reasons explained later are also called stack

nonterminals.

Again, we have introduced augmented operator grammars and stack

nonterminals in order to be able to make intermediate reductions.

A stack non-terminal can also be thought of as a representation for the

head XT (ending in a terminal symbol T ) of the right part of a

production U ::= xTy of the original CL As another example, if

u1 : :
= TlT2u3T4T5

is a production of the OG, then the string
TlT2U3T4T5

9
i
c



1
L

i
L

i
L

1
1
L

I
L

fe

will be parsed as a sentence of the AC% as follows:

*

u3

* /

u2

*/
ul

I \> I';

Tl T2 u3

ulI
/ ut

\\-.
T4 T5

Productions in AG

*
Ul ::= Tl

3c *
u2 ::= UITl

* *

u3 : : = U2U3T4
u; ::= u;Ts

Consider the OG in Figure 2. After step 1 it will have been changed to

U?RoG> ::= GTATEME3YD

<IF0 : := IF

<VqRIABLE*>  ::= VARIABLE

CPROG> ::= <IJ?> <EXPRESSION> THEN <STATEMENT>

_ <STATEMENT> ::= <Ip> <EXPRESSION> THEN <STATEMENT>  ELSE <STATEMENT>

<STATEMElJD ::= CVARIABLE*> := <EXPRESSION>

axPREssIoD : : = GZXPRESSION> OR VARIABLE

aPRESSION> ::= CVAR1ABLE-W

Step 2 changes it to

10
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We will need the following definition: A string y is a phrase if

(3 J) y contains at least one terminal or SNTS; and

(3 *a there exists a production U ::= y
1

or U-‘ ::= yl of the

ACG where yl = y or yl = uUlv , y = uU2v and Ul 3U2 ,

i

for some u , v e

i

i

t
c

Thus, y is a phrase if it is the right part of some production of the

AOG (except a production of the form -Ul ::= U2 ), or if it can be

I
L reduced to the right part of some production by a sequence of

reductions U. ::= U. .1 J
Given a sentential form x = xlyx2 , y is

‘i
L called a reducible phrase (of x ), if

I
L (3 03) y is a phrase; and

(3 J4 for some U (or U* ) as defined in (3.2)' the string

resulting from replacing the string y by U (or U* )

is a sentential form.

1
IL

f
i

i
L The problem for the compiler, then, is to find the leftmost

reducible phrase and to make the correct replacement (reduction)..

L The following statements, which help to explain the relationship

i
i

between an OG and the corresponding AOG, follow directly from the

construction of the AOG. For lack of a better name, we call them

i lemmas.

Lemma 1. Each SNTS U* appears as the left part of only one production

u* ::= x e The corresponding right part x appears as the right part
I

A-

\

“L

of no other production.

12
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Lemma 2. If the SNTS's U* are numbered in the order in which they

* * -x * *
were introduced, yJp”*‘Un  1 and if a production U. ::= Ujy exists

1

in the ACG, then i > j .i

Lemma 3. For each production U ::= y with y b ya of the ACE there

* *
exists a unique set of productions u1 ::= y1 ' u2 :: = u;Y2 '**"

u; ::= u;-lyn-l ' u ::= u;yn of the AOG such that y = yly2...yn .

a

F
6, Lemma 3 follows directly from the construction and Lemmas 1 and 2.

Lemma 4 follows directly from Lemma 3e

Lemma 4. If (P,‘(P,’  *  l l z(Pn is a canonical parse of a string x relative

to the OG, then we get a parse of x relative to the AG by substituting
f
c

for each 'pi (which is not of the form Ul ::= U2 ) the unique set of1
i.

productions defined in Lemma 3.

i
!L Since two different canonical parses (qn] and (A,) of a string must

f
i.

for some i have cpik hi , we have also

Lemma 5. Different canonical parses of a string x with respect tot
L

an OG, yield different canonical parses of x with respect to the AW.

Therefore we have finally

k
I Lemma 6. If an A03 is unambiguous, the corresponding OG must also be

unambiguous.

A sufficient condition for an OG to be unambiguous is therefore the

unambiguousness of the corresponding AW,

\
i

13



4. Parsing a string using an AOG.

In order to parse a sentence x we first enclose x in symbols O*

and CD (where @* is assumed to be a new SNTS and 0 a new terminal

symbol), yielding Q*xO . Formally, we add to the AOG the productions

<Program> ::= @*A0 and (P* ::= (9 , where A is the symbol which appeared

only in a left part. We show that after each reduction the string has

one of the following two forms

(4.1) U; U; . . . U; 1 U; Tl T2 . ..-T.

or

(4.2) U; U; . . . U; lU; Ul Tl . . . Tm ,

where the Uy are SNTS's, the Ti are terminals and Ul is an UNTS.

Note that the original string @*x0 has form (4.1). We assume also

that no reduction U ::= UT , i<R , can be made such that the resulting

string is still a sentential form, since such reductions will have

already been made. It will be seen later that the sufficient conditions

for a unique canonical parse fulfill this requirement.

From the form of productions in an AOG (Figure 3), any reducible

phrase containing Ui , i < I , must be Ui itself, and this by

assumption is not the case. Now at some point of the parse a reducible

phrase must contain Tl , and from the form of productions in an AOG,

Ti must be the last character of any reducible phrase containing it.

Therefore, at this step, the leftmost reducible phrase may not contain

T2,T3,0**JTm l
We have therefore, using again the possible forms of

productions in an ACG,

14
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Lemma 7. A leftmost reducible phrase at step k, assuming the string is

of form (4.1), must be either

Assuming a string of form (4.2) the leftmost reducible phrase is

* *
up1 > upg1 9 Or UlTl 11.

In the case (4.1),
*

if we know which of the strings Uf Y T1 Or
*

UITl -
is the leftmost reducible phrase, we make a reduction U ::= U*

a '
* * *

u1 : : -
- Tl resp. U ::= URTl , yielding again a string of the form

(4.1) or (4.2).

In case (4.2) we first make a sequence of reductions

u2 ::= u1 Jo*-> u. ::= u
3 j-l for some j >_ 1 , and then execute a final
* * *

reduction U ::= U U
*

lj' ' ::= U,UjTl t or U ::= UjTl ) depending

on which of the three possibilities is the leftmost reducible phrase.

Note that at each step not only the leftmost reducible phrase, but

also the sequence of reductions to be made, should be unique. If this

is the case, then of course there exists a unique canonical parse. The

next section-gives sufficient conditions for the uniqueness of the

canonical parse. The reason for calling the U* "stack nonterminal

symbols" is now clear. They are the only symbols which get pushed into

the stack.

1/
Note that a reduction U ::= Ui or U* ::= T

1 at this time would

result in a string which is not a sentential form, since the grammar

is an A02 (two original nonterminals of the OG would eventually appear

adjacent).

15
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5. Sufficient conditions for a unique canonical parse.

We will use the following set L(S) where S is a symbol:
i

i
ml = cslJXSISY is a sentential form for some XYY 3 l

L J(S) is just the set of symbols which are adjacent and to the left of

sl
in some sentential form. The construction of e or related sets

i
has been discussed elsewhere (see for instance Wirth and Weber [lo]).

We therefore do not wish to discuss at length the construction of L(S) .

We just state that
t
L

s, E Go if and only if (S, k S V S, G S V S, l > S) ,
?c

A A A

where G , G and l > are the precedence relations defined by Wirth

and Weber (page 18, [lo]) .i

Now consider case (4.1). We have a sentential form

If u; is a leftmost reducible phrase,i * * *
u1 u2 . . . Ul Tl T2 . . . Tm .

tc then obviously

(4*3) 3 a production U ::= U1 such that U E L(Tl) .t
c

Similarly, if UTTl or Tl is a leftmost reducible phrase, we have

e respectively

(4  l 4) 3 a production U* ::= UTTl ;L

(4.5) U* u; E c(v”) .3 a production . .. .=
Tl

such thatL-.

Consider case (4.2).
*

We have a sentential form UT . . . UrUITl . . . Tm .

* 3c
Depending on whether ULUl , ULUIT , or UITl is a. leftmost reducible

L

16



phrase, we have respectively

(4.6) 3
*

a production U ::= U U
a 2

where U E e(Tl) , and either
i

u2 = u1 or U2 3Ul ;

i

L

(4.7) 3 a production U* ::= UIU2Tl where u2 = u1 or U2*Ul;

(4.8) 3
*

a production U ::= U2Tl where UI E e(u") ' and either

u2 = u1 or U2 *U
1

.

L
We may now state the main

t
L

i

i

1
t
L

455

L

Result. Let U: be a SNTS, Ul a UNTS and Tl a terminal symbol.

*
Assume that for any such U1 , Ul and Tl

(a) At most one of the conditions (4.3)' (4.4)' (4.5) holds;

(b) At most one of the conditions (4.6)’  (4.7)’ (4.8) holds;

(c) If one of the conditions (4.3) - (4.8) holds, the production

described therein is unique.

Then there exists a unique canonical parse for each sentence x of the

language.

The result follows from the fact that at each step the leftmost

reducible phrase is unique (from (a) and (b)), and the corresponding

reduction or set of reductions is unique (remember the restriction on an

OG that if Uj *Ui then the reductions U. ::= U.
J+l' l .*'

U
i-1

: :=
J 'i

are unique).

The algorithm which generates the "compiler is then straightforward.

We first check that if Ul +U. ,
3

the sequence of productions

- Uu1 ::= U2' . ..) ujml ::- j is unique. Next the AOG is constructed.

17
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L

L

L

as) is then determined for all terminal and SNTS S . Then for each
*
5 and T1 the productions are searched to see whether conditions (4.3),

(44, or (4.5) hold, and if so, the production number (or just the left

part) together with the reducible phrase is recorded.
46

If for some
T!

and Tl two different reductions are found to be possible, then some

sentence may not be parsed unambiguously with the technique given in the

next section. Note that this does not mean that the grammar is unambig-

uous ; it just has not satisfied our sufficiency conditions. Triples
*

Ur , Ul and Tl are handled similarly.

6. The transition matrix and stack.

We have seen that, with sufficient restrictions on the grammar, at

each step in the parsing of a sentence according to the augmented operator

grammar AOG, the partially reduced string has the form

(6.1) u; u2 . . . U;Tl 0.. T
m

or

(6.2) u; U; . . . U;UlTl 0.. Tm

where ul
is a non-terminal symbol of the original OG, Ti are terminal

symbols, and Uy are SNTs of the AOG, or can be thought of as

(6.3) a representation for the head XT (ending in a terminal

symbol T ) of the right part of a production U ::= xTy

of the original OG.

Furthermore, in the case (6.1) the leftmost reducible phrase, either

18
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* -x *
Uf y Tl or Up1 is uniquely determined by Ur and T1' In the

case (6.2), the leftmost reducible phrase is uniquely determined by
* * *

UI , Tl and Ul and is either ULUl, UITl or UIUITl .

In order to parse a sentence as quickly as possible, we construct

a transition matrix B - a rectangular matrix B whose elements b..
iJ

are numbers of subroutines. Each column j represents a terminal symbol

T (or a class of terminal symbols - for instance, one column could

i
L

I
i

I

t
i

i
L.

t
i

i
L

i,

represent the class qJpe> consisting of real,Boolean, and integer).

*
For each stack symbol Ua we designate two rows of the matrix - a basic

row and a secondary row. Their uses are as follows:

Suppose at a step of the parse, the string has the form (6.1).

