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Some #Aspects of Bxpression Evaluation

in the FORTRAN IV Compiler

This document attenpts to show how expressions in FORTRAN
are analyzed. The first part (pages 1-10) introduces
the transformation of expressions fro.: standard to Polish
" notation. This is fcllowed by sections (pagos 11-31)
which indicate in general terns how the Polish notation
equivalent of the original expression is used to define
operations which can be separately conpiled. This is
followed (pages 31-41) by more detailed descriptions of
how the operations are represented within the compiler,
There follows a description (pages 42-61) of how the
actual instructions for these operations are compiled.
The docunent finishes with a short description of the
compiler's internal representation of the various iteas

of an expression.
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General

THt. LVALUATION OF EXPRESSIONS IN

L RORPREN- oxpression is a sequence of operands, operators and bAAnAuil

-Separsroxs followed by a terninator)which in itself constitutes

an algebraic, relational or logical expression.
An operand is any constant or any nane (e.g. A, JACK, 3'5)

An operator is a symbol from the set
+,-,%,/,*%  (algebraic)
.EQ.,.NE.,.LE.,.GE.,.LT.,.GT. (relational)
.AND.,.OR.,.NOT., (logical)

= (assignment)

bocket

A s is a symbol fronm the set { )s [,]
A Terminetor is the neta-symbol 'E of S'

Under certain circunstances ',' nay act as a terminator.

To evaluate any expression it is necessary to deternine the order of
operations implied in that expression,
For exarmple for the expression

A+B*C
it is necessary to know that B¥C is to be evaluated before A is
added to the result. On the other hand, for the expression

(A+B)*C 4
the quantity A+B is to be evaluated and then the result is to be

multiplied by C,

For an expression which contains no brackets, the effective order

of operations is determined by the relative 'Weights' of the various
operators. An operation involving an operator of greater weight

will take place before an operation involving an operator of lesser
weight if both operations share a common operand. ¥or two operations
involving operators of the same weight, where, both operations share

a common operand, the left most operation will be performed first.

*(multiply) ie defined to have a greater wcight than '+ (add).

In the following expression
A+ B*C 4 DB + T
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The order of operations is
. #. Bed
2 Result + A
o D*E
4. Result of 3 + Result of 2
B Result of 4 + F

For an expression which contain brackets, the effective order of
operations is determined as before with the following rule: All
operatcrs within brackets are performed prior to any operation
outside the brackets which requires the result of the bracketed
operation a2 ca oporand.
Thus in the exp.escion

A + B*C + (D*E + F)

The order of operations is

1. B*C

2 Result + A

3 D*E

4. Result of 3 + F

5e Result of 4 + Result of 2

Note tha’ A+B"C could be evaluated before D”"E+F was looked at, because
the result cf the bracketed operations was not required for those

operations.

To determine the order of operations, it is necessary to scan the

expression dacivards and forwards to compare operator weights &nd

bracket levels. Within the Compiler this is no% zn e~y or eofficient

1

.operation either in space or time.

Fortunately the expressions can be fairly easily manipulated within

e
the compiler g@ that the operations are defined sequentially. In
other words, in the manipulated expression the operators are found

in the order in which they are required.

For exemple, the expression

A+B¥C+DE+F

RS

8 eenwerud to

ABC* + DE * + P +
and the expression

A+ B* ¢ + (D*E+F)
is converted to

ABC* + DE*F + +



PEPRy

A~

s B
Note that in the second case, the brackets have been eliminated

from the expression.

The revised expression is in 'post fix' notation. That is at the
time of an operation, the operators immediately follow the operands

with which they are associated .

To demonstrate this, consider the expression E*Q*V¢;f>¢*wn*4144l<4vwa~¢rw
ABC* + DE* + F +

If at each Stage in evaluating this expression, the result of an
operation (R) replaces the operator and operands/, the following

phases occur during the evaluation.

Phase Post Fix Overztion Resultant Expression Complete Operation
T BC* A R1 + DE* + P + B*C
2. AR1 * R2 DE¥ + F + B*¥C + A
3. DE¥* R2R3+ P+ D*E
4. R R+ R,F + D*E + B*C + A
29 4
5. R4F + R5 D¥E + B*C + A + F

Thés Particular Post Fix notation equivalent to the original FORTRAN-

expression is called the 'Polish' Notation (PN) equivalent.agi has

the characteristics that the operators all appear in order of use, and
poocttconts _ : . obpean W

that no beackeds in the original EORERAN expression passova¥ o the

Polish equivelent.
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The Generation of the PN Eguivalent

of a FORPR# Expression.

To form the PN Bquivalent, the

written element by element into Two

original ZEeRFERIFHR expression is
Lists — the Operand List (PN List)

and 'the Operator List - both initially empty) according to the set of

rules given in this section.

| The rolative 'weights' of the operators for FORBRER expressions

s given in the following table.

e

2 ———— .9R.
3 ____ QM\D.

———= JNOT,

—— + 3 —

———— %

Y

m ~1 O U

The numerical 'weights! are mzaningless in themselves.

The ‘'top item! of a list iz the last
P

in the 1list.

The rules for generating the FN list

the top iten (%

—-——~ .EQ., .NE.

A

7]

ignment

10}
G

-

=t
O
(6]
e
Q
Y
=

|

, .GT7., .LE., .LT., -GE. Relational

™~

J
g Algzebraic
{

-

However, an

ter weight will be evaluated

®
o

N

item put in the list or currently

r: set out below

original FORERm expression in

is inserted at the top of the

is an operator, it is compared for weight with

in the operator list.

Bl If 'e! is greater than 't', then 'e' becomes the top itenm
&) ?

in the operator list.
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3.2. I ™t is ‘:‘6, then 'e' becomes the top item in the
¢ operator list.
If the operator list is empty, then 'e' becomes the
top item in the operator list.

If 'e'! is not greater than 't' and if 3.2 or 3.3 does

not apply then 't' is transferred to the top of the
operand list. The element is then compared with
| the new 't! according to the rules 3.1, 3.2, 3.3
and 3.4.
a~opon&»3\»~uok~$-
& If the elemant is ﬁhﬁ:szgn:nﬁesgziﬁ it is inserted at the top
of the opera or Aist el
s e l bk g )_m,}_,“,, ey ~'“""“‘.”"““' |
5.1 If the element 1sq ! then unless 't!' is ‘zg or the Sperator
list is empty, 't' is transferred to the top of the bperand

list and the element is then comparec vlth(/%ﬁJgépfVf*\accordlna

to this rul@7 { 22(
] B2 ' L g }f=4€?', 1t 10 rénov d he rator” 1lst and the
Ao comparfso g“tops /' f i
S s /If there er/no ¢t9ms lﬁiﬁﬁe operator list the comparison stops.

') fever goes into elther 118k

/’i

6. If the clement iz ',' (as a so parato:

L]
o

™

&

acts as an operator

of the same weight as '='.

T« If the element is 'B of 3' it acts in the seme menner as ')’
except that the comparison stops only when there are no items

in the operator list.

As an example of the generation of a PN equivalent, consider the
expression

A+ B* (¢c-D)

This will eventually be converted into
' ABCD - ¥ +

f“
(

by the following steps.



X ”—\v

- B -

Step Operation Rule

4 PNL
'+!' — OL
PIL
'¥1 2 0L

‘(' 3 oL

S
g
3

P =~ W DWW
|-
b

C~ PIL 4LBC
< 6L 3.2 ~BC
D 3 PNL 2 LBCD

O O 3 oo |
l..

')' conpared with 6L
'-' < PHL 541 4BCD

'(' removed from 5.2 ABCD

10 'S of S' compared with OL
1%1 5 PNIL 7 » +3BCD
T4ty PNL o ~3CD

Iiist Contents
Opersnd (PNL)

Operation (OL)

Empty

5 +*(

o +%

- * +

- 4 Bnpty

The final PN Equivalent for the original ¥

Operand List,

TOPHD

RTRT expression ia the final

The synbol '-' may stand TFor two difforent op.T tions, one involving two
opeTranis (eg .~B) and one involving one oporand Ceg ~ &).

silthough these operations cen be different

cted  with the expression in

standard form, this is not true with the expression in Post Fix notation.
i

For example, the expression
X + L *(-B)

would turn into
X 4B - *+

S Focs B
373t gtah uishable

ro-‘
0]
-
I
=
[6]
e
)]
{os]
O
Nl
u
(R
n
Fols
-
)
5

The exzpression.
+ X * (i-B)
where '+' is an opcration involving Oﬁe—oporand
To evoid ambiguity with these two symbols (
equivalent {

operator is coanverted to a new operstor 'G' befo

This operator has the szme weight as '-'.

from the PN equivalent for

(wnzry +)

+ and —), when the PF

r an operation using '-' as a unary operation is generated, the

re the equivalent is made.

Thue the PN equivalent for Z+.* (-~B) is X'3B = g
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The operator '+' as a unary operator is always redundant and is

ignored when making PN equivalents.

Thus the P equivalent for +T*(4MB) is X4iB

Function and .rray References

Not all FORTR.N expressions involve only simple elements. For example
the exzpression 4 + SIi (K) convains the conplex element SIN(X) as an operand
of t?e '+' operator.

’In order to accomnocdate elements of This type it is necessary to extend
the rules and definitions described so far.

In an expression, i conplex elenent of the form Hane (S,

'

conceptually converted to a series of simple elements of the form

before the PN equivalent for the expression isg found.

'Wame' is the nane of a Function or of an irray op is the pseudo-
operator f or a depending on whether the complex element is a Function
reference (f) or an array reference (3)

For example, the expression .. + SIIT (%) is conceptually converted to the
form . + SIN i;KX) before any post-fixz notation cquivalent is forned.
The operators f and a are of the saue wyight, ond~are of grevter

weight than .

B - . ~ - - \
Thus the PN equivalent form for . + SIN (X)

is
4L SIN X £ +
If B is an array nane, ﬁhen the PII equivalent form for p(l) IF(K) will Tz
BIg SI¥ X £ +
Commas *fithin Hxpressions
Comr may occur in three places within FORTR.N erxpressions (iﬂClld_ﬁ”

assignmant atencnts) as follows.
1. 4s a separator on the l.h.s. of an assignuent statcment
€8e heB; 0 = X
The P equivalent of this statement is
AB,C, X=
2. As an argument separator in o function reference
eg FON (%,Y,%)
The PN equivalent of this function reference is

iCTL
FCN XY, Z, £

3. 4is a subscript sepcrator in en array reference
eg ARRAY (I,J7,K)

The P equivalent of this =rray reference is
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The 'Range' of Operators

‘ In a normal FORTRAN expression the 'range' of an operator is
intuitively obvious. T s in the expression a+B*xces(c), the
range of the + is the operand A and the result of the operétion B*C@S(C).
The range of * is the opérandfﬁiand the resulf_of the operation C@S(C).

The range 6f the pseudo—operatof f is the name-C83 and the single argument C.
The same expression in PN form is AB UGBS C f *+

Breaking this down into operations, replacing an operation in
the list by its result,,

0. ABCOS C f % 4

1. AB R *+ R, = cos(c)

2. MR+ R, = Bxcos(c)
3. = A+B*CO

3. Ry R, +B*ces(c)

it can be seen that at the time of a particular operation, the operands
for that operation are in standard positions relative to the operator.