Then the basic row bU: = i
*

corresponding to UQ together with the

column j representing Tl determine an element b.. of the matrix -
iJ

the number of a subroutine which, when executed, will effect the unique

reduction to be made.

If the string has form (6.2), the secondary row corresponding to
*

Ur together with the column representing Tl determine an element of

the matrix. When the corresponding subroutine is executed, Ul will be

checked and the appropriate unique reductions will be made.

For practical purposes we assume that the secondary row always
*

follows the basic row. That is, if the basic row for 5.
is row number

*
bU1 ' then the secondary row is number bU: + 1 . '

The pushdown (last-in-first-out) stack ST consists of elements,

each consisting of two parts. If p is the pointer to the current top

stack element, the two parts of the top stack element are labeled ST1
P

and ST2 .
P

The contents of each stack element are best illustrated by
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Figure 5
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a diagram. If the string has the form (6.1) or (6.2), the stack config-

uration is as illustrated in Figure 5a or Figure 5b respectively, where

.again U*b i is the index or row number of the basic row corresponding to

(ST1 , ST2) (ST1 > ST2)
*

OJbl' o>
*

OJb 1-l + ' ' 0)

top of stack (b"; + ' ' '1)
*

0b 1-l + ' ' o>

bottom of stack (b;s[ -I- 1 ,'o)

Note that the first part ST1 of a stack element which is not the

top stack element is always the index of a secondary row, since when it

later becomes the top stack element, ST2 must contain a nonterminal
P

symbol U . Later it will be shown how the second part of each element

may be used systematically to hold semantic information.

To illustrate how efficient the technique is, we give an example of

a typical implementation on the IBM 7090. Suppose that the stack element

ST1
P

actually contains the instruction

TRA*(ADDRESS OF B[bU;, 013, 4 or TRA*(ADDRESS OF BEbUi + 1, OI], 4

that the matrix B is stored rowwise in memory, that each matrix element

consists of a single location containing the address of the correspondingc

subroutine, that there exists a vector COLUMN to map a terminal symbol

into the corresponding column number, and that the stack pointer p is

20
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I
L

in index register 1. The following sequence then determines the sub-

routine to be executed:

IXA T1,2 PUT THE INCOMING SYMBOL IN INDEX REGISTER 2.

CLA COLUMN,2 COLUMN NUMBER FOR Tl IN ACCUMULATOR.

PAC 0,4 COMPLEMENT OF COLUMN NUMBER IN XR4.

i- TRA STl,l

i,
i

JUMP TO TOP STACK ELEMENT, WHICH IN TURN

WILL JUMP TO THE SUBROUTINE

As an example of a matrix and subroutines, consider first the

grammar in Figure 6, which is the same as the grammar in Figure 2

(Section 3) except for the introduction of the production

<PROGRAM> ::= $ CPROG> d l

i-

i
i

i
c

i
6

i

i
L

i

L

5
i

Both the matrix in Figure 7 and the associated subroutines of Figure 8

were produced exactly as they appear from the grammar of Figure 6 by the

algorithm programmed in Extended ALGOL [ll] on the B5500 (except for the

numbering of the rows of the matrix).

The SNTSs of the AOG do not appear in the matrix or subroutines;

we have labeled the basicrows of the matrix with the head of the right

part of the production which they represent. Correspondingly, for example,

subroutine 400 of Figure 8 contains the instruction

ST1
P

+ ROW( <EXPRESSION> OR ), which means that STlp is to have as

its value the index of the basic row corresponding to the SNTS which

represents <EXPRESSION> OR . This is row 13. As can be seen, the ACG

is actually not necessary practically, but is a convenient theoretical

tool.
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The zero elements of the matrix represent incorrect pairs, while

the other matrix elements are numbers of the subroutines listed in

Figure 8.

The individual statements of the subroutines are separated by a

L
slash "/" , The statement "NEW Tl" means "SCAIY",  or use the symbol

i
i

T2 as the next incoming symbol Tl . If the statement "NEW Tl" is

not executed, the old T
1 will be used again on the next cycle. After

a'subroutine has been executed, the next cycle is performed.

Some of the subroutines test ST2
P

for the presence of a nonterminal

symbol. If ST2
P

is one of the nonterminals listed, a corresponding

subroutine is executed. If not, a syntactic error has occurred - the

original string is not a sentence of the grammar.

Note also that if a reduction to some non-terminal U is made

(ST2
P

+ WY the original production of the operator grammar corresponding

to this reduction is also listed for reference.

The following simplification has been made. Suppose that XT is

the right part of only one production U ::= XT of the OG, and that

there is no production Ul ::= xTy for some nonempty y . The AOG will

contain among others two productions- U* ::= xlT and U ::= U* q

Obviously this is not necessary. In order to save the intermediate step,

the two productions are replaced by the single production U ::= xlT .
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1

2
3
4
5

8
9
1 0
11
1 2
1 3
1 4

PROCUCTIONS

1 <PROGRAM> ::= P H I <PROG* PHI
2 <PROG> ) I= < S T A T E M E N T >
3 :t= I F CEXPRESSION>THEN <STATEMENT>
4 < S T A T E M E N T >  I%= I F <EXPHESSION>THEN < S T A T E M E N T >  E L S E <STATEMENT>
5 1 I= VARIAeLE := < E X P R E S S I O N >
6 <EXPRESSIOv>rr= <EXPRESSION>OR V A R I A B L E
7 I:= V A R I A B L E

N O N T E R M I N A L  SYMDxS
1 <PROGRAM> 2 <PROG> 3 < S T A T E M E N T > 4 < E X P R E S S I O N >

TERVINAL  S Y M B O L S
5 P H I 6 I F 7 THEN 8 E L S E
9 V A R I A B L E 10 := 11 OR.

M A T R I X  I S 1s x

Figure 6

P H I
S E C O N D A R Y  ROIv

IF
SECONDARY ROW

I F <EXPRESSION>
THEh

SECONDARY ROW

I F <EXP?ESSION>
THEh <STATEwEwT>
E L S E

SECONDARY ROW
VARIABLE

S E C O ND A RY  R o w
V A R I A B L E t=

SECONDARY ROW
<EXPRESSION>OR

S E C O N D A R Y  ROW

,

P I T E V
14 F H L A
I E S R

Y E I
A
B

E

0 1 0 0 1
3 0 0 0 0
0 0 0 0 2
0 0 u 0 0

0 1 0 0 1
6 0 0 7 0

0 ii 0 0 1 0 0
8 0 8 0 0 0

10 0 10 10 0 9 10
0 0 0 0 0 0 0
0 0 0 0 2 0 0

11 0 0 11 9 0 5
0 : 0 0 0

0
: 1 2

0 0 0 0’

I
t A0

0 0
0 0
0 0
0 5

0 0
0 0

Figure 7



MiaTF;IX  S U B R O U T I N E S , T H O S E  SU6S  kHICH  A R E  A C T U A L L Y  kATRIX  E N T R I E S  H A V E  N U M B E R S  LESS  THAN 400

1 STlPeST;P+l / PcF’+l  / STiPtHOk(T1  I / h’fw Tl

2 STlP+STlP+l  / ST2P+<fXPRESSI@N> F O R  P R O C U C T I O N  * E X P R E S S I O N >  ::= VARIABLE / NEW Tl

3 U S E  S U B  431 I F  ST2P  I S  cPROG> tSTATEtdfhT>

4 U S E  S U B  402 I F  S12P  1s <EXPRESSION>

5 U S E  S U B  430 I F  ST2F  I S  <fXPRfSSION>

6 U S E  S U B  4 0 3  I F  ST2P  I S  <STATEMENT>

7 U S E  S U E  4 3 4  I F  ST2P  I S  < S T A T E M E N T >

8 U S E  S U B  4 0 5  I F  ST2P I S  <STATEMENT,

9 STlPtROW( V A R I A B L E := I / NELn  Tl

10 PcP-1  / ST2Pt<EXPRESSIOY> F O R  PRODUcTlO\  < E X P R E S S I O N >  : : = VARIARLE

11 U S E  S U E ?  406 I F  ST2P  I S  <EXPR,fSSION>
?-
-*

12 P+P-1  / ST2P+<EXPkfSsICY> FOR  PRODUCTIOh  < E X P R E S S I O N >  :t= CEXPRfSSTON>OP VARIAPLE  .

4 0 0 PtP+l / STlP+ROW( <fXPRESSIoN>OR ) / NEW Tl

4 0 1 P*P-1 / ST~P~<PROGRAM> F O R  PRilDUCTIOh  <PR@GHA)A> ::= P H I cPROG> Phi

4 0 2 STlPtROW(  I F <EXP~ESsION>THEN I / NEW  Tl

4 0 3 PtP-1 / ST2Pt<PRG;> F O R  PROOUCTIOh <PROG> : := I F <fXPRESSION>THEN

4 0 4 STlPtRCWt IF <EXPRcSSION>THEN <STATEMENT,  E L S E 1 / NEW Tl

405 PtP-1 / ST2Pt<STdTEMfNT> F O R  PROOUCTIOh  < S T A T E M E N T > : I= I f <fXPRESSION>THEN
E L S E <STATfMEYT>

4 0 6 pep-1 ST2Pt<STATEMfNT> F O R  P R O D U C T  IOh <STATEMENT> !t= VARIAPLE <EXPRESSION>

/ REW Tl

/ NEh Tl

<STATEMENT>

<STATEMENT>

Figure 8
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70 An example of a parse.

Let us parse the sentence

@ IF VARIABLE THEN VARIABLE := VARIABLE $

of the OG in Figure 6. We start with the following configuration:

Cycle P STACKP-P

1 1 ([rod 1 PHII, 0)

El Rest of string

IF VARIABLE THEN VARIABLE :=

VARIABLE PHI .

The row labeled PHI in Figure 7 and Tl = "IF" determine subroutine 1

of Figure 8. Execution of the first statement "ST1 + STlp + 1" of sub-
P

routine 1 changes STll to [row]2. The stack pointer is then increased

by 1 and the index of the row corresponding to "IF" (since Tl = "IF"),

which is 3, is put in ST12 . "VARIABLE" is then scanned, yielding

Cycle p STACK Rest of string

2 2 (bd3~ o> VARIABLE THEN VARIABLE :=

VARIABLE PHI

(b&b 0)

Row 3 and "VARIABLE" now determine subroutine number 2. Here we change

ST12 to [row]& put "<EXPRESSION>" in ST22 , and indicate that the next

symbol, "THEN", is to be scanned. This yields

Cycle p STACK

3 2 (4, <EXPRESSIOp)

(29 o>

Xl Rest of string

THEN VARIABLE := VARIABLE PHI

25



Row 4 and "THEN" lead to subroutine number 4. There, ST22 is checked

for "<EXPRESSION>" . Since it is correct, subroutine 402 is executed

yielding

Cycle P STACK 21
Rest of string subroutine to execute- -

4 2 6, 0) VARIABLE := VARIABLE PHI 1

(2, 0)

Continuing in this manner gives the following configurations at the begin-

ning of each cycle.