The positions of these overands determine the 'Range' for the opezntor.
There are four basic 'ranges' for operators as shown below.

1. Binary form. a b op where a and b are operands.
op is one of the algebraic, relational or logical operators
(except unary minus (-u) or .NGT.)
2. Unary form a op
op is one of the o_erators -u, or 3T,
3. 'Function, Array' form.
a) Single argument (subscript) form
F a op
where F is the Function or Array name
a is the argument
op is the pseudc-operator £ or a

b) Multi-argument (subscript form)

Fa,a a, — = 5 0op.
1 2’ 3, Y =B
For a two argument (subscript) form, this reduces to
Fa1a2, op

4., 'Assignment' Form
a) Simple assignment
ae+ =
b) multiple assignment

Q&

B == =
172, 3,
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where a, By etc. are l.h.,s. operands in the Assignment

Statement. e is the r.h.s. operand in the Assignment Statement.

Knowing the operator, it is easy to determine the operands for any
operation.

The Partial PN List -~ The Operation List

So far it has been shown how the complete PN equivalent can be

generated for a FORMRAN expression.
|
’ In that the PN eguivalent generates operators in their order of

use, and in that all operands for an operator are already in the PN

1ist when the operator is put into the list, it follows that for each
operation. all the informetion required for eveluating that operation is
available at the time that the operator is transferred from the operator list
to the PN list and that it is?ﬁgg*ﬁecessary to form the complete PN

equivalent before starting to evaluate the FORTRAN expression.

In the FORTRAN Compiler, & partial PN list -~ the Operation List = 1is
generated. This only contains operands.and commas When an operstor would
othervise ve passed to the PN list, it is used immediately to evaluate
the operation. The result operand for the operation replaces all

operands 2nd commas used jn the operation.

As an example of this P:rtial PN list generation, consider the
evaluation of the expression 4+B*(C-D). The complete PN evaluation

has been given previously.
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Step Operation Rule List Contents
1 A > PNL 2 A Empty
2 4! —-> 6L B A +
3 B -> PNL 2 AB -
4 tRt s 0L 3.1 AB +*
5 (" -> 6L 4 AB +%(
6 C -> PNL 2 ABC +%(
7 -t -5 6L %2 ABC +%(-
8 D -> PN 2 ABCD +%(~
9 e compared with 6L
'—' —5 PNL 5l
(evaluate CD—) ABR1 +*(
'(‘ renoved Trom OL ) ABR1 +%*
10 'E of S' compared with 6L
t*1 -5 PNL T
. (evaluate BR1*) AR2 S
'+' ~-> PNL
(evaluate AR2+) R3 Empty

R1, R, and R, are the 'Result' operands for the evaluation of the
C

n -, 331* and AR2+

(i.e. C.- D, B%(C - D), and 4 + B * (¢ - D) ).
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The Actual Eveluation of Operations in FORTRAN

In the previous cxample, it was indicated that the evaluation of the
expression required three operations, namely C-D, B*Ry, and A+R2
where R4y was the result of the operation C-D, and R2 was the result

of the operation A+R5. The result of the overall expression was R3.

59 and R3 depend on the way arithmetic operations
are compiled by the FORTRAN conmpiler.

The meaning of R1, R

For the purpose cf compilation, 2 1900 series computer is considered

to be a single accunulator (égg), one index register (Eé) machine.

ACC when defined as an operand or as the result of an operation
contaeins e 'value'.

X3  when defined as an operand or as the result of an operation

contains the 'address' of some storsge area which contains a

'valus'.

The basic operations defined so far have the following characteristics
with regard to this assumption.
1 Binary Operations a b op
Fither 'a' or 'b' is ACC. The other cperand is in store

or is X3.

The Result Operand is ACC,

2. Unary Operations a o

'a' is ACC
The Result Operand is ACC

32. TFunction, Operation Fa a,,~~—, £

1! 27
F is Function Name
8y 8y = ete. may not be ACC or X3
The result operanl is ACC
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3b. Array Operation As182,~—, a
A is the Array Name
Sqs Sy = etc. may not be ACC or X3
The result opecrand is X3

4. Assignment Operation 8485, O
84,2, may ncet be ACC
e is ACC

The result

although the actual result is a store location.

operand is ACC

(This result

operand is rarcly used

Store Auxiliary Operations

Since an expression involves a series of operations, the result of

one being an operand for the next, it can be seen that there is no

guarantee that at the time it

the appropriate operands

is required to perform an operation,

will be in the required form. In particular,

unless the first operation xs a Function Operation, at least one of

the operands will be ol thc wrong form for the operation.

It is therefore necessary to define certain asuxiliary operations which

if the operands are of the wrong form may

main cporation.

The auxiliary opcrations

Thesc have the following

lac - Loal ACC
Single Opcrand
Result Operand
1x3 Load X3

|

Single Operand

Result Operand

i
have to take place before the

not ACC

is ACC

Tx or 'Storc!

X3

is
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sac Store ACC

Single Opecrand is ACC

Result Operand is Ta
sx3 Store X3

Single Operand is X3

Result Operand is Tx

Te. is a Temporary Storage Area used to store ACC if it is not

required for the current operation.

Tx is a Temporary Storage aArea used to store X3 if it is not

required for the current operation.

This set of operations are the 'Store Auxiliary' operations of

the Compiler.

The operations 1x3 and sx% do not destroy ACC
=X2 SX; y

b
I
SN

The operations lac and sac do not destroy

Consider again the example 4+B*(C-D)

This hal previously becn broken lown into the operations as shown

below.
Operation List Operation Performed Total Operaticn
1. ABCD- C-D - R1 C-D
2.  ABR* B*R, - R, B*{C-D)
A ‘ A+B* (C-
B R+ AR, > R, A+B*{C-D)

" The FORTRAN Compiler treats this in more detail according to the

rules governing operands for the various operators as follows
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-
Operation Performed

14 ABCD(lac )~
2, ABCAGC -
3 ° :XB.A.C C*

4. AACCH

The operator lac w

list, namely D.

Consider the following ex

A*B + C*D

D 5 A0
8 ~ 468 = LEE
B¥ACC - ACC

A+ACC = ACC

=
mpie

Total Operation

D
gD

B*(C-D)

A+B¥(C-D)

tc put the operands into a stancard form

' It operates on the top item in

The FORTR:iN Compiler breaks this down to the following set of

operations.

Operation List

14 AB(lac)*
2 AACC*

3. ACC CD (sac)(lac)*

4.  Taq CD (lac)*

5.  Ta, C ACC*
6. Ta, ACC +

A

At steps 1 and 4, the operator lac is used

Operation Performed

B -» ACC
ACC » Ta
D - 4CC
C*46C - ACC

—

Ta, + ACC - ACC

1

standard form for the binary operation¥.

to procduce

Total Operations

B

A¥B

A¥B - Tay
D
C*D

A¥B + C*D

an operand in the

At step 3 it is necessary to use the operator sac to store iCC in a

temporary storage location Ta
2 - (=)

not one of the operands for the current operation.

1

becuase, although ACC is in use i

ct

is

The operator sac does not work on the top item, but on the item which

is ACC. The item is replaced by the result operand Ta (Ta1 in this

case).
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The fact that sac works only on the item which is ACC, and that there
may not be two ACC items in the list at the same time requires (and
enables) the compiler to keep a pointer to the current list item for

ACC. If no item is ACC, then this pointer is clear.
Consider the following example
A(I) + B*C where A i1s an array nanme.

The FORTRAN Compiler will break this down to the following set of

operations.

Operation List Operation Performed Total Operation
y Ala A(1) - 13 A(I) in X3
Q. X3 BC (lac)* g -3 JCO g
9 X3 B 4CC* B*ACC — 4CC B*C
4. X3 ACC + E(L) # BCC == HC0C A(I) + B*C

Here the operation B*C is definel as not requiring or destroying X3

so there is no requirement for a SX3 operation at step 2.
On the otner hand in the expression
A(I) + F(X) wherc & is an array name and F is a Functi

The following operations are compiled.

1 Ala E(I) = X3 A(I) in X3
2. X3 FX 5%3 ¢ X3 > Txy X3 - Txy
8 Tx, FX £ F(x) - ACC F(x)

4. Tz, 4CC + Tx, + ACC > ACC A(T) + P(X)

In this example, the Tunction cperation is defined as possibly des—
troying X3 which, since it holds an operation result, must be stored
using the operator sx3. Note that as for the operator sac the

u

operator sxj does not work on the teop item b

t on the item which is X3.

Therefore as for sac, the compiler is required to keep a pointer to the

current list item for X3. If no item is X3 then this pointer is clea
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Operation Modes -~ Mode Auxilisry Operations

In FORTRAN, an operand of an expression will be defined as having one

of five 'modes' (INTEGER, REAL, DOUBLE PRECISION, COMPLEX or LOGICAL)

As the actual representation in the compiled program of an operand
depends on the operand mode, and the instructions compiled for an
operation depend on the mode of the operands, it is necessary to give
the operand mode information in the Operation List. The mode of the
result of an operation is defined by the modes of the original operands
and by the operator. The result nodec is not necessarily the same as

that of the operands.

The modcs of the operands have to be in a standard form for an opera-

tion to be defined.
The standard operand modes are given in the following table.
1 a. Binary Operators S B S abop

tar!,. "o ! mugt be of the same mode (not BOGTEAT:)

The Result is of the same mode as the operands

b Binary Operator ** ahr®

&5}

'p' must be INTEGER if 'a' is INTEGER or COMPLEX

'p' must L2 REAL or INTEGER if 'a' is REAL or DOUBLE
PRECISION

Neither 'a' nor 'b' may be LOGICAL

The Result is the mode of 'a'

(620 Binary Operators .EQ.,.NE.,.LE.,.GE.,.LT.,.GT, abo

IS

a,b must be of the samec mode (not Logical)

The Result is LOGICAL mode
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d. Binary Operators .AND.,.OR.

M,
&)
I3

a,b rmust be LOGICAL mode
The Result is LOGICAL mode

2. a. Unary Operator '-' a-y

'e' must be any mode except LOGICAL

The Result is the same node as 'a'

b. Unary Operator .NOT. a.NOT.

'a' must be LOGICAL mode
The Result is LOGICAL modec.

3. a. Function Operator f Faq——1

aq,-—— may be any modsa
The Result is the mode of F
b. Array Operator a Asq—~~a

sq ,——— nust be INTEGER mode

The Result is the modzs of A.

4. Assigmment Operator = aq,ap,---,e=
The modes of a4,~—- and e ars the sane.

The Result is the mode of a4,

If the modes for the operands in an operation are not standard certain

auxiliary operations may have to be performed to make the operand

1

modes standard before the main operation can be performed.
combinations of modes may produce an undefinsd operation.

cause the Compiler to indicate an Error.

Consider the following exemples.

Certain

This: will
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The subscripts R, I, and D indicate that the operand is REAL, INTEGER,
or DOUBLE PRECISION.

Example 1. AR + BR
In this operation the modes are both the same and standard for the
operator '+', Therefore the operation is "immediately definable"

(aft or doing the auxiliary lac operation on )

te B H00, (lac)
2. ARTACCR~e ACCR +
Example 2. AR + BI

In this operation the modes are not the same and therefore are not
standard for the operator '+'. The operation (after having done the
lac operation) is not 'immediately definable'. An suxiliary operation
'Float ACC' \ig) must be performed on B before the operation becomes

standard,

The fa operation takes an INTEGER operand in ACC and returns a REAL

result in ACC

15 B—> ACC_ (1ac)
2. ACC— ACC (f2)
2 A

Dw .nR o ‘lCCR %

Example 3. AD + BI

Once again a2n auxiliary operation is required to bring the operands
to a standard form. In this case, two auxiliary operations are

required, fa and da.

I)

The da operator takes a REAL operand in ACC and returns a DOUBLE
PRECISION result in ACC. '
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1. B, —ACC, (1ac)
2. ACC —> ACC, (fa)

Bs ACC—> ACC, (da)

4 &y + ACCH +

The two auxiliary operations were required to put 'B' in Double
precision form. In theory, only one operation is required (INTEGER —
DOULLE PRECISIOH) but such an operation is not in the set of operations

currently available as auxiliaries in the compiler.

The mode changing auxiliary operations used by the compiler are out-

lined below. They all use one operand and give one result,

Operétor' Operand ' Result Renmarks
¥e. éggi QQQR Float INTEGER ACC
fs EEI EQR Float Integer Quantity not in ACC
da gggﬁ AQQD Convert REAL ACC to Double Precision.
ds KQR ng Convert REAL Quantity, not ir ACC,

t> Double Precision.

ca ACCR ACCC Convert REAL ACC to Complex
cs X3 X3 Convert REAL Quantity, not in ACC,

to Complex

ifa ACCR ACCI Convert REAL ACC to Integer
ida ACCD ACCR Convert DOUBLE PRECISION AiCC

to Real.

The operations using fa, da
g Ia, da,

Q

a, ifa and ida do not destroy X3.

[aN

The operations fs, ds and cs de¢ not destroy ACC.



& 90

Temporary Store Allocation

Consider the compilation of the following Assignment statement.
X = A*B+SQRT(X+Y)*(X-Y)
It is assumed that the mode of all items is the same, and is REAL.

The 'Compilation Table' which follows is divided into the following

Columns.

1. Step. This gives the number of main and suxiliary
operations which have been done (including

the current operation).

2. Markers., These give the values of the X3 and ACC
marker. They contain the addresses in the
PN List in which the X3 operand and the ACC
operand aépear. If X3 or ACC do not appear in
the FN List, then the value of the associated

marker will be zero.

3. Op This gives the main operator which is being

processed.

4., PN List. This contains the items which are in the
Operand List at the time of the start of a
main or auxiliary operation.
The sequence of numbers along the top give the
"address" of the items in the List, and are, in
the Compilation Table, associated with the values

in the Markers.

5. Aux Op. This gives the auxiliary operation which is
currently being performed. '-' in the field

indicates that the main operation is being done.
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Original Statement.

X = A¥*B+SQRT(X+Y)*(X-Y)

Markers PN List Aux
Step |l X3 JACC |t Op || 1 2 3 4 5 {6 {iOp Comments
1 0 0 * X| A B lac B—3ACC
0] ;] L) X| A ACC - JIA*¥B—ACC
0 2 + X | ACC | SQRT X Y sac |JACC——Temnporary Stor-
age 1
0 0 + X | Tay | SQRT X 4 lac |{Y—3ACC
5 0] 5 - X Ta1 SQRT X lACC = X+Y-—>ACC
6 0 £ X | Ta, |SQRT ACC sac [1ACC—sTenporary Stor-
age 2
7 0 £ {|X |Tay |SQRT Tao - |[ISQRT(X+Y)—sACC
8 0 3 - X |Tay | ACC | X p 4 sac [|ACC—¥Temporary Stor-
age 3
9 0 0 ~ X | Taq Taz X p lac {{Y—3ACC
10 0 5 - X |Tay Ta3 X | ACC “ - I X-Y—s-ACC
11 0| 4 * X |Tay | Taz | ACC - [ISQRP(X+Y)*(X-Y)—>ACC
12 0 3 + ||X |Teq | ACC - IA*B+SQRT(X+YH X-Y)—3ACT
13 40 2 j= HX |ACC | : - |[X=A*B+SQRT(X+Y)*(X-Y)

The original statement breaks down into 13 separate immediately definable
operations., Certain of these operations involve the use of Temporary
Storage Areas to store intermediate results (Steps %, 6 and 8). 1In

the table these areas have been called Tai, Tap and Ta3.

The size of a storage area depends on its use. The 'Ta' areas are 2
or 4 words long depending on the mode of the operand for the sac
operation. The 'Tx' areas are 1 word long regardless of the mode of
the operand for the SX3 operation.

In compiled program these arcas occupy a single area of store (LW area)
and therefore a working store assignment rule is required by the com~
piler. A marker (CWSA) is required to determine the address of the

next Temporary area which may be assigned.
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A simple Temporary store assignment rule would be following.

1s When a Temporary store is required, the address of the
area is given by the current velue of CWSA. The value
of CWSA is then incremented by the size of the area

required.

By this rule, the following Temporary store assignment would be given
in the previous example. Assuring that the original value of CWSA was

To, and that each 'Ta' requires 2 locations,

Then Taq = To
Tao = To + 2
Taz = To + 4

Thus 6 Temporary store locations are required for the statement.

This is obviously extravagant in storage space, and in a complicated

assignment statement could lead to considerable waste space.

Due to the rules for arithmetic used in the current FORTRAN Compiler,
a Temporary store location is only used in one operation and can therefore

be reused once that operation has been processed.

In the previous example, the Temporary area Tap was made at Step 6 and
was used in the operation of Step 7. It then follows that the area

Ta3 generated at Step 8 can be the same as area Ta,.

The rules for Temporary Store Assignment actually used in the compiler

as follows.

1. When a temporary store is generated by an auxiliery
operation, the address of the area is given as the
current value of CWSA., The value of CWSA is then in-

cremcnted by the size of the area,

2 When o temporary store fs used in an operation, CWSA

is given the address of that temporary store.
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Following again the previous example, the value of CWSA after the various

steps is given below.

Start. CWSA = To

Step 3 CWsda = To +2 Tay = To

Step 6 CWSA = To + 4 Teq = To Tap = To + 2
Step 7 CWSA = To + 2 Tay = To

Step 8 CWSA = To + 4 Tay = To Taz = To + 2
Step 11 CWSA = To +2 Ta, = To

Step 12 CWSA = To

At the end of evaluation of an expression the value of CWSA should be
the same as it was at the start. Only in certain peculiar circumstances

(generation of Statement Functiors)is this not the case.

The rules stated above for Temporary Store assignment will only work
) if one can guarantee to use the Storage areas in the inverse order
to which they were assigned. It can be seen by an example that with
the auxiliary operatiomsas described to this point that this is not

necessarily the case.

In the following example, a Temporary Store item is designated by 'T'

followed by 'a' or 'x' followed by an integer.

'a' indicates that the Temporary Store is holding a value and was
generated by a sac operation
'x' indicates that the Temporary Store is holding an 'address' and

was generated by a SX3 operation.

The Integer indicates the order of assigning Temporary Storage areas.
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Example

- O£ .

Original Expression (Assignment Statement)

Y=a(1)+ B+c¢)* ((D+E)* (A7) +F) + ((¢ + H) + FN(X)))

The main operations which are used have the following characteristics with

regard to ACC and X3

Array Op. (2) destroys ACC and X3 leaves result as X3
+,%,= destroys ACC leaves result as ACC
Function op (f) destroys ACC and X3 leaves result as ACC
In this example 'A' is an array name. 'FN' is a function name
Step Markers 5% ) PN List Aux
‘ X3 [ACC 1 2 3 4 5 6 Op Comments
1 o o jla ||V ] 4 i - JlA(D)= X3
2 f{2 o |+ llv!x3 c lac |{c - Acc
3 2 14 |{+ [} x3] B {AcC ~ HiBsd -» AGC
4 2 3 + Y | X3 |aCC D E sac [[ACC -> Tay
5 H2 fo{l+ {lv|=x3]mey| D | E lac |IE - acc
6 2 7] + Y| X3|Taqy{ D |ACC - D+E = ACC
1 2 4 a Y| X3 |Taqy |ACC| A J sac {{ACC — Ta,
8 2 0 a Y| X3 |Taq|{Tapf A | J sx3 |1X3 - Tx3
9 {jo o H{a |y |m=3|Tay|Tap| &4 | J - HA(3) - X3
10 |15 o {b+ ||Y {mx3|Taq|Tay| 23| F lac [{F — ACC
11 5 | 6 ||+ ||Y |73 |Tay | Te, | X3 |ACC - HA(3) + F - ACC
12 (o 5 * WY |Tx3 |Taq | Tay [ ACC - (D+E) * ACC -» ACC
15 0 4 + Y |Tx3 {Tay  ACC | G H sac j1ACC = Tad
14 1O 0 + Y |Tx3 | Tay | Tay | G H lac |{H = ACC
15 0 6 + Y |Tx3 |Taq | Tay, | G JACC - ¢ + H - ACC
16 0 5 x Y |Tx3 | Ta, f Tay | ACC | FN sac || ACC —>Tag
17 o} o Hf {|Y |Tx3 |Tay| Tag | Tag | FN - | #N(X) - ACC
18 [lo | 6 + || ¥ |13 | Tay | To, | Tag | ACC - [} (c+H) + FN(X)-> ACC
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.verse order to which they were assigned (eg. Ta
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Assuming the initial value of CWSA was To, and that Tx areas occupy 1 word
and that Ta areas occupy two words, the following Temporary area allocations

would be made at the end of the steps shown.

1

Start CWSA = To

Step 4 CWSA = To + 2 Taq = To

Step 7 CWSA = To + 4 Tay = To + 2

Step 8 CWS4A = To + 5 TX3 = To + 4
Step 12 CWSA = To + 2 - Ta, used

Step 13 CWSA = To + 4 Ta4 = To + 2

Step 16 CWSA = To + 6 Ta5 =To + 4

It can be seen that the sac operation of step 16 assigned the same starting
address to Temporary area Ta5 as to the Temporary area Tx3. Thus..the in-

formation s tored at step 8 is lost.

The problem arises because the working store areas are not used in the in-
5 Was used before Tx})-
The problem is solved in the FORTRAN compiler by meking the sac operator

and the sx3 operator slightly more complex as follows.

1. sac The operand is the PN list item pointed to by the ACC marker.
If the X3 marker is set to 2 smaller PN list address than the
ACC marker at the time a sac operation is to be performed, a

sx3 operation is performed first.

2. 85 The opcrand is the PN list item pointed to by the X3 marker.

|

If the ACC marker is set to a smaller PN list address than the
X3 marker, at the time a sx3 operation is to be performed, a

sac operation is performed first.
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In the previous example, this is shown as follows.