Cycle P STACK- - El Rest of string subroutine to execute

5 3 (9, 0) := VARIABLE PHI 9

(6, 0)

(2, 0)------------------------------------------------------------------------

6 3 m, 0) VARIABLE PHI 2

6 0)

(2, o>------------------------------------------------------------------------

L

b..-

7 3 (12, <EXPRESSION>) PHI 11

(6, 0)

(2, o>--------------------------------------- ---c---------------3-------------
8 2 (6, <STATEMEND) PHI 6

(2, 0)-;--,---,---,-,-,,---------------------------- -------------------------e

9 1 (2, <PROG>) PHI 3 (STOP)

I
/ L-

I-

26



8. Representation of non-terminals in the stack.

Strictly speaking, one should insert the nonterminal symbol U

itself into ST2p . This is however neither practical nor necessary.
.L

In practice, nonterminals fall into classes whose elements are the

same semantically. For instance, in ALGOL the nonterminals <primary> ,

<factor> , <ter+ , <simple arith expr> are introduced only to help

define the precedence of operations. In a compiler, they would all be

represented by an address specifying a location which gives the type,

location of the value during execution time (accumulate, register,

storage location), etc. The determination of which U is actually

in ST2
P

turns out to be almost always a semantic evaluation, which

would have to be done anyway. There is therefore very rarely any list

searching to determine which U is in ST2 , but just a semantic
P

evaluation of ST2 .
P

Accordingly, a reduction U ::= x is accomplished

by inserting into ST2
P

the semantic meaning of the symbol U and not

U itself. Notice that we assume in the discussion of the method that

productions Ui ::= U. have no "interpretation rule" associated with
J

them, which is usually the case.

Note also that the part ST2
P

of the elements p = 1, . . . . n-l

may also be used systematically to store semantic information. If we

formally parse the ALGOL statement BEGIN A := (B+E)+C*D END there will

be in the stack at some time the elements

(b<term*> + 1 , identifier)

(dexpr +> +l , 0)

(dvar := > + 1 , 0)
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(b<~~~ID + 1 , 0)

(b’ g > + 1 , 0)

We can, though, use the second part of each stack element to contain

semantic information:

(b<term*>  + 1 , (semantics of D))

(b<expr +> + 1 , (semantics of C))

(barn :=>+1, (semantics of B+E))

(b<~~~ID + 1 , (semantics of A))

(b< G > + 1 , (any necessary information))

P* Other uses of transition matrices.

Two other uses will be introduced here, both concerned with optimi-

zing the calculation of addresses of subscripted variables within FOR-

loops WI,  [PI, [51)*

Provided that a FOR-loop meets certain conditions, calculation of

the address of a subscripted variable AIEl, . . . . Ed] occurring in the

statement of the FOR-loop may be optimized if the Ei satisfy certain

restrictions, some of which we list here:

I -

1. Ei is linear in the loop variable of the FOR-loop , i = 1, l .*, n D

That is, Ei may be put in the form Cl * I + C2 , where Cl and

c2 are expressions not containing the loop variable I .

2. Ei contains only simple integer variables, integer constants,

parentheses ( and ), and the operators + , - , and * l

28



3. The variables appearing in the Ei do not change within the

FOR-loop statement.

L
Restrictions 1 and 2 may be checked systematically using the

(operator) grammar in Figure 9. If AIEl, l ... En] is the subscripted

I

L

variable and <CONST Eve [El, ...t Ed] ) then AIEl, .**) En] satisfies

restrictions 1 and 2 and moreover no E.1
contains the loop variable. If

<LIN ELSe [El, . . . . En] , then similarly AIEl, . . . . En] satisfies

L

f
i

restrictions 1 and 2 but at least one- Ei contains the loop variable.

From the grammar we generate the optimizable subscript checker -

the transition matrix and subroutines in Figure 10. Note that column 1

of the matrix contains only zeroes. We may map all terminal symbols

L

except for the ones listed in restriction 2 into column 1. If,when

L-

parsing a subscripted variable according to the grammar in Figure 9, an

error occurs, then this subscripted variable is handled in the usual way.

Otherwise, it may be possible to optimize here and the variables occurring

L

i;

in the E
i

should be stored in some list for further checking.

As a second example we look at the FOR-loop itself. We want it

L
to have the form

L FOR I ,- El STEP E2 UNTIL E3 DO S ;

i where the variables in E2 do not change within the statement S , E2

I
i

-.
I,

L

does not contain the loop variable I , and the Ei are integer expres-

sions. The further restriction is again made, that the E.1
consist only

of integer simple variables, integer constants, (,) , + , - , and * .

Note that El and E3 may contain the loop variable I , but E2 may

not. The variables in E2 should be listed for further checking.
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PRooucrrONs

1
2
3
4
5
6
i
0
9

10
11
12
13
14

2
15
16
17
18
19
2 0
21
2 2
2 3
24
2 5
2 6

<CONS1 ElEu>(:=
cLfN ELEM> t:=
<CONST SUBS>tt=

$t=
<i.IN SUBS> it=

1:’
tt=
IS=

<CONST EXPq>jr=
)I=
I:=

<CONS1 TERelt=
It=

<CONS1 FACt>(r=
113
ll=

<LIN EXPR, I:=
IS=
t:=
tt=
It=

&IN T E R M >  I#=
;:r:
Ia=

<LIN FACT>  I:=
t:*

NONTERMIYAL  SYMBZLS
1 <CONST ELEv>
5 <CONST EXP?>

t CCONST  SUBS>1
f <tfN SUBS> I
<CONST EXPR,
CCONST  SUBS>, GONST  ExPR>
<LIN EXPR>
<LIN  S U B S >  I <LIN EXPR,
<LIN S U B S >  l <CGNST EXPR,
<CONST SUBS>, <LIN EXPR>
<CONST EXPR><+  O R  -> <CONS1 TERM,
<+ O R  *> <co~Sf  TERM>
WJNST T E R M >
<cONST  T E R M > * <CGNST FACT>
<CONST F A C T , >
c <CONST EXPR,)
I N T E G E R
I N T E G E R  V A R
<LIN  EXPR> <+ O R  -> <LIN TERM,
<CONST EXPR><+  O R  -) <LIN TERM,
<LfN EXPR> <+ O R  -> <CGNST TERM>
<+ GR m> <LIN TERM>
<:LIN TERM>
<CONST TERM>+ <LIN FACT>
<LIff TERM>  + <CGNST F A C T ,
<LIN  F A C T >
( <LIN EXPR, 1
LOOP VAR

2 <LIN  ELEM> 3 tCGNST  SUBS> 4 <L I N  SUBS>
6 WINST  TERM> 7 <CGNST FACT> 0 <LfN EXPR>

9 <LIN TERM> 10 <LIN F A C T >

TERMINAL SYMBOLS
11 I
1 5 *
19 I N T E G E R VA3

.12 I 13 P 14 <+ O R  ->
16 ( 17 1 18 INTEGER
2 0 LOOP VAR

MATRIX IS 18 x lo

Figure 9



t
SECONDARY ROW

<COhST SUBS>P
SECONDARY ROW /

<LIh: SUBS> I
SECONDARY ROW

<COkST EXPRM+ 01 ->
SECONOARY ROW

<+ OR -.)
SECONDARY ROW

<COMT TERM>+
SECONDARY ROW

\
SECONDARY ROW

<LIh EXPR> <+ 01 c>
SECONDARY ROW

<LIri TERM> *
SECONOARY ROW

c I P <
+

0
R

0 0 0 1
0 5 6 7
0 0 0 1
0 9 9 7
0 0 0 1

O ‘Z lo i0 0
0 11 11 11
0 0 0 0
0 12 12 12
0 0 0 0
0 13 13 13
0 0 0 1
0 0 0 7
0 0 0 0
0 15 15 15
0 0 0 0
0 16 16 16

Figure 10

*

0
8
0
0
0
0
0
8
0
0
0

13
0
0
0
0
0

16

c 1

1 0
0 0
1 0
0 0
1 0
0 0
1 0
0 11
1 0
0 12
1 0
0 13
1 0
0 14
1 0
0 15
.l 0
0 16

I
N
1
E
G
E
R

2
0
2
0
2
0
2
0
2
0
2
0
2
0
2
0
2
0

I
N
1
E
G
E
R

V
A
R

3
0
3
0
3
0
3
0
a
0
3
0
3
0
3
0
3
0

L
0
0
P

V
A
R

4
0
4
0
4
0
4
0
4
0
4
0
4
0
4
0
0
0



M ATRIX SUBROUTINES,  THOSE SUBS WHICH ARE ACTUALLY MATRIX  ENTRIES HAVE N U M B E R S  L ESS THAN 000

t STlP+SflP+l  / P*P+l / SflP*ROW(Tl) / NEW Tl

2 STlP~StlP*l  / ST2P+*CoNST  FACT> F O R  P R O O U C T I O N  SCONST FACT> I:= INTEGER / NEW Tl

3 STlP+STlP+l  / ST2PeqoNSt F A C T , F O R  P R O D U C T I O N  CCONST  FACT> :I= INTEGER VAR / NEW Tl

4 STlP*STlP+l  / ST2p*cLIN  FACT> F O R  P R OD U C TIO N <LIN FACT> I:= L O O P  VAR / NEW Tl

5  E ITHER
U S E  S U B  406 IF STZP IS l C O N S T  SUBS><CONST  EXPR’S~CONST  TERM><CONST  FACT,
U S E  S U B  407 I F  S T O P  I S  <LIN SUBS>  <LIN EXPR, <LIN  T E R M >  <LIN  FACT,

6 E I T H E R
U S E  S U B  400 I F  STPP  I S  &ONST  SUBS><CoNST,EXPR><CoNST  TERM,<CoNST  F A C T >
U S E  S U B  4 0 3  I F  ST2P  I S  <LIN S U B S >  <LIN  EXPR> <LIN  TERM, *LIN  FACT>

7 E I T H E R
U S E  S U B  401 I F  ST2P  I S  <CONSf  EXPR,<CONST  TERM><CONST  F A C T >
U S E  S U B  4 3 4  I F  STZP I S  tLIN EXPR, <LfN  TERM> <LIN FACT,

8  E ITHER
U S E  S U B  432  I F  ST2P I S  *cONsT  TERM><CONST  FACT>
U S E  S U B  4 0 5  I F  STZP IS  dLIN T E R M > <LIN  F A C T >

9 E I T H E R
U S E  S U B  408 I F  Sf2P  I S  (CONST  EXPR><CONST  TERu>cCoNST  F A C T >
U S E  S U B  4 3 9  I F  ST2p  I S  rLIN EXpR> <LIN  TERM> <LIN FACT>

10 EITHER
U S E  S UB 4 1 1  I F STZP I S  ~CONST  EXPR><CONST  TERM><CONST  FACT>
U S E  S U B  410 I F  S T O P  I S  tLIN EXPR> <LIN  T E R M >  <LIN  FACT>

11  E I T H E R
USE SUB  4 1 2  I f  ST2P  I S  eCONST  TERM-CONST  FACT>
U S E  S U B  4 1 3  I F  STZP  IS 4LIN T E R M > <LIN  FACT>

12  E ITHER
U S E  S U B  4 1 4  I F  ST2P I S  <CoNST  TERM><CoNST  F A C T >
U S E  S U B  415 IF ST2P  I S  OLIN  TERM> <LIN  F A C T >

I 3  E I T H E R
U S E  S U B  4 1 6  I F  STOP  I S  (rCONST FACT>
U S E  S U B  417 IF S T O P  I S  rLIN F A C T >

14  E ITHER
U S E  S U B  418 I F  STPP  I S  &ONST  EXPR><CONST  TERH><CONST  FACT,
U S E  S U B  4 1 9  I F  ST2p I S  CLIN  EXPR> <LIN  TERM* <LIN  F A C T >

15  E ITHER
U S E  S U B  4 2 1  I F  ST2P  I S  6CONST  fERM><CONST  F A C T ,

I

U S E  S U B  420 I F  STPP  I S  rLIN  TERM> <hIN  FACT>

Figure 10 (continued)