Markers Aux  Op
Step x5 |acc Op 1 1o 3 4 5 |6 1 5 Comments
1 0 0 fla Iy |4 I = A(I) - X3
2 l2 o ll+ v lzs|s | ¢ lac ¢ -> ACC
3 2 4 + Y X3 1 B {ACC - B+ C - ACC
4 2 3 + Y | X3 |ACC J D E sac sx3{[{X3 - Tx,
5 0 3 + Y |Tx, JACC | D E sac - JJACC - Ta,
6 0 0 + Y 4Tx, {Ta, { D E lac 'E ~ ACC
T 0 5 + Y TX1 Ta2 D ACC D+ E

At step 4, the valuec of the X3 marker was less than the value of the

ACC marker and so the simple sac operation was preceded by a sx3 operation.

In this way the Temporary areas are assigned in the inverse order to their

use in subsequent operations.
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Operands At source language level, the FORTRAN Compiler is dealing - -
with 'names' and 'constants' as operands. During the
eveluation of an expression it is also processing
Temporary Storage operands (Tx and Ta) as well as Acc and X3

Excluding Function names, an operand will generally be associated with a

storage area in the final compiled program and is manipulated within the

compiler, not by name, but by the address of that areca. Most variable names

and constants are of this type as are Ta operands. These are called 'Store!

operands,

Some operands are associated indirectly with a storage area by means of
words which themselves contain the address of the relevant storage areas.
The X3 operand and the Tx operand are of this type. These are called

'Indirect' operands.

If the operand is a smell integer (<4096), for some classes of operation
the compiler manipulates the operand by its value rather than by the address

of a word containing the constant. This type of operand is a 'Value' operand.

Relationship between Operators and Operands

By prior use of Store Auxiliary operations, the operands for any main operator
can be put into a standard form (e.g. for Binary operations one operand is Acc

and one is either a2 'Store! operand, X3 or a 'Value' operand)

By investigating the mode, position and type of each operand along with the
relevant operator, an operation can be completely defined. Wherever possible
in the FORTRAN Compiler, the 'characteristics! of an operation are associated

with the operator as shown below.

1, Arithmetic Relational and Logical Operations
1.1  Arithmetic Binary Operations (+, -, *, /G *%)

These operations can always be put into the form a Acc ép or Acc b op.
These forms define two distinet classes of operation - the !reverse!

(a Acc op) and the 'forward' (hcc b op) classes. For the operators '+!
and '*!', these classes are identical, a fact which is not used in the
compiler. These two classes will be denoted by the letters !r! and !f!.

e.ge. '"+(f)! implies an operation of the form Acc b +
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The operands may have the same or different modes. Each combination of
mode defines a seﬁarata sﬁbol&ss'of operation within the main classes Just
described. If the modes are indicated by the letters 'I' - INTEGER, 'R' -
REAL, 'D' -~ DOUBLZ PRECISION, 'C! ~ COMPLEX, and 'L! -~ LOGICAL, these
subclasses can be described by associating two letters (representing the
mode of 4Acc and the mode of the other operand) with the operator. Thus

an operator presented as '+ (£,I,R)' would imply an operation of the form

Acc b + where 'Acc! is of mode INTEGER and 'b! was of mode REAL,

The !type'! of the non-Acc operand defines another subclass of operation

depending on whether the type is !'Store!'(S), %3 (X), or 'Value!(V).

An operator represented as '+(f,I,R,S)' would completely define the operation
to be of the form 4icc b + where Acc is of mode INTEGER and 'b! is a ‘Store'

operénd of mode REAL,

In general an algebraic binary operation can be defined by a construct of
the form

y 1)

abop (a, Dyy M

. wWhere a, b are the operands

1.2

d =~ direction of Operation
m, - mode of Acc
m, - mode of other operand
t -

Type of other operand

Relational Binary Operstions (.LE.,.GE.,.EQ.,.NE.,.GT,,.LT,
b ? 7 b b

These operztions of the form a b op are considered by the compiler to be
two distinct operations of the form ab- (or ba-) followed by a unary

operation on the result.

 The result of the '-! operation is Acc. The unary operation following this

operation is a function only of the original rslational operator and is

independent of the mode of Acc.

Thus a complete Relational Binary operztion is defin<d by a construct of
the form
ab - (d, m, M, t) op!

where a, b are the opersands
d,mA,mo,t are as defined for Algebraic Binary operations
op' is a unary operation which depends only on the original

Relational Operator,
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Logical Binary (.AND,,.OR.)

These operations can always be put in the form a Acc op, or Acc b op.
The modes of Acc and the other operand are the same and must be LOGICAL.

The non-Acc operand may be either a 'Store! operand or X3.

Thus a.logical Binary operation can be defined by a construct of the form
a b op (d,t)
where a, b are the operands
d - direction of Operation

t - Type of non Acc operand (5 or X)

Unary Hinus (~u)

This operation is of the form Aoc~u where Acc may be of any mode other

than LOGICAL

Thus a unary minus operation can be defined by a construct of the form

a —u(mA)
where a is Acc

m - mode of Acc
Logical .NOT.
This operation is of the form aAcc op where Acc may be of mode LOGICALonly

Thus there is only one .NOT.operation.

Store Auxiliary Operations
These operations involve only one operand and so are conceptually of the
form a op although the operand is not necessarily the top item in the

Operation List.

Store Accumulator Operations (sac)
These operations put Acc into a storage area, They are a function of the

'mode! of Acc only.

Thus all operations using this operator can be described by a construot
of the form

Acc =X i H]

Acc sac (m )

where mA.= mode of ‘Acc

Store X3 Operation (sx3)
This operation is independent of the mode of X3 and involves storing X3 in
a Tx operand.

There is only one sx3 operation.
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Load Acc Operations (lac) 4
These operations take a2 'Store!, X3, Tx or 'Value'! operand and produce a
'Walue'! in Acc in the standard form required for main operators.

The actual operation>d0pends'on the mdda and type of the operand.

Thus all operations using this opérator“can be described by a construct
of the form
” \
[ lzc (mo, )
where m o= mode of operand
t = type of operand
Load X3 Operations (1x3)
There are two operations in this class which depend on whether the operand

is a !'Store! or a Tx operand. There are no 'Value' operands for this class.

Thus the operation is described by a construct of the form

a 1x3 (t)
where t = type of operand (S or Tx)

Function and Array Operations

The standerd form for Function or Array operations allows the arguments
or subscripts to be 'Store! or Tx type operands., Other types as yet not
mentioned (Function and Array names) are also allowed but these will not

be discussed at this point.

The operations are independent of the mode of the Function or Array name,

but depecnd on the type of operand of each argument or subscript.

Once the operands are in a standard form for a Function or Array opsration,
the operation is treated as & composite series of simple operations which
X8 &

generate first the CALL to the Function or to the Arrey routine and then

the argument or subscript list.

Sunmary of Operator Associations

The following table summarizes the operator associations of the previous

section.



= 3] -

Operation Operators Ope;atlon Operator Association
. orm
Arithmetie
Binary +ymy ¥y [y ¥¥ a b op op (dsmA;mo,"t)
Relational | .IE.,.LT.,.EQ. a b op ( —(d,mﬁ,mo,t)
Binary oNB, 3G 5 oGT Ethen op'
I : .
Logical .AND., .OR, a b op
Binary
Unaxry B a - B (mA)
Minus
Logical AT, a.NOT. NOT,
LNOT,
Store Acc sac Acc sac sac (mA)
Store X3 sx3 X3 sx%3 8x5
Load Acc lac a lac lac (mo,t)
Lozd X3 1x3 a 1x3 1x3 (%)

d@ - direction of binary operation f = Acc b op
T =2 AcC Op

My, = mode of Acc, mode of operand (not Acg)

t - type of Operand s - store

%= x5 )
) Indircct
Tx - )

V - Value

Practical Compilation

So far, this discussion has bsen in general terms without any particular
reference to the actual way in which these operators and their associations
are interpreted within the compiler, so as to generate actual instructions.
The following sections of this document will show in some detail how the

various operations ar: actually compiled.
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Operation Compilation (I)

When en operator is transferred from the Operator Iist, it is classified as to

type - Arithmetic Binary, Relational Binary, Logical Binafy, Unary.ﬁinus,

Logical.NOT., Function and Array rcference, Assignment operations etc. lEach_

type of operation is processcd by separate routinesy although'these-routines

use common subroutines to generate instructions and perform auxiliary operations

if necessary. The operation types that will be described here are the following.
1. Binary Operations (Arithmetic and Logical)

. Relational Binary

v Unary Minus

. Logical . NOT,

. Assignment (=)

oON U B W N

. Store Auxiliaxy

"1,  Binary Operations (Arithmetic and Logical)
A Binary operation uses as operands the tép two items in the PN list,
There is no guarantee when starting to evaluate a binary operation that
these top items are in the standard form required to satisfactorily
compile the operation. To ensure standard conditions, a routine
BINSTANDARD is used., This performs all required Store auxiliary operations.
1.1 Arithmetic Binsry Operations ' , ;

As indicated in the 'Summary of Operator Associations' an arithmetic binary

operation can be defined by the following parameters

1l op - operator

2 4 =~ direction of Operation A4cc b op, 2 Acc op

3 my - mode of icc

4 m, - mode of ‘'a! or 'b!

5 % - type of operand
Not 211 values of MA, HO are allowed for all operators or operand type.
In particular neither m, OT m may be of mode LOGICAL., Also, if 't! is

a 'Value' operand (i.e. a smell integer), then m mey only be of type

INTEGER (24 is therefore redundant.

In order to comyile instructions, these parameters are used to address a
table entry, the entry indicating whether the particular coperation
described is valid end if so, what instructions are to be compiled for

the operation. The detsils of this phase of compilation will be described

in a later section.
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If no cognisance was taken of the redundancies and of the large numbers
of invalid mode-operator-ctc combinations, a table with 480 entries
would be required to describe all possible Arithmetic Binary operations.
By separating out operations as indicated below, the number of table

entries required is reduced to 250.

The Parameter Groups separated out for Arithmetic Binary Operations
are the following

[
1.1.1 ' Standard Binary oD =+, =, ¥, [

]
! 1 = s8,x

modes MA & Ly MO I,R;D,C
or MA = B, Mo = I,R

or M, = D,C, M_ =1

|

The position in the group is defined by a binary

value as shown in the following diagram.

¢ o > 2 1 1 9 l¢—op
,\ IAY A Y
o 1 i {6 .= &
——ad d t (1 =

(@ .5
(l = T

g

o
2o ie]
)
o=
&
—

ITNSTNTNTN TN
WO
L/
e
5
o
o
[
e N T

Thus an opcration Acc b * with M, = R and MO =1
£
has a value of 18 as defined in this group.

Note that if one (but not both) operand mode is I,

then there are 3 operations which are defined to be
idenfioal, namely thoss in which the other operand
is REAL, DOUBLE PRECISION or COLPLEZ, This is due
to the lack of any Mode Auxiliary operations for
integer items excépt fa =2nd fs (see 'Mode Auxiliary

Operations' -p.16)
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1.1.2 DOUBLE PRECISION Binary Op = 4y =, ¥,/
t =8, x
modes MA = B, Wo = R,D
or M, =R, ¥ =D

The position in the group is defined by a binary

valuc as shown in the following diagram

¢ o S 2 |1 } 1 I PN

I 77 {0 =

sny T ey B

0=D{D ) él~r)(l;x) (3= /)
1=D|R )
(2==r{D )

This is identical in forw to that for Standard Binary.
The only difference is in the interpretation of the two

mode bits.

As an exemple, the operation a iacc + with MA’ MO

both 'D', has a value of 8 as defined by this group.

1.1.3 COMPLEX Binery +y =y ¥y [/

= g5 X

M, =C, M =R,C
— Tk o
or ¥, =R, M

A ’ 7o

d:
il

g |
o]
2
U]
o

The position in this group is defined in an identical
manner to that for DOUBLE PRECISICN Binary except that

the interpretation of the two mode bits is as follows.

0 - ¥, =C, ¥ =0
A (o]

1 = ¥ =0, =R
A -0

i
j=s}

C

2 ~ M jd
A 0



1,1.4 ©Small Intéger Binary Op = dy =y K /
& =N
modes MA = L;R;DP;0
M =1I
o

For this group of operations, the non-Acc operand is
a small integer (Walue' operand). The mode of this
operand is INTEGER by definition and therefore need

not be explicitly mentioned.

The position in the group is defined by a binary

value as shovm in the following diagram

£ 0 > 1 L 2 L B
"4\ s O—-+
SRS §1§
0=1 ) (0 = 1) 2 =% )
(1=n0t I) (1=x2) (3=/)

Thus the operation sAcc 3 + with M, = I is given a

A
value O for this group.

1.1.5 Standard Exponentiation op = ¥*¥

!

modes M, = I,R,D,C
.M =1I,R,D,C

This group of operations contains all the exponentiation

operations except for those with a 'Value! operand.

The position in the group is defined by a binary

value as shown in the following diagram

& 0 > 2 ‘ 2 g 1 t
A iy A 0 &
SR
= 0 =1
_ i (0=1f)
R R D
(3=¢) (3=0)

Thus the operztion a Acc ** for a-REAL and Acc-INTEGER

is given the value 16 for this group.

_: ;
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Small Integer Exponentiation op, = %
t =7V
modes M, = I,R,D,C,
Mo = X
For this group of operations, the non-Acc operand is
a small integer ('Vaiue‘ operand). The mode of this
operand is INTEGER by definition and therefore need

not be explicitly mentioned.

The position in the group is defined by a binary

value as shown in the following diagram

Z
~

&——d (0 = f)
(1=r1)

()
s
N
—

A~~~
n =
I

Q9K

Thus the operation Acc N op with MA = R has the

value 2 for this group.

Logical Binary Operations
As indicated in the 'Summary of Operator Associations!' a logical
binary operation can be defined by the following parameters

1., op = operator

2. - direction of Operation Acc b op, a Acc op

3.

The logical binary operstions are symmetric. Thus as far as compiled

4
X - +type of operand

instructions are concerned, the direction of operation is immaterial.

e.g. A.AND,Acc 1is the same operation as Acc.AND,A4.

At present, there is no 'Value! operand which can be used with logical

operators. Thus there are only two types of operands, s, and x.

There are only two operators which prcduce logical binary operations - ,

.AND, and ,OR,

»
b
174
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There are therefore only four logical binary operations,which are

grouped together and given values as follows

Oop=.AND,3 £t =5
lop= AMND,s &t =x
20p=.0R, 5 t=-°s
30p=.0R, 3 t=x

Thus the operation X3 Acc.OR. would have the value 3 for this group.

Relational Binary Operations

A Belational Binary operastion uses as operands the top two items
in the PN list. Depending on the actual operator, the routine
processing Relational Bk@:yoperatioﬁs may interchange the top two
items. If one of the two items is Acc, the Acc pointer is changed

to point to the new location of Acc.

At this stage the routine which processes arithmetic binary
operations (BINARITH) is entered to compile an operation using the
two top PN items as operands with !'-' as the operator. On exit
from this routine, the top PN item will be Acc (the result of an

operation of the form 'ab-'),

The Relational Binary operation is completed by performing a unary
operation on Acc. This operation leaves a LOGICAL result as Acc.
The operation is independent of the mode of Acc but depends on the

original relational operator.

These operations-can be defined as a group, the position in the

group being as shown in the following list.

ISRV CEN e
I
Et
&
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Unary Minus

This operation requires one operand (fhe top item in the PN list)
which must be Acc. At the time a unary minus operation is to be
compiled, since there is no guarantee that the operand will be Acc,
a routine UNSTANDARD is entered to compile &ll required Store

Auxiliary operations.

As indicated in the 'Summary of Operator Associations', a unary

minus operation can be defined by one perameter - the mode of Acc (MA).

Thus the unery minus operations can be defined as a group, the positions

in this group being defined as follows

0 - M, = INTEGER

1 - M, = REAL |

2 - M, = DOUBLE FRECISION
3 - M, = COLPLEX

4 - M, = LOGICAL

Although there is a position in the group for Acc in INGICAL mode,
it represents an illegal operation, this is found as such by the

operation instruction generating routine.

LOGICAL .NOT.

This operation requires one operand (the top item in the PN list)
which must be Acc at the time the actual NOT. operation is to be
compiled. As there is no guarantee that the operand will be Acc
a routine UNSTANDARD is entered to compile all required Store

auxiliary operations.

Acc may only be of IOGICAL mode for this operation. Thus there

is only one ,NOT. operation,

Assignment Operations

3. Simple Assignment (& = e)
For simple assignment, the Assignment operation uses the top
two items in the PN list as operands. It is necessary in an
Assignment operztion for the top item in the PN list to be Acc.
To ensure this prior to the actual generation of the Assignment

operation, store zuxiliary operations are performed if required.

At this stage, the non-Acc operand is either of type 'S! or 'X'.

4
\‘-‘,a

oy
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The Assignment operations require the following three parameters

1. %
2. M,
3. M
t = s,x
for M, = I,R,D ; Mb = I,R,D,
= C

I, =C; N
for MA C; IO
for MA = Lj MO

i

A1l allowable combinations produce a group of 22 Assignment

operations.

The position of an operation in this group is defined by a binary

value as shown in the following diagram

N

(&)
\v
S
o]
/]\
ot

t (o i s)

M_|M, | MjH,
o s

1I| R§ 6D} I
2I|{ D! 7D|R
3R{I{ 8D|D
ARIR{ 9¢CicC
5R{ Di10L|L

In the PN list, the result of a simple Assignment operation is

Acc with the same mode as the original non-Acc operand

i.ev A"‘JT-A = 1"100
The position of Acc in the PN list is the same as the original

position of the non-Acc operand.

Thus the operation 'a Acc =' with MA = T, MO = R has a value
of 6 in this group of operations. In the PN list the result

of the operation is Acc (overwriting 'a') with M, = R.
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b. Multiple Assignment (al,a2, Sy B e)
The operation of multiple Assignment is a series of simple Assignment »;>

operations.

In the PN list, for multiple Assignment, the top two items will

. be ', Acc' rather than 'a Acc'. Physically moving Acc down one

item (overwriting the ',!') and amending all associated pointers

(including the PN list pointer) will then produce a simple operation

| of the form 'a Acc ='. This simple operation is then evaluated,

and the resultant top two items of the PN list are checked to see
whether the top two items are in the form for multiple or simple

Assignment.

If the form is still that for multiple Assignment the process is
repeated. If the form is that for simple Assignment, the whole
operation is terminated as soon as the simple Assignment operation

is completed;

Example If the Aésignment produces the following PN list

a by,c, Acc the operations proceed as follows

1. Move Acc a b, ¢ Acc
2, do C = Acc a b, Acc
5% Move Acc a b Acc

4. do b = Acc a Acc

5. -do a = Acc Acc

The resultant operations performed for 2,b,c = Acc

are ¢ = Acc, b=c, a =D

Store Auxiliary Operations

There are basically four types of Store Auxiliary operations, lac,

sac, 1x3% and sx3 operations.

Load Acc (lac)

As indicated in the Operator Association table, & lac operation
can be defined by two parameters

1 . I\II
@)

2. %

1t may be one of four +types - 3,X,Tx,V

o

L

X

For each of these types (except V), M may be I,R,D,C or L giving

a total of 16 operations (including V)
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6.3

6.4

g~ JI
These define a group. The value of an operation within this

group is given in the following table

M|k M| ot
0 Tl B 8 1 S
i I | Tx T Tx
2 R| s | 10 I v
3 R | ™| 11 T ;4
4 D| & | 12 R X
5 D| Tx| 15 D X
6 c| s | 1a c K
7 c{ ™| 15 L X

;

Store Acc (sac)

A sac operation can be defined by one parameter, MA.

This defines a group of 5 operations. The value of an operation

within this group is shown below

0 - M, =1
1 - M, =R
2 - M, =D
3 - M, =C
4 - W, =1L

Load X3 (1x3)
A 1x3 operation depends only on the type of the operand. This may

be either S or Tx, giving a total of two operations.

Store X3 (sx3)

There is only one gx3 operation. This produces a Tx result.
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Group Identifiers

Within the compiler, at the time that an operation is defined, the

operation is presented to the 'Instruction Generator'as a group '/T
number and a position number, i
The groups are numbered as follows
Y, Main Operations
0 - Standard Binary
2 -~ Double Precision Binary
4 - Complex Binary
6 - Small-Integer Binary
8 -~ Standard Exponentiation
10 ~ Swmall Integer Exponentiation
16 - Unary Minus
20 ~ Relational Binary
22 - Logical Binary
24 - Assignrent.
2. Store Auxiliary Operations B
12 - Load ACC (lac)
14 - Store ACC (sac)
The operations .NOT., 1x3, and sx3 are not associated with groups
in the compiler becauss there is only one .NOT., and one gx3
operation. There are only two 1x3 operations. These operations
are presented to the Instruction Generator in a different way.
Thus any of the operations defined in a group can be described by
using two integers (g,p) to specify the group and position. These
are used by the Instruction Generation routine (ACOMPIL, Entry ACOM)
to extract the correct complete and skeleton instructions for the
operation, complete the skeleton instructions and then output them
along with the appropriate instruction relativisors.
A skeleton instruction is an instruction which is lacking its 'n'
address or part of its 'n' address. For example, if the instruction Ty
- 7

to be output was 'LDN & 10', the skeleton instruction would probably
be 'LDN 6 O'., The addition of '10' to the instruction completes

the instruction.
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The Instruction Generator (I)

The Instruction Generator uses the integer pair (g,p) to reference

a set of linked tables which determine whether an operation is
immediately definable - i,e. whether instructioans for the complete
operation can be compiled - or whether an operation is definable

only after doing a mode-auxiliary operation, or whether the operation
is illegal. The tables also determine the type of the result operand.
If this is a Tx or a Ta operand, the Generator determines its storage

address.
There are four sets of tables used in the Instruction Generator.

1. Group Table (QUERY table)

2. Position Table for each Group (CM tables)

3, Instruction Table for each Group (TINS tables)
4. Relativisor Table for each Group (TREL tables)

These tables have the following characteristics.
t. Group Tabls.