1 6 USE S U B  4 2 2  I F  ST2P I S  <CONST  F A C T >

4 0 0 P+P+l / STlP*ROwC <CONST  SUBS>, 1 / NEW Tl

401 P*P+l / STlP+ROWC <CONSI EXPR><+ O R  -> 1 I NEW  Tl

4 0 2 P t P + l / STlPtROWt <CONST  TERM*+ 3 / NEW Tl

4 0 3 P*P+l / STlPtROW( <LIN  S U B S >  l ) / NEW Tl

4 0 4 P+P+l / sTlP*ROW( <LIN  EXPR> <+ OR -> 1 / NEW T l

4 0 5 Pep+1 / STlP+ROW( <LIN  TERM>  l 1 / NEW Tl

4 0 6 PtP-1 / Sf2Pt<CONST  ELEM> FOR  P R OD U C T I O N  ~CONST  ELEM>  ::= I:

4 0 7

4 0 8

4 0 9

4 1 0

411

4 1 2

4 1 3

4 1 4

4 1 5

4 1 6

417

4 1 8

4 1 9

4 2 0 PtP-1

4 2 1 PtP-1

4 2 2 PtP-1

P+P-1 / S’12P*<LIN  fLfM> F O R  P R O D U C T I ON CLIN  ELEM* 111 c <LIN  SUBS>  3

P*P-1

P*P-1

P*P’1

PtP-1

PtP-1

P*P-1

pep-1

P*P’1

PtP-1

PtP-1

pep-1

PtP-1

<CONST  SUBS,)

/ sTOPt<CONST  S U B S , F O R  P R O D U C T I O N  <CONsT  SUBS,  ::= <CONST  SuBs,r <CONST  EXPR>

/ St2P*<LIN SUBS, / F O R  P R O D U C T I O N  <LIN  SUBS> :tr ~CONST  SUsS>, <LIN  EXPR>

/ SfPPt<LIN  SUBS> F O R  P R O D U C T I O N  <LIN  SUBS> tt= <LIN  SUBS> l <LIN  EXPR>

/ ST2PtcLIN  SUBS, F O R  P R OD U C TIO N  <LIN  SUBS> tt= <LIN  SUBS> 8 <CONST  EXPR>

/ ST2Pt<CONST  EXPR> F O R  P R O D U C T I O N  <:CONST  EXPR,  ttr <CONST  fXPR><+  O R  -> <CONST  TERM>

/ STZPt<LIN  EXPR, F O R  P R O D U C T I O N  <LIN  EXPR, ttr <CONS7 EXPR><+ O R  -> <LIN  T E R M >

/ ST2PtcCONST  ExPR* F O R  P R O D U C T I O N  <CONSI  ExPR>  ttm  <+ O R  -> <CONST  TERM>

/ s?2Pt<LIN  EXPR> F O R  P R O D U C T I O N  <LIN EXPR> tt= <+ O R  -> <LIN  TERM>

/ ST2P+<COtiST  TERM> F O R  P R OD U C TIO N cCONST TERM>  tt8 <CONST  TERM>* <CONST  FACT>

/ STZPt<LIN- TERM> F O R  P R O D U C T I O N  <LIN  TERM> tt= <CONST  T E R M > * <LIN  F A C T >

/ sT2Pt<CONST  F A C T > F O R  P R O D U C T I O N  <CONsT  F A C T >  ttr ( <CUNST EXPR>)

/ St2Pt<LIN  FACT, F O R  P R O D U C T I O N  <LIN  F A C T > tt= ( <LIN  EXPR>  1

Figure 10 (continued)

/ NEW  T l

/ NEW Ti

/ NEW Tl

/ NEW Tl



L
Ii

The grammar of Figure 11 is then constructed. The terminal "INT

CONS, VAR" represents the class of integer constants and simple integer

variables (except the loop variable of this loop). The corresponding

transition matrix and subroutines are in Figure 12. We call this the

loop checker. Since we are not interested in the precedence of the

operators + , - , * , we have simplified the productions for arithmetic

expressions. Note also in Figure 11 that 11 * II is used as a unary

operator. Since we assume that the subscripts have been or are being

checked for syntactical errors by another part of the compiler, this

will never happen. Grammars should always be constructed according to

what they will be used for, and should be as simple as possible.

One can incorporate the loop checker and optimizable subscript

checker into an existing syntax checker as follows. All three are put

in memory together. The main syntax checker executes as it normally

does, performing the usual "cycles" described already.

cycle

checker
L

r

When a FOR is scanned, the syntax checker activates the loop checker.

Thereafter both process in parallel. The syntax checker processes

one symbol and then passes it on to the loop checker, which when finished

returns to the syntax checker to process the next symbol:

34



P R O C U C T I O N S

1 <FOR LOOP> I:=

2 <EXPl> ::=
3 I:=
4 t :r
5 <EXPl  F A C T >  I:=
6 It=
7 cEXP2> ::=
8 )I=
9 It=

10 ::=
11 1:s
1 2 cEXP2 F A C T >  tt.=
13 It=

FOR LOOP VAR + <EXP2> STEP
0 0
CEXPl> <+,-cx> <EXPl  F A C T >
<+r-rX> <EXPl FACT>
<EXPl F A C T >

:NT  CONSIVAR
<EXPl> 1

<EXPl> <+,-rx> <EXP2 F A C T >
<EXP2> <+0-,x> CEXPl  FACT>
<EXP2> <+D-#x> <EXP2 FACT,
<+,-Rx> <EXP2  FACT>
<EXP2 F A C T >
C <EXP2> 1
LOOP V A R

N O N T E R M I N A L  SYM@3LS
1 <FOR  LOOP, 2 <EXPl> 3 <EXPl  F A C T > 4 <EXP2>
5 cEXP2 F A C T > /

w
v TERHINAL  S Y M B O L S

6 FOR 7 LOOP VAR 8 l S T E P
10 U N T IL 11 00 1 2 <+#-#x> 1; (
1 4 1 1 5 I N T CONSrVAR

<EXPl> U N T I L <EXP2>

MATRIX  IS 18 x lo

Figure 11
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FL3
5ECObiDAQY  Rob

FZlR LOOP V”IK
ZEC(~ND*QY Row

FOR LOOP VAH 1
f

SECONDARY ROh
FOR LOOP VAR
c <EXK?>
STEF

SECONDARY ROk
FOfi LOOP VAR
+ <EXF2>
STEF <EXPl>
UNJIL

SECONaARY  RO;J
<EXFl> <+P-,X>

SECONDARY ROW
<+8-#X>

SECOrjDARY  ROW
(

S E C O N DARY ROW
<EXF2> <+,-•X>

S E C OND ARY Rob

F
0
R

0
0

0
0

0
0
0
0
0
0
0
0
0
0

L
cl
0
P

v
A
R

0"
0
0

3
0

0
0

3
0
3
0
3
0
3
0
3
0

0
0
5
0

0
0

0
0

0
0
0
0
0
0
0
0
0
0

s u
T hi
E T
P I

L

0
0
0
0

0 0 0 1
6 0 0 7

0 0 0 1
0 8 0 9

0 0 0 1
0 0 10 7
0 0 0 0

11 12 11 13
0 0 0 0

14 15 14 16
0 0 0 1
0 0 0 7
0 0 0 0

18 0 18 18

0
0

0
0
0
0

1
0

1
0

1
0
1
0
1
0
1
0
1
0

I

0
0
0
0

0
0

0
0

0
0
0

13
0

lb
0

17
0

1‘8

I
N
1

C
0
N
S

;
A
R
0
0
0
0

2
0

2
0

2
0
2
0
2
0
2
0
2
0
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~Affi1X  SUBROUTIhES, T H O S E  SUBS  WHICH  AR E  A C T U AL LY vrPTRIX  E~ITRIES  H A V E  NU M BE R S  LE S S  T H A N  4 0 0

1 sTlPeSTlP+l  / P*P+l / STlP*ROw(T~l  / NfW  Tl

2 ST~P+ST~P+~  / STZP+<EXpl  FACT> F O R  PROCUCTION  <EXPl  F A C T >  i:= TNT CO~S~VAR  1 N E W  Tl

3 STlP+STlP+l  / ST2P4x~xP2  FACT> F O R  PROCUCTION  <EXPP  FACT>  :z= L O O P  VA R / NEW  Tl

0

9

10

11

12

13

14

15

16

17

18

400

401

402

STlP*ROW( FOR L O O P  VAR 1 / NEW Tl

STlP+ROW( FOR LOOP VAR + I / NEW Tl

U S E  S U B  402 I F  ST2P  I S  <Exp2> <EXP2 FACT>

EITHER
U S E  S U B  430 I F  S T E P  I s  <EXPl> <EXPl  F A C T >
U S E  S U B  031 I F  ST2P  I s  <EXP2> cEXP2 F A C T >

USE SUE  1133 I F  ST2P  I s  <EXPl> <EXPl  F A C T >

U S E  SlJt 4 0 0  I F  ST2P  I s  <EXPl> *EXPl F A C T >

U S E  S U B  4 3 4  I F  sT?P  I S  <EXP2> <EXP2 F A C T >

U S E  S U B  4 3 6  I F  STZP  I S  cEXP2 FACT>

U S E  S U B  4 3 5  IF ST2P  I S  cEXP1 F A C T >

E I T H E R
U S E  S U B  4 3 5  I F  STZP  I S  cEXp1 FACT>
U S E  SU6  036 I F  S T E P  I S  <EXP2 FACT>

U S E  S U B  438 I F  ST2P  I S  <EXP2 F A C T >

U S E  S U B  4 0 7  I F  ST2p  I S  cEXP1  FACT>

E I T H E R
U S E  S U B  407  I F  STZP  I S  cEXP1 FACT*
U S E  S U B  438 IF ST2P  I S  ~EXPZ  FACT>

E I T H E R
U S E  S U B  409 I F  STOP  I s  <EXPl*
U S E  S U B  410 I F  ST2P  I S  <EXP2>

E I T H E R
U S E  S U B  411 I F  ST2P  I S  tEXP1  FACT>
U S E  S U B  4 1 2  I F  STZP  I S  eEXP2 FACT>

cEXP1 FACT>
eEXP2 F A C T >

P+P+l / STlP*ROW( <EXf’l> <*r-,x> 1

P*P+l / SflP+ROw  ( <E XP2> <*r-rx> 1

STlP+ROW( FOR LOOP VAR + <EXPZ>

f NEW fl

/ NEW Tl

S T E P 1 / N E W  Tl

Figure 12 (continued)



STlptROW( LOOP VAR + <EXp2> S T E P <EXPl> U N T I L / NEW Tl

404 P&P-l / STPpt<FOR  LOOP> F O R  PROOUCTIOh  <FOR  LOOP> I :r FOR LOOP  VAR l <EXP2>
S T E P <EXPl> U N T I L <EXP2> DO / N E W  Tl

4 0 5 PtP-1 / STEPtcEXPl> F O R  PRODUCTIOh  <EXPl* It= <EXPl> *+,-#X> <EXPl  FC:T>

406 P+P-1  1 Sf2Pt<EXP2> F O R  PROOUCTIoh  <fxP2> ::t <EXPl> *+,-rx* <EXp2 F&CT>

407 P+P-1 / ST2~tcEXpl> F O R  PRODUCTIOk  <EXPl> I:= <+*-rx> *EXPl F A C T >

UO8 PtP-1 / ST2Pt<EXP2> F O R  PROOUcTIOh  <EXp2, 1:+ <*r-rX> CEXP2 F A C T >

4 0 9 PtP-1 / sT2PtcEXPl  FACT* F O R  P R O D U C T I O h  <ExPl  FACT> : :r C <EXPl> 1 / NEW Tl

4 1 0 PtP-1 ST2PtcEXP2  F&CT> F O R  i?RODUCTIOh  <EXP2 F A C T * g:= <EXP2>

411 ptp-1  / ST2pt<EXp2* F O R  P R O D U C T I O h  <EXP2> ::t <EXP2> <+t-#X> <EXPl  F A C T >

4 1 2 PtP-1 / ST2Pt<EXP2* F O R  PRODUcTIOh  <EXp2> :tt <EXP2> <+9-s  x> <EXp2  FACT>

/ NEW Tl

Figure 12 (continued)
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c.yc le

syntax

checker

The loop checker disconnects itself as soon as it determines that the

loop is not of the right form, or when it is finished. Similarly, the

optimizable subscript checker is connected when the [ of the subscript

variable AIEl, . . . . En] is first scanned, The optimizable variable

checker disconnects itself when finished or when it is determined that

this subscripted variable does not satisfy one of the restrictions.

cycle

syntax

checker

loop
checker

subscript

The loop checker and optimizable subscript checker are not concerned

with errors and error recovery, If any error occurs, they simply discon-

nect themselves, or will be disconnected by the syntax checker itself.