There is only one Group Table. This is referenced by the 'g'

integer of the (g,p) pair.

This is a table of itwo word items, one item per operation
group. 'g' gives the address,relative to the start of the
Group Table,of the item required. An item gives the addresses

of the three tables associated with the group.
The form of a Group Table item is shown below.

1st word. +top 9 bits. Relative address of the start of
| the correct TREL table for the
group. This is given relative to
the start of the first TREL table.
All TREL tables arc necessarily

in successive areas of store.
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rest of word. Absolute address of the start of

the correct CM table for the group

2nd word. Address of the start of the correct TINS table

for the group.
Position Teble.

Associated with cach Group Table item is a Position Table
(CMtable). This is referenced by the 'p' of the (g,p) integer
pair, Thus any entry in a Position Table is unique to the
(g,p) integer pair and can be used to define exactly how an

operation is compiled.

An entry in & Position Table consists of one word. If the
word is zero, then the required operation is illegal and can
not be compiled., A zero entry causes the compiler to flag

an error.

If the entry in the Position Table is positive, the required
operation can not be completed before a subsidiary operation

(inevitably a mode auxiliary operation) has been compiled.
The single word entry is divided into sections as follows.

1. Top bit (bit O) This determines whether the operation
is completed with this compilation
0 - not completed
1 - completed.
(in congidering the rest of the sections
of this word, if an operation is 'not
complceted', t he other ssctions refer to

the subsidiary operation).

2 Bit 1. This determines whether the PN Ligst will change
as a result of this compilation
O - no change to PN List

1 - PN List to change.
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Bit 2.

s A5 w

If the PN List is to change as a result of
this operetion, this determines which PN item

is to bz changed.

The local PN list pointer (PNPi) will normally
be pointing to the PN item in question. For

a gac operation this will not be the top item
in the List, but the item to which the ACC

marker is pointing. For a Binary operation

PNP1 will be pointing to the second top item
in the List. PFor a unary operation, PNP1 will

be pointing to the top item in the List.

The item to be changed is deteriined by this bit

as follows

O - the changec is to the iten
pointed at by PHP1.

1 — The change is to the item
immediately above that pointed
at by PVPi. In this case PNP1

is changed to point at this item.

(As an example of this, if a Binary operation

of the form A ACC op is not immediately definable,
but requires a mode auxiliary operation on ACC,
PNP1 which would originally hrave been pointing

at 'A' will now be changed to point at ACC because

ACC is the item in the list which is to be changed).

For an operation inwhich the PN List is to change,
these bits indicate the type of PN item at the
end of this operation. They also indicate whether

X3 and/or ACC will be destroyed by the operation.
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The bit values and interpretations are as follows.

£
' Value | Result PN item ACC X3
0 ACC destroycd preserved
1 ACC destroyed destroyed
2 X3 preserved destroyed
| 3 X3 destroyed destroyed
| 4 Ta preserved destroyed
! 5 Ta, destroyed preserved
6 Tx destroyed preserved
7 Tx preserved destroyed
If ACC or X3 is destroyed, the associated marker is cleared.
However, if the result cf an operation is ACC or X5 then the
marker will be reset to the PN item for the result.
. 5. Bits 6-8 These define the number of consecutive TINS
L toble entrices which arz to bs used for this

6. Bits 9-11.

7. Bits 13-24.

Kw/

operation., These TINS table entries are generally

complete or skeleton instructions.

For operations wherc the PN Iist is changed,
these bits give the final mode of the PN item

which is changed.

The bits have significance as follows
1. Integer
2. Real
3. Double Precision
4, Complex

5. Logical

These give the absolute address of the first
entry in the TINS table which is to be used
for this operation. (Bits 6-8 indicate the

number of consecutive TINS table entries

(%}

which are to be used).



47

Occasionall 1y it is useful to define an operation which is null (8.

no instructions are comnllwd) For example there is a group of opera-

.L

tions callad 'Load X6' which compile instructions to load a value intc

X6 from some accumulator If thce original 2ccumulator happend to be

X6 then there is no requircment to compile instructions.

A null operation is defined by a CH tabl:u entry which is zero except

in bits 10-12. These nay have any non-zero value.

TINS tabls from

3
[
(¢
0]
ot
O
I

It is a requirement of

.

1
particular CH table refer to the samz TINS tablc. Further this must
be the table specified in the Groug
particular CM table.

Bs Instructior Table and Relativisor Tablc.

Associated with cach Group Table item is an Instruction Table
(TIFS table). This is roferenced vio ontrics in the CH table

which itsclf is associated with the same Group Tble item.

The items in a TINS tablc are onc word long. These may represcen

onc of th¢ following three types of item

1. Complecte Instruction
2. Skeleto
3. C/H

1 Instruction

,_

(IR

L Ll

=)

Associated with cach TINS table is a2 Relativisor table L
table). This is = charactoer tahie cach cntry of which is uscd
to determine the type of item represcanted by a2 pmrticvlar TINS
table entry. The charac th a TINS table cntry
is the same number of characters distant from the head of
TREL tablc as the TINS entry is words from ths starv of the

TINS tablc.

The characters in thce TREL table have mearning as shown below.

TREL char. Associated TINS entry.

0 c/M
1-5 Skuleton Instruction

6-63 Compietes Instruction.
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If the TREL char. is zcro, then the associated TINS entry is taken as
a c/u to a storc arca which contains the nane, in characturs, of a
subroutine. When the Instruction Gencrator routine refercnces such an
item, it cnsures that the nuxt time the special relativisor Ry ('SPRE
within the compiler progran sheets) is used in a scmi-conpiled 5-
character group it refurs to this subroutine. The subroutine name is
also put intc thc Cuc List of the Compiler if it is not alrcady there.
'e' givés the number of words in the nanc of the subroutinc.

{
|

If the TREL choracter is 1, 2, 3, 4 or 5, then the TINS entry is

o i

taken as a skeleton instruction. When the Instruction Geoncrator rou-
tine references such an iten it adds to the skeleton instruction the

contents of register NWED-1 +« whers '«' is the TREL character. This

[N

(complete) instruction is then output using thes coatents of regiaster
RBEL-1 4+« ag the relativisor. In nearly svery case for skeleton
wstructions, the character is 1 and the registers used are NWRD and

REL.

The contents of these registers are defined by the sections of »rogram

f=}

which proccss the particular type of operation - e.g. BINARITH for

Qs

Binary arithmstic operands.
Normally NWRD would be the addrcss in the object program of the non-ACC

operand. REL would be the reletivisor for that particular address.
P

If the TREL character is greater than 5, then the TINS entry is taken
is casg, if the Instructicn Generator
references such an item it takes the TREL character -1 as ths relativisor

s
for the instruction and ths

(6]

n outputs the instruction using that rela-

tivisor.

As an exannle of the usc of the Instruction Generator, consider the
compilation of the operation A+B. A and B are both real variables.
A has been assigned location 10 in LV space and B has been assigned

14 in LV space. Both are stendard variables.

The PN list contains the addresses assigned to A and B as well as

their types (standard varia bln)



Thus at the time the operation A+B is to be performed, the top of the
PN List appears as foilows ('var'. indicating 'variable')

Real var./14  (B)
i Real var./10 (4)

PNP is pointing at B.

N . \ . e
The main (+) operation can not take place uatil the initial lac
|
operation has been performed. This is done on the variable B in the

routine BINSTANDARD using the Instruction Generator.

For this operation, W/RD ig set in LOADACC \ called from BIESTAEDARD)
to the address of B (:14) and REL is set to 'VREL' (the relativisor
forn LE). PNP1, the local PN List pointer is pointing at the item
for B.

T 1

Por the lac operation, 'g' is 12 Section on 'Group Identifiers')

w2
N
w

/
\
and 'p' is 2. (2 = REAL varisble).

The Instruction Generator is entersd with these paraneters. The CHM

table entry for (g,p) = (12,2) is the following (as written in PLAN).

£ 601 /LR+4 20000

This indicates that 1. The operation will be counpleted.

2. The PN List will change.

4. The result of the opesration is ACC and that
X3 .is not destroyed.
5. The Instruction Gencrator will reference only

onz2 TINS entiry.

\
3

5

6. The final mods for the operation will be REAL.
7. The TINS entry is a location labelled in PLAN
as LR.

The TREL table entry asscciated with the TINS table cntry is '1'.
Tha TINS table entry is 'LEP O



The Instruction Generator rescognizes the TINS entry as a skeleton
¢ instruction, and since the TREL entry was 1, adds the contents of
NWRD to the instruction. Outputting the instruction using the contents
of REL procducss the final result.
/ LFP 14 VREL

The PN List is then chansed according to instructions and will now

read
Real ACC/- (4CC)
Resgl var/10 (’)

The operation is now instandard form for a Binary arithmetic opesration.

'g' is zero and

On the next entry to the Instruction Gererator,
is 56. NWRD is set to the address of A (=10) and REL is set to 'VREL'.

PNP1 points at A (the botton iter: in binary operations).

- The CH table entry for (g,p) = (0,56) is the following
X g #£ 611 /ARRR+# 20000

This indicates that 1. The operation will be completed.

'

2. The PN List will changec.
3. The change is to the item pointed at by PNP1.

4. The result of the operation is ACC, and X3
nay be des’royed.

5. The Instruction Generator will reference
only one TIN3 entry.

6. The final mod tion will be REAL,

]
)
O
=
ct
=
W
O
{16}
»
=
o8]
C
'_J
O
o}
=
'_.I

}o The TINS entry is a location labellzd in PLAN
v
;{I‘.R.

HES

as

As for the previous case the appropriate TRIL table entry is '1°'.

8

The TINS table entry is FAD 0 Qs

[

This will produce a final instruction of

. FAD O 10 VRZL
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Thus A+B would compile into the two instructions

LFP 14 VREL
FAD 10 VREL

As a further example of the use of the Instruction Generator, consider
the compilation of D + I  where I is INTEGER and D is DOUBLE PRECISION.
I has been assigned location 20 in LV space and D has been assigned

24 in LV space. Both are standard variables.

At the time the operation D+I is to be performed, the top of the PN
list appears as follows:-

Integer var/20 (I)

D.P. var/24 (p)
PNP is pointing at I, The top item in the HI list.
The operation '+' is stored in register OPER.
The main operation (+) cannot take place until the initial lac
operation has been performed. For this operation NWRD is sst to
the address of T (=20) and REL is set to VREL.
PNP1, The local PN list pointer is pointing a2t the item for B.
For the lac operation, 'g' is 12, and 'p' is O. (INTEGER)
The CM table entry for (12,0) is the following.

#£601/LT + # 10000.
This indicates that the Instruction Generator will reference only
one TINS entry, and that the PN list will be changed to ACC at the
item indicated by PUNP1. ACC will be REAL.
The TREL tablec entry associated with the TINS table entry is '1'.
The TINS table entry is 'LDX 6 O.
The Instruction Generator adds NWRD to this entry to form the
complete instruction for the opcration. This instruction is
output using the contents of REL as the relativisor.
The instruction output then is.