10. Summary.

The ideas in this paper have been used intuitively in the ALCOR-

ILLINOIS 7090 Compiler ([5], [l]). The second pass actually contains

the three matrices illustrated in Section 9. The matrix technique has

its most important use, in my opinion, in a student system, where a

very fast compiler resides in core and must also produce excellent error

messages. Because the syntax checker matrix for ALGOL is so large (on

39



the 7090 (100 x 45) and because over sixty percent of the array elements

represent illegal symbol pairs, a much wider variety of error messages

is efficiently possible. An algorithm is being developed for producing,

from the grammar, an error recovery subroutine for each "error" element

of the matrix. Another advantage of the matrix technique is the simpli-

city of the overall design.

The only disadvantage is the space used. A partial solution to

this problem might be to parse those constructions of the grammar which

are most used (for instance, expressions) using the matrix technique and

to use some other slower but less space-consuming technique for the rest

of the grammar. Note also that the size of the matrix may be cut in

half by allowing only one row for each stack nonterminal symbol. Each

subroutine must then check whether a nonterminal exists in ST2 or not
P

( ST2
P

nonzero or not).
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Appendix A.

rl

i

t

!
L
It

Below is the grammar of an ALGOL-like language defined by Floyd ([4])

in his article on operator precedence. Note that in the subroutines the

phrase "ambiguity in sub" appears 6 times. This means that in this

*
subroutine the reduction to make is not uniquely determined from

5? '

ul
and T

1'
and not that the grammar is ambiguous. The difficulties

can be circumvented by either changing the grammar or using semantic

information to determine which reduction to be made.

The matrix and subroutines were constructed using the grammar as

input.

42
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.
PRODUCTIONS

1 10 I:=
2 ecID LIST>  I:=
3 (l=
4 <LITCON> I:=
5 II=

;
I:=
I:=

8 <SUB  VAR, t:=
9 <VARIABLE> It=

1 0 I:=
11 <FUNC  D E S >  It=
12 <PRIMARY> l:=
13 t:=
:: I:=

I:=
16 <FACTOR> I:=
17 I:=
18 ::a
19 1:=
2 0 <TERM, t:=
21 I*=

%S
<SIWP  AEXP, ::=

::=
2 4 <ARITH  EXP> ll=
2 5 $ls

22;
<AEXP  LIST>  I : =

I:=

zpe
<RELATION> I:=

I:=
3 0 <BOOL  PRIM,  I:=
31 t:=
3 2 1:s
3 3 I(=
3: I:=

eBDOL  SEC> at=

x9
II=

<CONJ, 11s
3 8 118
3 9 <DISJ> Il=
40 I:=
41 <IMPL> I:=
4 2 I:=
4 3 <BOOL  EXP> t:=
4 4 I:=
4 5 <EXPR> I:+
46 I:=
4 7 <EXP LIST> IlP
4 8 I:=
4 9 <LIM PAIR> 818

5:
<LIM P LIST>ll=

I:=
5 2 <NAME PART,  I:=
5 3 <SPECIFIER> I:=

L E T T E R
I D
<ID LIST>  0
DIGITSTR
DIGITSTR

~GITsTR
~IGITSTR

:i
;

<SUB  VAR>
ID (
<FUNC  DES,
< V A R I A B L E >
<LITCON>
C <ARITH  EXP,
< P R I M A R Y >
< P R I M A R Y >  l *
e <FACTOR>
<+ O R  r> <FACTOR>
<FACTOR,
<TERM> <* O R  />
<TERM>
<SIMP  AEXP>  <+ O R  -*
<SIMP AEXP>  ’
IF CBOOL  EXP>
<ARITH  EXP>
<AEXP LIST,  ,
<ARITY  EXP>  *REL  OP>
<RELATION> *REL OP’
*T O R  F,
< V A R I A B L E >
<FUNC  DES>
< R E L A T I O N >
C <BODL  EXP>
<BOOL  PRIw
NOT <BODL  PRIM,
CBOOL  SEC>
<CONJ> AND
<CDNJ>
<DISJ> O R
<DISJ>
<IMPL> I M P L I E S
<IMPL>
CBOOL  EXP* EQUIV
<ARITH  EXP>
CBDDL  EXP>
<EXPA>
<EXP  LIST>  #
CARITH  EXP, 1
<LIM  P A I R >
<LIM  P LIST>,
I D (
<TYPE> <ID LIST>

I D

D I G I T S T R
<AEXP LIST,  3

<EXP LIST,  1

<FACTOR>

<FACTOR>

<TERM>

<ARITH  EXP> E L S E

<ARITH  EXP>
<ARITH  ExP>
<ARITH  ExP’

1

<6DOL  SEC>

<CDNJ>

<DISJ>

CIllrPL>

<EXPR>
<ARITH  ExP,

<LIM  PAIR,
<ID LIST*  )

<ARITH  EXP>



5 7
5 8
5 9
6 0
61
62
6 3
6 4
65
6 6
6 7
68

Pi
71
7 2
7 3
7 4
7 5
76
I?
7 8
7 9
8 0
81
8 2
8 3
8 4
8 5
8 6
87
8 8
89
9 0
91
92
9 3
94
95
9 6
97

1 := < T Y P E > VACUE
I:= < T Y P E > ARRAY
II= ARRAY < I D  LIST>

cSPEC LIST>  I:= < S P E C I F I E R >
It= <SpEC LIST,  i

<DECL> I:= < T Y P E > < I D  LIST,
I:= C O N S T A NT IO
1 : a < T Y P E > ARRAY
It= ARRAY < I D  LIST>
I:= SWITCH < N A M E  P A R T *
I:= PROCEDURE < N A M E  P A R T >
I:= FUNCT IDN < N A M E  PART>

<DEC  LIST>  :I= <DECL>
I:= <DEC  LIST>  i

< F O R  L  EL*  I:= <ARITH  EXP>
I:= <ARITH  EXP> S T E P
It= <ARITH  EXP> WHILE

<FOR  L I S T >  I:= < F O R  L  E L >
II= < F O R  L I S T >  p

<GO STATE>  t i t GO TO I D
II= GO TO I D

<ASS STATE>  II= < V A R I A B L E >  :=
I:= < V A R I A B L E >  :a

<PROt  C A L L ,  O=  I D (
<CDWP  ST> 118 B E G I N < S T  LIST>

I:= B E G I N <DEC LIST,
<CL  STATE>  :r= < G O  STATE>

It= < A S S  S T A T E >
I:= <PROC  CALL>
::= ID 1

I:= ID t
II= COMMENT
I:= <CDMP  S T >
II= FOR I D
I:= IF <BOOL  EXP>

COP STATE> : I= ID
#I= FOR iD
I:= IF <BOOL  EXP>
I:= IF <BOOL  EXp>

< S T A T E M E N T >  ::= < C L  STATE>
II= < O P  S T A T E >

< S T  LIST, t:= <STATEMENT>
I:= <ST LIST>  i

<PROGRAM, II= P H I <ST ATEHENT>

N O N T E R M I N A L  SYMBDLS
1 ID 2
5 < V A R I A B L E > 6
9 <TERM* 10

13 < R E L A T I O N > 14
:: <EXP <DIsJ> LIST> 22 18

2 s < S P E C I F I E R > 2 6

f X
<FOR  L EL> 30
<PROC  C A L L > 34

< I D  LIST>
<FUNC  DES*
<SIMP  AEXP>
<BOOL  P R I M >
<IMPL>
<LIW P A I R *
<SPEC .LIST>
< F O R  LIST>
<COwP  ST,

$
11
15

:;
2 7

3:

< I D  L I S T >
<ID LIST>

< S P E C I F I E R ’

t= <EXPR>
<ID LIST>  C <LIM  P LIST>1
t <LIM  P LIST>)

i <SpEC L I S T >  i <ST L I S T > END
1 < S T A T E M E N T ,

<DECL>

<ARITH  EXP> U N T I L
<BCOL  EXP>

<ARITH  EXP,

< F O R  L  EL>

1 <ARITH  EXP> I
<EXPR>
< A S S  S T A T E ,
<EXP LIST>  1
END
i < S T  L I S T * END

< C L  S T A T E *

t= <FOR  LIST>  DO
THEN < C L  STATE,  E L S E
COP S T A T E >

LN
< F O R  LIST>  D O
<CL  STATE>  E L S E

THEN <STATEMENT>

<STATEMENT>
PHI

<LITCON>
< P R I M A R Y >
<ARITH  EXP>
<BOOL  SEC*
<BOOL  EXP,
<LIM  P LIST>
<DECL>
< G O  STATE>
< C L  STATE>

4

128
16
2 0
24

5:
3 6

< S U B  VAR>
<FACTOR>
<AEXP L I S T >
<CONJ>
<EXPR>
<NAME  PART>
<OEC LIST,
< A S S  STATE>
< O P  STATE*

< C L  STATE>
< C L  S T A T E *

<oP STATE,
COP STATE,



3 7 <STATEMENT>

T E R M I N A L  S Y M B O L S
4 0 L E T T E R
4 4 I
4 8 **
52 I F
56 <T O R  F>
60 IMPLIES
6 4 V A L U E
6 8 IS

3 1 F U N C T I O N
G O  T O

8 0 0 0

38

4 1 #
4 5 I
4 9 e
5 3 T HE N

5 7 NOT
6 1 EQUXV
6 5 ARR AY
6 9 SHITCH
7 3 S T E P
7 7 B E G I N
8 1 PHI

<ST L I S T > 3 9

4 2 OIGITSTR
4 6 c
5 0 <+ O R  ->
5 4 E L S E
5 8 ANC
6 2 t
6 6 i
7 0 PROCEDURE
7 4 U N T I L
7 8 COWENT

<PROGRAM>

4 3 .
4 7 1
5 1 <* O R  />
5 5 <REL OP>
5 9 OR
6 3 <TYPE>
6 7 CONSTANT
71 EN0
7 5 WHILE
7 9 FOR

M A T R I X  IS 1 1 6  x 4 2



co1

<ID L I S T >
SECONDARY’ROW

D I G I T S T R
SECONDARY ROW

.
S E C O ND A RY  R o w

D I G I T S T R
SECONDARY’ROW

I D I
SECONDARY  R o w

ID
SECONOARY(ROW

SECOND ARY ROW
< P R I M A R Y >

SECONOARY*~OW
e

SECONOARY ROW
<+ C R  ->

SECONDARY ROW
<TERM> <+ 01 />

S E C ONDARY ROW
<SIWP  AEXP*  <+ 09 ->

S E C O N D A R Y  ROW
I F

SECONDARY ROW
I F <BOOi  EXP>
THEA

S E C O ND A RY ROW
I F <BOO,  EXP*
THEh cARIT+!  EXP>
ELSE

SECONOARY  R o w
<AEXP LIST,  R

SECONDARY ROW
CARITH  EXP>  <REL  oP>

SECONDARY ROW

<RELATION> <REL  OP’
S E CO ND AR Y  R o w

NOT
S ECO ND AR Y  R O W

<COhJ’ AND
SECONDARY  R o w

01 a 010 a1 020
k

, D .t I ( ) * $ c c T
I + + + : E R’

A

: S E
: i N

I
i M

r
G T D P
I 0 0 N E L 0 L

E T R R R I
R S 0 E

T m / P f s
R > > > >

2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 5 0 0 5 0 0 5 0 0 0 0 0 0 0 0 0 0” 0 0 0
0 6 0 7 0 6 0 6 6 : 6 6 0 6 6 6 0 0 6 6 6
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 9 10 : 9 0 9 9 : 9 9 0 9 9 9 0 0” 9 9 Q
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14 44 15 0 lb 17 0 04 44 20 0 0 21 22 23
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0 0 0 0 0 0
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1 STIPCSTIP+~  / PcP+l / STlP+RoWCfl) / NEW Tl

2 STlpeSTlp+l  / ST2p*ID F O R  PROCUCTION  1 0 ::= L E T T E R / N E W  Tl
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<FACTOR> <PRIMARY> <FUNc D E S >

1 4 U S E  S U B  432  I F  ST2P I S  I D

1 5 U S E  S U B  4 3 3  I F  STEP  I S  <PRIMARY> *FUNC  DES> < V A R I A B L E > <SUB  VAR> <LITcON>

l b U S E  S U B  4 3 5  I F  sT2P I S  <SIMP AEXP>  < TERM>
*SUB  VAR>  c LITCON,

<FACTOR> <PRIMARY> <FUNc  D E S > < V A R I A B L E >

1 7 U S E  S U B  430  I F  sT2P  I S  < T E R M > <FACTOR> < P R I M A R Y > <FUNc  DES> <VARIARLE>  I D <SUB  VAR>
<LITcON>

18 E I T H E R
U S E  S U B  430 IF ST2P IS < I O  LIST> I O
U S E  S U B  413  I F  ST2P I S  cEXP LIST> <EXPR> (ARITH  EXp>  <SIMP  A E X P >  <TERM> cF AC TOR > < P R I M A R Y >

<FUNc  DES> < V A R I A B L E >  I O <SUB  VAR> <LITCON> <@OOL EXP> <IMPL>
<DISJ> <cONJ> *BOOL SEC> <BOOL  PRIM> < R E L A T I O N >

A M B I G U I T Y  I N  S U B  1 8

1 9  E I T H E R
U S E  S U B  827 I F  ST2p  I S  <IO  LIST> I O
U S E  S U B  426 I F  STZP  I S  <EXP LIST> <EXPR> <ARITH  EXP> <SIMP  AEXP,  <TERM> <FACTOR> < P R I M A R Y >

<FUNc  DES> <VARIABLE>  1 0 <SUB  VAR> <LITCON> CBOOL  EXp> <IMPL>
<DISJ, <CONJ> <BOOL  SEC> <BOOL  P R I M >  * R E L A T I O N >

U S E  S U B  4 2 8  I F  STZP I S  <EXP  LIST> <EXPR> <ARITH  EXP> <SIMp  AEXP>  <TERM> <FACTOR> < P R I M A R Y >



<FUNC  D E S > < V A R I A B L E >  I O <SUB  VAR> <LITCON> <ROOL  EXp> CIMPL>
<DIsJ> <cONJ> <BoOL  SEC> <BOoL  P R I M >  <RELATION>

A M B I G U I T Y  I N  S U B  1 9

2 0  E I T H E R
U S E  S U B  4 3 7  I F ST2P  IS <ARITH  EXP>  tSIHP  AEXP> <TERM> <FACTOR> <PRIYARY> <FUNc DES> < V A R I A B L E >

X0 < S U B  VAR> <LITCON>
U S E  S U B  408  I F  STPP  I S  <RELATION>

2 1 U S E  S U B  4 0 9  I F  ST2P I S  <CONJ> <8OOL  SEC> <BoOL  P R I M >  * V A R I A B L E >  I O <suR  VAR> <FuNC  DES>
< R E L A T I O N >

22 U SE S U B  4 1 0  I F  ST2P I S  <DISJ> <CONJ> <BOOL  S E C > <BOOL  P R I M >  <VARIARLf>  I D <SUB  vAR>
<FUNc  DES> < R E L A T I O N >

U S E  S U B  411 I F  ST2P I S <IMPL>
< S U B  VAR>

cDISJ>
CFUNC  DES>

<CONJ>
<RELATION>

<BOOL <BOOL  P R I M >  < V A R I A B L E > 10

U S E  S U B  412  I F  ST2P I s  <BooL  EXp>
IO

< IMPL>
<SUB  VAR*

<DISJ>
<FUNC  DES>

<cONJ>
< R E L A T I O N >

<BooL SEC> <8OOL  PRIM>  <VARIAPLE>

2 5  E I T H E R
U S E  S U B  “ 2 9  I F  sT2P I S  CARITH  EXP,  <SIHP  A E X P >  < T E R M > <FACTOR> <PRIMARY> <FUNC  DES> < V A R I A B L E >

ID <SUB  VAR, <LITcON>
U S E  S U B  4 3 0  I F  ST2P  I S  <BOOL  ‘ExP> <IMPL, <*I  SJ’ <CONJ> <BOOL  SEC> <ROOL  PRIM> <VARIABLE>

10 < S U B  VAR> <FuNC DES> < R E L A T I O N >
A M B I G U I T Y  I N  S U B 25

26 U S E  S U B  4 3 1  I F  sT2P  I S  < F A C T O R > < P R I M A R Y > tFUNC  DES> <VARIABLE, 10 <SUB  VAR> <LITCON>

27 U S E  S U B  432  I F  ST2p  I S  <FACTOR> <PRIMARY> <FUNC  DES> < V A R I A B L E , 10 <SUB  VAR> <LITCON>

28 U S E  S U B  4 3 3  I F  ST2P I S  < F A C T O R > < P R I M A R Y > <FuNC D E S > <VARIABLE  > I O <SUB  VAR> <LITCON>

29 U S E  SUB  430  I F  ST2P  I S  < F A C T O R > <PRIMARY> cFuNC D E S > < V A R I A B L E >  I O <SUB  VAR> CL1 TCON>

30 U S E  S U B  4 3 5  I F  ST2P  I s  <TERM> <FACTOR> < P R I M A R Y > *FuNc  DES> <VARIARLE>  1 0 <SUB  VAR>
<LITCON>

31 U S E  S U B  036 I F  STOP  I S  <BOOL  EXP> <IMPL> <OISJ, <CONJ> CBOOL  SEC> <BOOL  PRIW <VARIABLE>
ID <SUB  VAR> tFUNC  DES> <RELATION>

32 EITHER
U S E  S U B  4 3 7  I F  ST2P I S  <ARITH  EXP> <SIMP A E X P >  <TERM> <FACTOR> < P R I M A R Y > <FUNC  D E S > < V A R I A B L E >

IO <SUB  VAR> <LITCON>
U S E  S U B  4 3 8  I F  sT2P I S  < C L  S T A T E > <GO S T A T E > <ASS  S T A T E >  <PROC  C A L L >  <CoMP  S T >

33 U S E  S U B  422  I F  STOP  I S  10‘

U S E  S U B  4 3 9  IF STOP  I S  <STATEMENT*  <CL  STATE* <GO  STATE, <ASS  STATE>  <PROC  CALL>  <COMP ST> cop  S T A T E >



35

36

U S E  SUB  4 2 1  I F  STZP I S  < V A R I A B L E > IO < S U B  VAR>

USE  SUB  440  I F  STPP  I S  <ARITH  EXp> <SIMP  AEXp>  <TERM*
I O < S U B  VAR> <LITCoN*

37 U S E  S U B  041  I F  ST2P  I S  <ARITH  EXP’ <SIMP AEXP* < T E R M *
10 < S U B  VAR> <Lx TCON>

38 U S E  S U B  492  I F  S T E P  I S  <ARITH  EXP> <SIHP  AEXP,  *TERM>
ID < S U B  VAR> <LITCON>

39 U S E  S U B  443  I F  STEP  I S  <ARITH  EXp> <SIMP A E X P > <TERM>
IO < S U B  VAR> <LITCON>

00

41

U S E  S U B  4 4 4  I F  STSP  I S  <BOOL  PRIM, < V A R I A B L E > 10 <SUB  VAR> <FUNC  DES> < R E L A T I O N >

U S E  S U B  405 I F  ST2P I S  <BOOL SEC> <BOOL  P R I M >  < V A R I A B L E >

42 U S E  S U B  406  I F  STPP I S

93 U S E  S U B  497  I F  STZP I S  <OISJ> <CONJ’ <BoOL SEC> <BOOL  PRIM>
<FUNC  !OES> <RELATION>

49 USE S U B  4 4 8  I F  STPP  I S  <IMPL> <OISJ> <CoNJ* <BOOL  SEC,
< S U B  VAR> <FUNC  DES> < R E L A T I O N *

4 5 U S E  S U B  4 4 9  I F  ST2P I S  <EXPR> CARITH  EXP,  <SIMp  AEXP> <TERM>
< V A R I A B L E *  I O < S U B  VAR> <LITCON>
<coNJ> <BOOL  S E C > <BoOL  PRIu>  < R E L A T I O N ,

Ub U S E  S U B  4 5 0  I F  STEP I S  <ARITH  EXP> CSIMP  AEXP>  < T E R M * <FACTOR>
X0 <SUB  VAR> <LI  TCON,

47

48

U S E  S U B  451 I F  ST2P  I S  <LIM  PAIR>

U S E  S U B  414 I F  ST2p  I S  cARITH  EXp> <SIMP AEXP,  <TE RM>
10 *SUB  V AR> CL1 TCON,

89

50

51

STlP*ROW( <TYPE> VALUE / NEW Tl

STlPhROW( < T Y P E >

U S E  S U B  030 I F  ST2P  I S  dID LIST> ID

<FACTOR> < P R I M A R Y > *FUNC  DES> < V A R I A B L E >

<FACTOR> < P R I M A R Y * <FUNC  DES> <VARIABLE>

<FACTOR> <PRIMARY> <FUNC  DES> < V A R I A B L E >

<FACTOR> * P R I M A R Y > <FUNC  DES> < V A R I A B L E >

< S U B  VAR> <FUNC  DtS> < R E L A T I O N >

<BooL  SEC> CBOOL  PRIM> < V A R I A B L E > ID < S U B  VAR> <FUNC  DES>ccONJ>
< R E L A T I O N >

< V A R I AB L E > I D < S U B  VAR>

<BOOL  PRIM* < V A R I A B L E , 10
WI
-!=

* F A C T O R > *PRIMARY* <FUNc  D E S >
<ROOL  EXP> <IMPL> <DISJ>

< P R I M A R Y > <FUNC  DES> <VARIARLf,

<FACTOR> < P R I M A R Y * CFUNC  DES> < V A R I A B L E *

/ NEW Tl

52 EITHER
U S E  S U B  U52 I F  STPP I S  <ID L I S T *
U S E  S U B  4 5 3  I F  STZP I S  < I O  LIST>

AMBIGUITY IN SUB 52

5 3 U S E  S U B  450 I F  ST2P  I S  <IO L I S T , IO

5 4 U S E  S U B  4 5 6  I F  S T O P  IS *IO  LIST> IO



5 5

5 6

5 7

5 8

5 9

6 0

6 1

6 2

63

6 4

6 5

USE S U B  4 5 5  IF ST2P 1s <ID LIST, ID

U S E  S U B  4 5 8  I F  STPP  I s  <ID LIST>

USE S U B  4 5 7  I F  STPP  I s  *ID  LIST>

U S E  S U B  4 5 9  I F  STZP I S  < S P E C I F I E R >

U S E  S U B  4 6 0  I F  STZP I S  I O

U S E  S U B  4 6 1  I F  STOP  I S  <EXPR, <ARITH  EXP* <SIHP  AEXP>  <TERM>
< V A R I A B L E >  I D <SUB  VAR> <LITCON>
<CoNJ> <BOOL  S E C > <BooL  PRIM* <RELATION>