IDX 6 O VREL
The PN list is thern chamged according to instructions and will now
read:-

Integer ACC/- (acc)

D.P. Var/24 (D}

This is now in standard form for a binary operation.
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On the next entry to the Instruction Generator, 'g' is zero and 'p!'
is 24 (INTEGER ACC, not integer operand). NWRD is set to the address
of D and REL is set to 'VREL'. PNP1 points at 'D'.
The CM table entry for (g,p) = (0,24) is the following:-
# 301 /SBFX + # 20000
This indicates that 1. the operation will not be completed, but
requires an auxiliary operation.
2. the PN 1list will change
3. the change is to the top item rather
than the one pointed to by PNP1.
4. The result of the operation is ACC;
. X3 is not destroyed.
5. the final mnde for the operation will be
REAL. _
6. the Instruction Generator will reference only
one TINS entry (at location SBFX).
The "REL table entry associzted with the TINS entryy is 455,
Thus the actual relativisor to be used with this entry is #Z54.
This is the special relativisor R1 which will have bheen set
earlier to the name of the Object time Arithmetic Package (%FAPA)
The TINS entry is a complete instruction.
CALL 1 15
wnhich when output with relativisor R1 is equivalent to
CALL 1 15 FAP4
(This entry to ¥FAPA takes an integer in X6 and generates the
equivalent floating point number in the floating point accumulator).
The PN list is now changed according the instructions and will now
read.
 REAL ACC / - (acc)
DP. Var/24 (»)
Since the operation was defined as "nmot complete", the complete
operation is atteupted again.using the current top items in the
PN list. .
The operator is still available in OPER (+), and the global PN
pointer PNP has not been changed since the start of the complete

operation and is still pointing at ACC
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This time the PN list is in the correct form for a binary operation.
On this entry to the Instruction Generator, 'g' is 2 and 'p' is 40
(REAL ACC, Double Precision Opcrand). NWRD is set to the address
of D and REL is set to VREL. PNP1 points at D.
The CM table entry for (g, p) = (2,40) is the following.
£ %02/DP0X + 4 30000
This indicates that.
1. the opcration will not te completed but
requires an auxiliary operation.
2. the PN list will chamnze.
3. the change is to the top item.
4, the result of the opeation is ACC;and X3
is not destroyed.
5. the final mode for the operation will be
DOUBLE PRECISION
6. the lustruction Generator will reference
two consccutive TINS entries (starting at
location DPFX).
The REL table entries associated with the TINS entries are both
ﬁZ41. This shows that both TINS entries are complete instructions
which will be output using the reliativisor #1240,

These instructions arsc:--

IDN 4 O

Iny 5 O
The PN list is now changed according to instructions and will now
read

DP acC / - (acc)

DP Var/24 (D)

Once again, since the opceration was defined as '"not complete" the

complcte operation is attempted again.

On the next entry to the Instruction Generator, 'g' is 2 and 'p'

is 8 (both operands D2UBLE PRECISION). NWRD is set to the

address of D (i.e. 24), and REL is set to VREL. PNP1 points at

D.

The CM tablc entry for (g, p) = (2,8) is the following
~#£613/ADDR + # 30000
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This indicates that the operation will be oomplefed, the PN list
item pointed at by PEP1 will change to ACC and that ACC will be
of mode DOUBLE PRECISION. It further indicates that X3 may be
destroyed during the operation.
The Instruction Generator will reference ti ree consecutive TINS
entries starting a2t location ADDR,
The TREL table entry associated with ADDR is 1, fhe TINS table
entry (ADDR) contains

IDN 3 O
This is a skeleton instruction which is output after adding NWRD.
The relativisor is the contentsof REL.
This the instruction output is

IDN 3 24 VREL
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The second TREL entry is 'O', This indicates that the TINS entry (which
is l/DPAR1) is a ¢/m to an area which contains the name of a routine .
This name is to be output if necessary as a setting for R4 so that the
next time SPRE is used as a relativisor (R4>, it will refer to this

'routine.
The area DPAR1 (one word 1ong) contains the name %FDP‘

|The third TREL entry is'#QGO'. This indicates that the corresponding

| TINS entry ( CALL 1 0) is a complete instruction which will be output with

the relativisor '§é57‘ (which is 34)

This then generates CALL 1 0 %FDP

Thus the instructions which are compiled for the complete operation D+I are

the following:

DX 6 20 VREL (I X6

CALL 1 15 %FAP4 (Float I)

IDN 4 O (Convert to D.P.)
IDN 5

LDN 3 24 VREL (D-Address ——> X3
CALL 1 O _%FDP (I + D)

On completion of the whole 0peratioh, the Instruction Generator returms
control to the. Arithmetic Binary routine,which performs certain red-tape
operations (such as setting the glcbal PN pointer (PNP) to the local

ointer PNPl) )before returning to lock for ths next operation.
D g P

Restriction on the General Use of the Instruction Generator

The Instruction Generator is used throughout the whole compiler. VWhere it
is used from routines cother than those which are used for expression
evaluation (e.g. from the routines processing the READ and WRITE

statements), an operation must be defined to be complete.

When an operation is defined as "not complete” by the Instruction Generator,
the return from the Instruction Generator upon generating the auxiliary
operation is to a particular location (CMPE) in the Expression Evaluation

routine rather than back to the routine from which it was called.

Apart from this restriction, The Instruction Generator is used throughout
the compiler in the manner described in the previous section wherever

instruction compilation can best be described by 'g, p' values.



Instruction Generator (II)

For many classes of operation, where a group only contains one or two
itens a different entry to the Instruction Generator (at ACQ2)“is used.
For this entry an operation is described by =z position number such that
no two operation which use this entry have the same position number.

The operations 1x5.3-5, and HNOT. are operations which are suitable

for this entry to the Instruction Generator. They have position numbers

as shown belov.

1. Load X3 Operand is'S!' type Position Number is 4

2. Load X3 Operand 1= TX type Position Number is 5

3. Store X3 : Position Number is

4. .NOT. Position Number is 10

These nunmbers are used to reference a table (sinilar to the CM tables)
which starts at location AUXCM. The position in the table for an operation

determines the position number assigned to the operation.

A table entry is one word long and is a c/ﬁ to a second table (identical to
a TINS table) wnich is used for the generation of the actual instructions for

the operations.

'c! gives the number of consecutive words in this table which
are to be used for the current operation. This may not
exceed 7.

;' gives the address of the first item iﬁ this table which

is to be ussd for the opsration.

Associated with this table (the AUXINST tablz) is a relativiscr table
&

;s a5 a TREL table. This table is the AUXREL

™
ot
e

with the same character

table.

Difference between ACOM and ACSY entry to Instruction CGenerator

et
The basic differenc

]

batween the two entry points is that an operation which
uses AC8Z is automatically defined to be complete, This is not the case

for entry. 2777, In this case the'completeness' of an operation is determined

by the CM table item for the operation.

A second difference is that an operation defined through entry ACE2 does not

directly influencc the PN list.
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If such an operation actually does influerce the PN list this is effected
externally and not from within The Instruction Generator. Thus although the
1x3 operation will change some PN item from a 'store' or 'Tx' item to an

X3 item the actual change to the list is made in the LOADX3 routine which

defines the operation ,rather than in the Instruction Generator which

compiles it.
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Function Opcrations.

In the current compiler, a Function reference in an expression
3ts of eveluating the function arguments axnd then generating
a standard calling sequence

CALL 1 Function Hame
arguncnt List.

At the time the CALL is obeyed, none of the arguments may be assumed
to be in __ 5 or in X3. The result of o function reference is a
value in acc, the mode being given by the mode assigned to the
function 'name'

Due to the rules for interpreting the PN list, at the time a function
operation is to be generated the argument expressions will have heen

evaluated and the function operatir and operands will be in a standard
form. This is one of the following

Neme a f o {(onu_nrgzuncont function)
Neme 2,8, , 85 y==-,T (oulti argument function)

'Name' is the function nan

a and the a_  are the funct 'on argunents.
Also, duce to the rules for interpreting the PN list one of the
arguments may be X3 or icc

For examplc, if the Function reference is

the PN list at the time the function reference is defined would be

B fece £,
If one of the arguments is X3 or Acc,a Store auxiliary 3Sperction is
carried out before the function opsration so that in the previous
two cas:s. the end resulti in the PN liet is &

1) -

2) Foa f

The operands are now in standard form to be processed for the function
operation.

Basically the function operation consists of the generation of the
instruction 'CALL ;8 Tunction Name' followed by & list of
instructions,onc per argument.

The instructions compiled depend on the argumerfs. For ezanmple
ptab iabl the instruction would be

i1f the argument is a standard variable,
'LDN 5] Address of Varisble' whereas if the avgument is a Function
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name, the instruction would be 'LDX 3 ADD' where ADD is the
address of a constant containing the instruction 'BRN Start of
Function!.

The method of recognizing the Function name and generating the
associated argument list of instructions is as follows.

1. If the top item in the PN list is not ',' the function
has one argument, The second top item in the PN list
is the naane of the function,

2. If the top item in the PN 1list is ',! the function has
more then one argunent. If the list is scanned backwards
/ looking at every second operand (i.e. the third top operand
| first) the Function nene can be found, If the scanned
| operand is a ',! there are more operands, If the scanned
operand is n»ot ',!' it is the first argument for the function.
The Function name is the next item back in the list,

The number of arguments is one more than the number of
commas found.

At this stage the call instruction can be generated and then the
PN 1list can be scanned forwards starting at the Function nane to
process the function arguments, ignoring commas until the correct
nunber of arguments has been found,

The resultant PN 1list item for a function refercncs replaces the nanme
of the function in the list. This item is Acc and is given the same

node as the mode given to the function name.

Intrinsic Functions

In general, functions allow only a fixed number of arguments.,

For example SIN is a function written to use one argument and will
not work with more than one argument. However there is a small
class of functions (called !Intrinsic! functions) which are defined
in the FORTRAN language as a2llowing a variable number of arguments.
For example, MAX1, The names belonging to this class are known to
the compiler which marks the function nane as belonging to this
special class before the name is put in the PN list,

Thus during the anelysis of the function operation, the type of the
function (whether 'Intrinsic! or not) is known at the time the function
narie is found. '

If the function is an Intrinsic function, the CALL instruction is
followed by a word which contains a count of the number of arguments.
For example, if the original function reference had been

MAX1(1,7,K,L)
The sequence of instructions compiled would start:-
v’/’
CALL 1  MAX1
+4 (count of arguments)

followed by the argument list,

The complete list of Intrinsic Functions is the following.
AMAXO, AIMAX1, MAXO, MAX1, DMAXI.
AMINO, AMIMT, MINO, MIN1, DiINi,

Array Operations

In the current compiler an Array reference in an expression consists
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of evaluating the fdrray rulscript expressions and then generating
a standard instruction sequence. )

1. Load X3 with address of the .rray Header
2. CALL 1 GRAPA+6 or CALL 1 %FALPA+20
Y. Subsecript Jlisdk.

D

At 1, the instruction conpiled is either
LDN 3 'Address of Eeader!
or LDX 5. '.ddress of Address of Header!

depending on whether the Array is not or is a 'dunny' array.