<FACT OR> CPRI MARY> CFUNC DES,
CBOOL  EXP> CIMPL> <bISJ>

U S E  S U B  415  I F  ST2P  I S  <LIM  P LIST><LIw  P A I R >

U S E  S U B  452  IF ST2P  I s  <LIH P LISTMLIM  PAIR>

U S E  S U B  4 6 3  I F  STPP I S  <LIM  P LIsT><LIM  P A I R >

U S E  S U B  4 5 4  I F STEP I S  <NAME  P A R T *

U S E  S U B  4 6 5  I F  STPP  I S  < N A M E  P A R T *

6 6  E I T H E R
U S E  S U B  116 I F  STEP I S  <SPEC  LIST>  < S P E C I F I E R >
U S E  S U B  466  I F  ST2P  I S  <SPEC  LIST>  < S P E C I F I E R >

A M B I G U I T Y  IN  SUB 66

6 7 U S E  S U B  423  I F  ST2p  I S  < S T  L I S T > <STATEMENT>  <CL S T A T E > <GO S T A T E > <ASS  S T A T E >  <PROC  CALL>  <Cl-IMP  ST>
COP S T A T E >

U S E  S U B  4 6 7  I F  ST2p  I S  < S T  L I S T ,
COP S T A T E >

<STATEMEhT>  <CL STATE> <GO STATE* <ASS  STATE*  CPROC  C A L L *  CCDMP ST>

USE S U B  468  I F  STOP  I s  < N A M E  P A R T ,

7 0 U SE S UB 4 6 9  I F  ST2p  I S  <STATEMENT>  <CL  STATE, *Go STATE> <ASS  STATE,  <PROC  CALL> <COUP  ST> <OP STATE>

7 1 U S E  S U B  4 7 0  I F  ST2e  I S  eDECL*

7 2 U S E  S U B  471 I F  STEP  I s  <ARITH  EXP’  <SIMP AEXP* <TERM*
10 <SUB VAR> <LITCON>

< F A C T O R * < P R I M A R Y > <FUNC  DES> <VARIABLE>

7 3 U S E  S U B  4 7 2  I F  STOP  I s  <ARITH  EXP> <sIMP  AEXP>  <TERM* <FACTOR> *PRIMARY> <FUNC  DES> <VARIABLE>
ID <SUB  VAR> <LITCON>

U S E  S U B  4 7 3  I F  STZP  I S  cBOOL  ExP> CIMPL> <OI  SJ> <CONJ>
ID <SUB  VAR> *FUNC  DES> < R E L A T I O N >

<BOOL  S E C > <AOOL  PRIM>  < V A R I A B L E >

U S E  S U B  47& I F  ST2P  I S  < F O R L  E L * <ARITH  EXP> <SIMP AEXP> <TERM>
tVAR I ABLE> ID <SUB  VAR* <LITCON>

<FACTOR> CPR IMARY* <FUNc  D E S >



wl
ch

76

77

78

79

U S E  S U B  418 I F  ST2P  I S  <ARITH  EXP> <SIMP AEXP>  <TE RM>
ID < S U B  VAR, CL1 TCON>

<FACTOR> <PRIMARY> cFUNC  D E S > < V A R I A B L E >

U S E  S U B  4 1 9  I F  ST2p  I S cARITH  EXP> tSIMP AEXP>  < T E R M >
I O <SUB  VAR> <LITCON>

< F A C T O R * <PRIMARY> <FUNC  D E S > < V A R I A B L E >

U S E  S U B  476 I F  ST2P  I S  I D

U S E  S U B  4 7 5  I F  ST2P  I s  I D

80 U S E  S U B  4 7 7  I F  STOP  I s  <ARITH  EXP>  <sIMP  AEXP>  <TERM* <FACTOR> < P R I M A R Y > <FUNC  DES* < V A R I A B L E >
IO < S U B  VAR, <LITCON,

8 1  E I T H E R
U S E  S U B  4 7 8  I F  ST2P  I S  <EXPR> *ARITH EXP>  <SIMP AEXP>  <TERM> <FACTOR> <PRIMARY> CFUNC DES>

< V A R I A B L E >  I O < S U B  VAR> <LITCON> <BOOL  EXP* <IMt’L> <DISJ>
<CONJ>
CASS  STATE>

<BDDL  PRIM>  <RELATION’
U S E  S U B  4 7 9  I F  S T E P  I s

8 2  E I T H E R
USE  S U B  017  I f  S T E P  I S  toEC LIST> <DECL,
U S E  S U B  481 I f  S T E P  I S  <OEc  LIST> <OECL>
U S E  S U B  4 2 3  I F  ST2P I s  <ST L I S T > < S T A T E M E N T >  <CL  S T A T E > *GO  S T A T E > <ASS  STATE>  <PROC  C A L L >  *COHP ST>

COP S T A T E *
A M B I G U I T Y  I N  S U B  8 2

83 U S E  S U B  480 I F  ST2p  I S  < S T  L I S T *
<OP S-TATE,

<STATEMENT>  <CL  STATE* < G O  STATE, <ASS  STATE>  <PROC  CALL>  *COMP  ST>

84 U S E  S U B  452 I F  sT2P I S  <ST  L I S T > < S T A T E M E N T >  <CL  S T A T E > <GO S T A T E > <ASS STATE>  <PROC  C A L L >  CCOMP  ST>
<OP STATE>

85 Pep-1  / ST2Pc<CL  S T A T E > F O R  P R O D U C T I O N  < C L  STATE, tt= ID t

U S E  S U B  4 8 3  I F  ST2P  I S  < C L  STATE> <GO  STATE> <ASS S T A T E >  <PROC  C A L L >  <COMP S T >

8 7  E I T H E R
U S E  S U B  4 8 3  I F  STZP I S  <CL  STATE, < G O  S T A T E >  < A S S  S T A T E >  <PROC  C A L L >  <COHp  ST>
U S E  S U B  U84 I F  STZP  I s  <OP STATE,

U S E  S U B  4 9 5  I F  STPP I S  I O

U S E  S U B  420 I F  STZP I S < F O R  LIST>
<FUNC  DES>

< F O R  L  EL>
<VARIABLE,

<ARITH  EXP> <SIHP  AEXP,  <TERM>

ID <SUB  VAR> <LITCON>
<FACTOR> <FR  IMARY  >

90 U S E  S U B  4 8 6  I F  ST2P I s  < F O R  L I S T * <FOR  L EL> <ARITH  EXP> <SIMP AEXP>  < T E R M > <FACTOR> < P R I M A R Y >
<FUNc  DES> < V A R I A B L E >  I D < S U B  VAR, CL1  TCON,

9 1 U S E  S U B  4 8 7  I F  ST2p  I S  <CL  STATE> <GO  STATE> <ASS STATE>  cPROC  CALL> <COMP  ST>

9 2  E I T H E R
U S E  SUB 4 8 7  I F  ST2P  I S  <CL S T A T E ’ <GO  STATE> <ASS S T A T E *  <PROC  CALL> <COMP  ST>
U S E  S U B  4 8 8  I F  ST2P  I S  tOP  S T A T E *

93 USE S U B  4 8 9  I F  ST2P  I S  <CL  S T A T E > < G O  S T A T E > <ASS,STATE>  <PROC  C A L L >  <COMp  ST>



7-L i_ . . Y I

’

9 4  E I T H E R
U S E  S U B  4 9 9  I f  ST2P  IS < C L  S T A T E > < G O  S T A T E > < A S S  S T A T E >  <PROC  C A L L >  <COMP  S T >
U S E  S U B  4 9 0  I f  sT2P  I S  aOP  STATE>

9 5 U S E  S U B  4 9 1  I f  ST2P I S  < S T A T E M E N T >  < C L  S T A T E > < G o  S T A T E > < A S S  S T A T E >  <PROC  CALL>  <COMP  S T > COP S T A T E >

96 U S E  S UB 4 9 2  I f  STPP IS cSTATEMENT~  < C L  S T A T E > < G O  STATE> <ASS S T A T E >  cPROC  C A L L >  <COHP  ST> COP STATE>

a00 p+p+i

401 P*P+l

4 0 2 P+P+l

4 0 3 P&P+1

404 P+P+l

405 Pep+1

406 P*P+l

0 0 7 P*P+l

4 0 8 P+P+1

409 P*P+l

410 P+P+l

411 P+P+1

412 p+P+l

413 P&P+1

414 P+P+l

415 P+P+l

016 p&P+1

417 P+P+l

a18  Pep+1

419 P+P+l

420 P*P+l

421 P+P+l

S?lP+ROWC

STlPcROWC

STlP+ROW  (

sTlP+ROWC

sTlP*ROW(

SYlP*ROWC

STlp+ROW(

STlP+ROWC

sYlP+ROW(

STlP+ROWC

STlP+ROW(

STlP*ROW(

SYlP+ROW(

sTlP*ROWC

STlP+ROW(

STlp+ROW(

STlP+ROW(

SYlP*ROW(

SYlP+ROW(

SYlP+ROW(

SYlP+ROHI

ST~P+ROW(

<ID LIST>  c

10 I

I D (

<PRIMARY> +*

<TERM> C* O R  />

<SXMP  AEXp> <+ O R  ->

<AEXP  LIST,  #

<ARITH  EXP> <REL  OP>

<RELATION> < R E L  OP>

<CONJ> AND

<OISJ> OR

<IWPL> IMPLIES

CBOOL  EXP> EQUIV

<EXP L I S T >  l

<ARITH  EXp*  g

<LIM  P ~Isf*r

<SpEC  LIST>  i

<DEC  LIST>  i

<ARITH  EXP> S T E P

<ARrTH  EXP> WHILE

<FOR  LIST>  n

< V A R I A B L E >  :=

1

1

I

1

1

1

1

1

1

1

1

3

1

1

1

I

1

)

1

1

1

1

I

/ NEW Tl

/ NEW Tl

/ NEW Tl

/ NEW Tl

/ NEW Tl

/ NEW Tl

/ NEW Tl

/ NEW Tl

/ NEW Tl

/ NEW Tl

/ NEW Tl

/ NEW Tl

/ NEW Tl

/ NEW Tl

/ NEW Tl

/ NEW Tl

/ NEW Tl

/ NEW Tl

/ NEW T l

/ NEW Tl

/ NEW  Tl

/ NEW Tl



422 P*P+l  / SYlP+ROW(  I D I 3 / NEW Tl

423 P+P+l  / STlP+ROW( <sY LIST* i 3 1 NEW Tl

424 pep-1 / SYPP+<ID  L IST* PRODUCTIOtv  <ID LIST> <ID LIST*  ,

425 PcP-1

I D

<AEXP  LIST>  3

CEXP  L I S T ,  I

<ID LIST>  1

<EXP LIST,  1

1 / NEW Tl

1 / NFM Tl

<FACTOR>

I D t/ ST2P+cSUB  VAR%
N E W  Tl

/ SYPP+<FuNC  DES>
N E W  11

/ sT2P+cNAME  P A R T >
N E W  T l

P R O D U C T I O h  < SU B  VAR*

4 2 6 P&P-l fOR  P R O D U C T I O h  C F U N C  DES>

427 pep-1 F O R  P R O D U C T I O h  C N A M E  P A R T > :t=

428 P&P-l / sY2P*<PROC  C A L L ,
N E W  Tl

/ SY2P+<PRIMARY*

FOR PRODUCTION <PROC  CALL>

429 pep-1 F O R  P R O D U C T I O h  < P R I M A R Y > <ARTTH  EXP>

430 P’P’l / ST~P*<BOOL  PRIM> F OR  P RO D U C T IO N  CBOOL  PRIM> <@ooL  EXP>

/ SY2p+<FACTOR>4 3 1 P*P-1

432 pep-1

433 PtP-1

434 P cP.-  1

435 pep-1

F O R  PRODUCTIOK  <FACTOR,

F O R  P R O D U C T I O N  < F A C T O R *

F O R  P R O D U C T I O K  <FACTDR>

F O R  P R O D U C T I O h  < T E R M >

F O R  PRODUCTIOk  CSIMP  AEXP>

< P R I M A R Y >  l *

e <FACTOR*

<+ O R  -> <FACTOR>

<TERM> <* OR />

<SIHP  AEXP>  <+ O R  -*

/ SYZp+cFACTOR*

/ SY 2P+cFACTOR>

/ STZP+<TERM> <f ACTOR>

< T E R M >/ SY2P*cSIMP  AEXP>

436 STlP*ROWC  I F <BDOL  EXp> THEN ) / NEW Tl

4 3 7  STlP+ROWC  IF <BOOL  EXp> THEN <ARITH  EXP* E L S E

4 3 8  STlP*RoW(  I F CBOOL  ExP> THEN < C L  S T A T E *  E L S E

439 P&P-l  / SY2P+<OP  STATE> F O R  PRDDUCTIOh  < O P  S T A T E > ::= IF

1 / NEW  Tl

1 / NEW  Tl

<ROOL  Exp> T H EN < S T A T E M E N T >

440 pep-1  / SY2p*<ARITH  EXp> F O R  P R O D U C T I O N  CARITH  EXP, I:= IF <BODL  EXP> THEN <ARITH  EXP>
E L S E < A R I T H  EXP>

441 pep-1 / STZP+<AEXP  L I S T > F O R  PROOUCTIOh  < A E X p  LIST> Ilr < A E X P  LIST>  , <ARITH  EXp>

442 P+P-1 / SY2p+<RELATIoN> F O R  P R O D U C T IO N <RELATION> t:= <ARITH  EXp>  <REL oP> < A R I T H  EXp>

443 pep-1  / St2P*<RELAT  I O N > FOR P R OD U C T IO N  < R E L A T I O N > :t= <RELATION> <REL  DP> <ARITH  EXP>

444 pep-1  / ST2P+<BDOL  SEC> F O R  PRODUCTIDk  <BoOL  S E C > t I= NOT <BOoL  PRIM>

445 P*P-1  / SYZP+<CONJ> F O R  P R O D U C T I ON <CONJ~ :t= <CONJ> AN0 <BOOL  SECs



r- - ----

446 pep-1  /

4 4 7 PcP-1  /

4 4 8 P*P-1  /

4 4 9 P*P-1 /

4 5 0 pep-1 /

4 5 1 pep-1 /

4 5 2 pep-1  /

4 5 3 PtP-1  /

4 5 4 P*P-1 /

4 5 5 pep-1 /

4 5 6 STlPcROWC

4 5 7 pep-1  /

4 5 8 STlPeROWC

4 5 9 P+P-1 /

460 STlP+ROwC

ST2P+<oISJ> F O R  P R O C U C T I O h  <DISJ> : := <CISJ> OR

SY2P*<IMPL* F O R  P R O C U C T I O h  <IMPL> : I= <IMPL> I M P L I E S

STEP+<BOOL  EXP> F O R  P R O C U C T I O h  CBDOL EXP, :I= <BOOL  EXP> EQuIV

sT2P+<EXP  LIST> fOR P R O D U C T I O N  <EXP  L I S T >  ::= <EXP  L I S T >  ,

sy2P+<L1M  P A I R > F O R  PROOUCTIOh  CLIM  PAIR> ::e CARITH  EXp> t

ST2p+cLIM  p  L I S T > FOR PRoCUCTIoh  <LIH p LIST>  :t= <LIM  p LIST>*

ST2p+<spECIFIER> fOR PROcUcTIOh  <SPECIFIER>  I:= <TYPE> <ID LIST>

sT2P*<CECL> F O R  P R O C U C T I O h  <DECL> t := <TYPE> <IO  L I S T >

sYEP+<SpECIFIER> F O R  PROOUCTIoh  < S P E C I F I E R >  ::= < T Y P E > VALUE

ST2P+<sPECIFIER> F O R  PROCUCTIoh  CSpECIfIER, ::= <TYPE> ARRAY

<TYPE> ARRAY <IO LIST> I 1 / NEW Tl

ST2P+<SpECIfIER>  ’ F O R  P R O C U C T I O h  < S P E C I F I E R > :t= ARRAY <IO  LIST>

ARRAY *IO  LIST> I 1 / NEW Tl

sT2P+<SpEC  LIST> F O R  PRODUCTIOh  <sPEC  LIST,  ::= *SPEC  L I S T >  i

C O N S T A N T  I O tr 1 / NEW Tl

<CONJ>

cCIsJ>

<IMpL>

<EXPR>

<ARITH  EXp>

<LIM PAIR>

<IO  L I S T >

*IO  LIST>

<sPECIf IER>

461 P*P-1 fOR P R O C U C T I O h  cCECL* t:r C O NS TA NT IO 1L <EXPR>

4 6 2 P*P-1 / ST2P+<CECL> F O R  P R O C U C T I O h  <OECL>
<LIM  P LIST>1 / NEW Tl

g:= <TYPE> <ID LIST> I:

463 pep-1
I

sT2P*<CECL>
/ N E W  Tl

F O R  P R O O U C T I O h  <cECL> ARRAY <ID  LIST, I <LIM  P L I S T >

464

465

466

467

F O R  P R OD U C T IO N  CcECL> ::= S W I TC H <NAME  P A R T >

STlPeROwC PROCEDURE < N A M E  P A R T >  i 1 / NEW Tl

STlP*ROWC PROCEDURE <NAME  P A R T >  i <sPEC LIST>  i / NEM Tl

P+P-1 ST2p +cCECL >
i <ST LIST> END

F O R  P R O D U C T IO N  <DECL>
/ NEW Tl

::r PROCEDURE <NAME  P A R T >  i CSPEC  LIST>

468 STlP+ROW( fUNCTION <NAME  P A R T >  : 1 / NEW Tl

4 6 9 pep-1  / S12P+<CECL> F O R  pROCUCTIOh  <cECL> ::r FUNCTIDN <NAME  P A R T >  I <STATEMENT>

4 7 0 P*P-1 ST2P+*OEC  L I  S?> F O R  P R O C U C T I O h  CcE,C  L I S T , :t= <CEC  L I S T > <OECL>

--



4 7 1 STlP+ROwt CARITH  EXP>  ST E P <ARITH  EXP>  U N T I L ) / NEw Tl

472 P+P-1  / STZP+<FOR  L EL> F O R  P R O D U C T I O N  < F O R  L  EL> ::= cARITH  EXP>  S T E P <ARITH  EXP>  U N T I L
<ARITH  EXP*

473 p+p-1  / SY2p’cFOR  L EL> F O R  P R O C U C T I O h  <FOR  L EL> ::= CARITH  EXP> WHILE <BOOL  EXP)

4 7 4 P+P-1 / SYPP+cFOR  LIST> F O R  PROOUCTIOK  <FOR  L I S T >  :I= <fOR  LIST>  n cfOR  L  E L S

475 P+P-1 / sYEP+<GO  S T A T E , F O R  PRDCUCTIOF(  < G O  STATE, : := GO TO 10

4 7 6  STlP+ROwC Go T O 10 1 3 / NEW  Tl

477 P+P-1 / Sy2P+<GO  STATE, F O R  P R O C U C T I O K  <GO STATE, ::= GO TO 10 I CARI T H  EXP>
I / NEW Tl

sT2P+<ASS  STAYE> F O R  P R O D U C T I O N  < A S S  S T A T E > * V A R I A B L E > <EXPR>478 P+P-1 t:= :=

4 7 9 P+P-1 sT2P+<,ASS  S T A T E > F O R  PROOUCTIOh  <Ass  STATE> ::= <VARIARLE>

B E G I N

<ASS S T A T E ,

F O R  P R O C U C T I O h  <CoMP  ST> < S T  L I S T > / N E W  Tl

<ST  L I S T >

<FOR  LIST,

<FOR L I S T >

<CL  STATE>

< C L  STATE,

4 8 0 P+P-1 STZp+<~OMp  S T *

STlP+ROWC <CEC  L I S T >  I / NEW Tl

F O R  P R O D U C T I O N  <COMP  ST> <CEC  LIST*  :482 P+P-1 /
END

Sy2P+<COMP  ST,
/ NEW Tl

I:= B E G I N

483

4 8 4

4 8 5

486

487

F O R  P R O D U C T I O N  <CL S T A T E >

F O R  P R O D U C T IO N  C O P  STATE,

:= 1 /

:+ <FOR  LIST>

F O R  P R O D U C T I O N  CCL  S T A T E >

::= 10

I:= IO

< C L  S T A T E >

COP S T A T E *

P+P-1 / sT2P+cCL  S T A T E >

ST2P+<Dp  STATE>P+P-1 /

STlP+ROW( F O R 10 NEW Tl

cc ) / NEW Tl

::= FOR 10 :=

STlP+ROW  ( FOR 10

PtP-1  / SY2P+<CL  S T A T E >
co < C L  STATE>

ST2P
COP

+<OP  STATE>
S T A T E ,

FOR P R O D UC T I O N  COP STATE> t:= FOR 104 8 8 P+P-1 /
DO

P+P-1 / SY~P+<CL  S T A T E ,
E L S E <CL  STATE>

F O R  P R O D U C T I O N  CCL S T A T E , t:= IF CBDDL  EXP*489

4 9 0 P+P-1 / SY2P+COP STATE>
E L S E < D P  STATE>

F O R  PROOUCTION  <OP STATE, ::= IF <RDDL EXP> THEN

P+P-1  / sTPP+<ST  LX ST, F O R  P R O D U C T I O N  < S T  LIST> <ST LIST> CSTATEMENO,4 9 1

492 pep-1 / SY2P+<PROGRAM, F O R  P R O D U C T I O N  <PROGRAM> < S T A T E M E N T >  P H I / NEW Tl