Lt 2, the CiLL is to %FAP4+6 if it is an INTEGER, REAL or LOGICAL
array. If it is a COMPLEX or DOUBLEPRECISION irray then the CALL
15 to SFLP4+20.

Lt 3, The subscript list is identical to the argument list for
functions and consists of instructions to load the address of
successive subscripts into X3, one instruction per subscript.

The nethod of determining the nunber of subscripts in the PN 1i=*
and the nane of the array is identical to the method used to find..
the nunber of argunents and the nane for a function.

Function (irray) Argument (Subscript) Lists.

%

These are identical except that the subscript list only allows constants,
variables and expressions. The function list also allows array nanes
and function-nanes.

Lt the tine in the function operation that the PN list is being
scannad backwards looking for the Function (or eray) nane,

the arguuent (or subscript) list items are being analysed (using

a routins ANALYZE). This routine ensures that the argumnent

list will only consist of "LDUN 3 « wnd'LDX 3 B sype instructions.

ieble' (one which has not been
r appecrcedé in a COMMON,
ared as the argument of a
ANALYZE routine assigns
ode) to the variable and changes the PN

!

If the argument is an 'unassigned va
used before in an eV¢c1t 1 rtene
BEQUIVALENCE or DiAT.A statement or app
FUNCTION oxr DDLROUT st ]

space (according
list to '3551gq3d var

If the argunent is a workstore (Tx or “a) the workstore register,

CWS4A, is set to the value of the argunent. e.g. if the argunent
was the sizth location in 1M space, then CWS. would be reset to 6.

4

This would ellow the next Tx or Ta itenm required to be assigned the
ixth location in L¥ space.

Ef the previous valuc of CUS. was greater then the 'Maxinun Work Store!
Tegister (WSM&) then % to CWS. refore the aforenentioned
operation takes p

No ®henge is nade to the P list.

If the argument is a snall constant, which normally is a 'Value' operand
rather than a 'store operand', a constant of this value is conpiled

into the LC area and a normal PN item for the argunent as a Standard
Constant is :nde to replace the 'Value' iten.
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If the argument is a function or a Statement Function, a branch to
the start of the functlon or Statenent functlon ig compiled into
the LC area, and the PN iten for the argument is set to look like
an indirectly addressed variable (e.g. a COMMON variable) which

In this may the actual instruction compiled for this argument will be
LDX 3 rea', an instruction which, if obeyed, will enable the branch
instruction to be passed through for usc in the main function for

which it is an argument.

"gu
If the argument is an array name, the PN item will be changed to
indicate “Whole irray as an Argument!.

For standard, dummy, DATA or COMFON variables or for constants (other
than small 1ntcger ) the ANLLYZE routine does nothing.

Thus &t the time
list, the PN lis
' ILDIN 3 ot or 1
This is done usi

of generation of compiled instructions for the argument
t is such that all arguments can be conmpiled as 'LDN
LDX 3 PB'type instructions.
ng

a routine LO/DX? which looks at PN list iten

and conmpiles the instruction according to the iten. Before entry to
this routine, PNP1l, the local PN indicator is set to point to the
iten concerned. The routine leaves PNP1 unchanged.
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Construction of the PN list in the Compiler

The PN 1list and operator list in the compiler are contained in a block .
of 300 words such that the PN list startsat the first location and is
generated in a forwards direction, and the operator list startsat the
last location end is generated in the reverse direction, Thus the two
lists grow towardseach other. Each item in each list is one word long.
The top of each list is marked by a pointer - PNP for the PN list, and
OPTP for the Operator list. Iach time an operand is put into the PN
1list, the value of PNP is incremented by 1. ZEach time an operator is
put into the Operator list OPTP is decremented by 1. The reverse pro-

cedure is followed when an operator is removed from the Operator list.

‘Items are only removed from the PN list when an operation is performed.

A local PN list pointer (PNP1) is used during operations so that auxiliary
operations can be compiled even though the actual operand for the operator
is not the top item in the PN list (e.sg. sac, sx3 operztions).

At the end of a main operation, the actual PN pointer is set to the current

.value of the local pointer.

PN List item

A PN 1list item is one word long and is divided into 3 parts as follows

bits 0-5 Item type
bits 6-8 Item mode
bits 9-23 Item Data

The Xtem Type indicates whether the PN item represents a Standerd Variable,
constant, Temporary Store Location (Ta or Tx), Acc ,®n array name, or a Function
name,

In &eneral it discriminates among all possible operand types which can be
distinguished either by their use or by their type of storsge area. For
examplc a varigble defined in a DATA statement will have a diffcrent 'Type!
to a normal varieble. A varieble which was defincd as an argument in o
FUNCTION or SUBROUTINE statement will egein have a differcnt Ltem type.

Te and Tx operands, although they occupy the same type of storage have
different Typc bits because they are not both used in the same manner,

A small integer has a different Typc to any other constant because it

does not normslly exist in a store location.



| - __‘63_

The item mode gives The mode of the operand as follows

1 - INTBGER

2 - RELL ,

3 ~ DOUBIE FRECISION
L. - COMPLEX

5 - LOGICAL

The Item Date usually gives the address‘in the obJject program for the
item in question. This address is given rclative to the start of the
local storage area.

For cxample if the item was a Standard Variable which had been assigned
a2 block of store starting at location 10 in Lower Varieble spacc, the

Item Date for that variable would be 10.
For small integers, the Itcem Data gives the value of the constant.

For certain operands (e.g. Function names and undefinecd items), the
Item Data gives the address in the Compiler Main List of the list item

for that operand.

The Item Data for the ACC operand is undefined.

4 'comma' is put into the PN list as a zero word,
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The following table gives the Type codés and Data in the PN

operands.

Quantity

Absolute Store
Standard Variable
Constant

Small Integer

Common Varisble
Dummy Variable
Stat. fen. argument
Dumny Array Nane
Dumnmy Function Name
Function Name
Stat.fen. Name

Work Store (Ta)
Nornzl Array Nane
Work Store (Tx)
Total Array

Dummy Array
Intrinsic Function Name

DLTL veriable

X3 = address of result
(X3)
Unknown

Stat. fen., definition

Accumulator (4cg)

Type

Code

s

W N = O

10

Jal.
12
13
1y
15

16

A7

18
20
21

32

Date

Address of Store
Lddress of Varigble
Address of Constant
Value of Integer

Address of Constant referenc-
ing var,.

Address of location referenc-
ing var.

Address of location referenc-
ing arg.

Address of location referenc-
ing Header of actusl Array

Address of location branching
to azctual Function

Address of List Item for
Function

Address of start of Stat.
fen,

Address of Store
Lddress of Arrasy Header
fddress of Store
Address of Array Header

kiddress of word referencing
Header of fctusl Array

Lddress of List Item for
Function

£ddress of Varisble

Lddress of List Item.

Iist for all

Rel

e

NORE

VREL

CREL

NCRE

CREL

“YSRE

"ISRE

“ISRE

¥SRE

=
O
R

.

®»p O O O
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The column 'Rel' in the table indicates which relativisor is to be
used if the operand is to be used in a skeleton instruction. Thus,
if the operand is a Standard Variable, it would appear with the
Item Data in the modifier part of the instruction which would be

output using the relativisor 'VREL',

The column D or I indicates whether a 'Load' operation (load X3 or
Acc) is to assume the item in lower storage., If 'D', the item is
in lower storage. If 'I', the item must be considered as though it

is in upper storage.

These two characteristics of the operands ('Rel' and 'D or I') are
found by referencing a character table which contains the relativisors

and a 'bit' table which gives the D and I information.

Thus from these tables, 21l the information necessary to define

an operand can be found.

Complex Constants

A complex constant has the form
'(a,b)! where a and b are optionally signed REAL constants.
This construct must effectively give rise to one PN list item for

the constant and no Operator list items.

This is effected as follows:

1. The '(' goes into the Operator list

2. The sign, if there, goes into the Operator list.
3. The constant 'a' is recognized as a REAL constant.

The constant terminator is recognized as ',!'

Only at this point is the construct recognized as that of a complex

constant. Further, the construct will only be recognized as such

- if it is not immediately preceded by an Alphasnumeric or numeric

field.
e.g. F(+5.1, - 2.4) defines a function reference
whereas +(3.1, - 2.4) defines a complex constant.

At this stage, the top operator is removed from the operator list.

If it is 'unary minus', the constant 'a' is negated and stored in

‘a temporary store. The '(' is also removed from the operator list.

'b! is then found. If this is signed and if the sign is 'unary minus',
'p! is negated and stored in NAWE+2, NAME+3. The original Temporary
Store is transferred to NAME, NAME+l giving a block of four words

containing the internal representation for the complex constant.
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The final "Y' is checked and then ignored.

The constant 'terminator! is then found. (The operator separator

or terminator following ')!').

The whole construct has now been transformed to the form of a
constant in NAME-> NAilME+3, and a terminator in TERM, which is the

standard form for the analysis of any operand-operator pair.

Standard and Intrinsic Functions

Most functions, if not defined in 'Type' statements are assigned

a mode INTEGER or REAL according to the first letter of the function
name. However, there is a small class of functions which do not
follow the normal rule. These are standard functions which are

defined to have a Double Precision COWPLEX or LOGICAL mode.

There is a second class of function, which has the characteristic
that each member of the class allows a variable member of arguments.
This is the class of 'Intrinsic' functions. This second class

contains some members of the first class.

The two classes of function names form a closed set, all entries

of which are knowm to the compiler.

Whenever the compiler processes a function name found in an expression
for the first time, it checks whether the name belongs to this set.

If it does, the Main List ITtem for the name is updated to contain the
characteristics for the ncme as defined in the set (i.e. mode and

type of function - standard or intrinsic) unless the Lisf ITtenm as
already made has had a mode assigned to it (by a 'Type! statement)
which is different from the mode defined in the set. If the mode

is different, the function is considered as similar to a Standard

Function even if it has the same name as an Intrinsic function.

Operator IList

The operator list consists of one word items each of which represents

an operator or a separator.

The design of the operator item is shown on the next page
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1o Top 21 bits of the word. These indicate the 'weight' of the
operator. This varies from -1
i GE£T7777777) for ')' to 9 for the
Function and Array pseudo-operators
(There is another pseudo operator
which has not been mentioned with

a weight of 10.)

2. Bottom 3 bits. These are used to distinguish among

operators of the same weight.

The complete list of operator items is given below

Item Representation | ITtem Representation
) A11717777 7 .GT. F4 4
( £0 0 .GE. A4 5
= A0 2 + L5 0
; #0 4 - #5 4
JOR, #10 -y | #6 0
, .AND, #20 * A7 0
Ngs .NOT. 430 LT 4
| JLT, L1 0 *x 410 0
J1E, #41 a 411 0
BG. £y 2 off 11 2
NE. P ifg 412 0

The operator ifg is a special pseudo-operator which is used
when the operation type is not defined but may later be
found to be one of

31 Statemend Function definition

2. IF statement

S Array operation

4. Function operation.

In this table the 'weight' is used to reference a separate
character table to define the class of operation involved

(e.g. Arithmetic Binary, Unary Minus etc.)

V.X. Taylor



